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Abstract: Secondary lymphedema is an acquired lymphatic disorder, which
occurs because of damage to the lymphatic system from surgery and/or
radiation therapy for cancer treatment. However, it remains unknown how
post-nodal collecting lymphatic vessels (CLVs) draining to the surgical
wound area change in response to lymphadenectomy. We investigated
functional and architectural changes of inguinal-to-axillary internodal CLVs
(ICLVs) in mice after a single axillary LN (ALN) dissection using near-
infrared fluorescence imaging. Our data showed no lymph flow in the
ICLVs draining from the inguinal LN (ILN) at 2 days post-surgery.
External compression enabled visualization of a small segment of
contractile fluorescent ICLVs, but not all the way to the axillary region. At
day 6, abnormal lymphatic drainage patterns, including lateral and
retrograde lymph flow via vessels branching off the ICLVs were observed,
which started to disappear beginning 9 days after surgery. The
administration of vascular endothelial growth factor (VEGF)-C into the
wound increased resolution of altered lymphatic drainage. Lymphatic
drainage from the base of the tail to the ILN did not significantly change
over time. These results demonstrate that lymph flow in the CLVs is
dramatically affected by a LN dissection and long-term interruption of
lymph flow might cause CLV dysfunction and thus contribute to chronic
lymphatic disorders.
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1. Introduction

The lymphatic system plays an important role in tissue fluid homeostasis and immune
surveillance [1]. The lymphatic system consists of three main components; (i) initial, pre-
collecting, and collecting lymphatic vessels, (ii) lymphoid tissues such as lymph nodes (LNs),
spleen, and thymus, and (iii) lymph. It has been shown that abnormal function in each
component is implicated in a number of pathological conditions including edema, obesity,
and autoimmune diseases [2]. For example, when lymphatic vessels do not function normally
due to inherent disorder of or damage to the lymphatics from surgery, radiation therapy,
trauma or infection, the abnormal buildup of fluid in tissues occurs. Yet despite the
importance of the lymphatics in disease, diagnostic imaging approaches to non-invasively
monitor lymphatic vessel function lag behind. More importantly, it is still largely unknown
how lymphatic drainage differs in different body regions and responds to an insult such as
surgery. Unlike whole body blood vascular imaging, which is readily preformed following
intravenous (i.v.) injection of contrast agents, only a few lymphatic vessels which drain the
injection area after intradermal (i.d.) injection of contrast agents are visualized. The lymphatic
system allows only one-way transit of lymph from initial to gradually larger collecting
lymphatic vessels and finally into the blood circulation.

Several animal models of secondary lymphedema have been previously developed by
surgical removal of LNs and associated tissues such as an axillary LN dissection (ALND)
model. In these models, lymphatic vessel function has been investigated using different
imaging techniques [3—-8]. In the ALND model, lymphatic drainage patterns were examined
in response to surgical removal of the ALN alone or together with the brachial LN (BLN) [3—
8]. Lymph from the front paw drains to the superficial BLN and then to the ALN. After
axillary and/or brachial lymphadenectomy, transient changes of lymphatic drainage in the
front paw were observed over time [3, 6—8]. For example, interstitial diffuse patterns from the
operated limb were detected in early response to lymphadenectomy; however, extravascular
drainage and dermal backflow disappeared eventually and lymphatic vessels bypassing the
wound area were observed [6]. The ALN also receives lymph from the inguinal LN (ILN)
through the internodal collecting lymphatic vessels. However, no studies have shown how
post-nodal collecting lymphatic vessels draining to the surgical wound area change
functionally and architecturally in response to axillary lymphadenectomy. In this study, we
used dual-wavelength fluorescence imaging with injection of two different lymphatic
mapping agents, Alexa-680-bovine serum albumin (BSA) and ICG, both of which have been
used for lymphatic imaging [9, 10]. Unlike other imaging modalities, such as magnetic
resonance imaging (MRI) and positron emission tomography (PET), fluorescence optical
imaging allows simultaneous visualization of lymphatic vessels in different regions due to a
distinct spectral wavelength emitted from each injected fluorophore.

The aim of the present study was to longitudinally image lymphatic vessels in the paw and
the intermodal collecting lymphatic vessels in the trunk in mice after surgical removal of an
ALN using dual-wavelength fluorescence imaging and to investigate how lymphatic function
and drainage patterns change over time in response to surgery.

2. Materials and methods
2.1. Experimental animal models

Animals were maintained in a pathogen-free mouse facility accredited by the American
Association for Laboratory Animal Care. All experiments were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee. Animal experiments were
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approved by University of Texas Health Science Center Institutional Animal Care and Usage
Committee.

Eight to ten week old female C57BL/6 mice (n = 40; Charles River) were housed and fed
sterilized pelleted food and sterilized water. Residual hair was removed with depilatory cream
(Nair, Church & Dwight Co., Inc.) 24 hrs before surgery. Mice were anesthetized with
isofluorane (2% oxygen) and maintained on a warming pad at 37 °C. A left ALN was
detected after i.d. injection of 2 ul of 1% Evans blue dye (EBD) solution (Smg/ml; Sigma)
into the dorsal aspect of the left paw. Bupivacaine (0.25%; 1 mg/kg) was given
subcutaneously at the incision site and a small (~5 mm) incision was made with scissors
through the skin. Subsequently, a blue ALN was carefully removed under a stereomicroscope
(MZ16 A, Leica Microsystems, Inc.) through a minimally invasive approach, with minimal
disruption to the surrounding tissues. Following ALN removal, wounds were closed with
surgical glue (3M Vetbond). Buprenorphine (0.1 mg/kg) was administered intraperitoneally
once after surgery. The day the surgery was performed was designated as day 0. Mice used in
this study did not show infection and/or inflammation at the wound site at any imaging time
point. The wrist diameter and arm area were measured using a stereomicroscope and the
operated side was normalized to the contralateral right side.

2.2. Fluorescence lymphatic imaging

Animals were clipped and residual hair removed with depilatory cream 24 hrs before
imaging. Mice anesthetized with isofluorane were maintained on a warming pad. At 24 hrs
after clipping/nairing, mice were imaged at baseline prior to axillary lymphadenectomy and
every 2 to 4 days for up to 37 days after surgery. A volume of 10 to 30 ul of 645 uM of
indocyanine green (ICG; Akorn, Inc.) dissolved in a mixture of distilled water and 0.9%
Sodium Chloride in a volume ratio of 1:9 was injected intradermally to the left side of base of
the tail with 31 gauge needles (BD Ultra-fine II Insulin syringe). Fluorescence images were
acquired immediately after and for up to 10 min after i.d. injection using a custom-built
NIRFTI system [11-15]. Dynamic NIRFI following i.d. injection of ICG was also performed in
mice prior to surgery and then immediately after surgical removal of the ALN. After NIRFI,
far-red fluorescence imaging (FRFI) was conducted 5 mins after i.d. injection of 2 pul of
Alexa680- BSA to the dorsum of the left front paw. Mice were imaged longitudinally up to
37 days after surgery. External compression was made using a cotton swab pressed on the left
ILN for 1 min after initial injection of ICG 2 days after lymphadenectomy (n = 4). In order to
investigate the systemic effect of local lymphadenectomy, mice (n = 3) were also imaged on
the right side prior to and up to 6 days after left axillary lymphadenectomy following i.d.
injection of ICG to the right side of base of the tail. The sham-operated control mice
underwent an incision of the left axillary area without an ALN dissection (n =5).

In separate groups of mice, mice were daily treated for 9 days, starting one day before
axillary lymphadenectomy by i.d. injection into the wound with 200 ng of human
recombinant VEGF-C (Cys156Ser; R&D Systems) dissolved in 10 pul PBS (n = 11). The
control group (n = 5) was injected with PBS alone.

2.3. Analysis of lymphatic vessel function

Matlab (The MathWorks, Inc., Natick, MA) and Image] (National Institutes of Health,
Washington, DC) were used to analyze the fluorescence imaging data [9, 14]. To reveal
lymphatic contractility, fixed regions of interest (ROIs) in fluorescent internodal collecting
lymphatic vessels were defined on sequential frames of fluorescence images. The mean of the
fluorescence intensity within each ROI in each fluorescence image was calculated and then
plotted as a function of imaging time to assess the frequency of contraction along the
lymphatic vessels. Thus, the frequency of contractile waves of ICG-laden lymph propelled
along the lymphatic vessels was measured by assessing the number of fluorescent pulses or
“packets” arriving at a ROI [14]. In addition, images were analyzed to assess lymphatic
uptake at the injection site and the presence of abnormal lymphatic architecture such as dense
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networks of lymphatic capillaries with extravascular fluorescence frequently known as dermal
backflow [16].

2.4. Histology

Mice were sacrificed after 13 to 37 days. LNs as well as skin tissues containing internodal
collecting lymphatic vessels were collected, weighed, fixed in 10% formalin, and submitted
to the Center for Comparative Medicine, Comparative Pathology Laboratory, Baylor College
of Medicine for routine histological processing, sectioning, hematoxylin and eosin (H&E)
staining, and examination.

2.5. Statistical analysis

Data were presented as average values + standard error (SE). Statistical analysis was
performed with Prism 5 (Graphpad Software, Inc). All data were tested for normality using
the D’ Agostino—Pearson normality test prior to analysis. Changes of ankle diameter and leg
area were analyzed with one-way repeated-measures analysis of variance (ANOVA) with a
Bonferroni posttest for multiple comparisons over time. For the pairwise comparisons, the
Wilcoxon matched pairs test was used. The Mann-Whitney test was also used when
comparisons were made between two groups. The significance level is set as p < 0.05.
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Fig. 1. Representative stereoscopic color images 5 mins after i.d. injection of EBD to the paw
showing (A) the superficial left BLN filled with blue dye and (B) the deep ALN after skin
incision. Arrow, BLN. Double arrow, ALN. Scale, 5 mm. Wrist thickness (C) and arm area (D)
in mice (n = 6) were measured and the operated side was normalized to the contralateral right
side.

3. Results
3.1. Lymphatic drainage is transiently altered after surgical removal of the ALN

EBD injection on the paw in mice delineated the superficial BLN as shown in Fig. 1(A).
Subsequently, the left ALN was observed following a small incision in the skin over the
axillary region (Fig. 1(B)). Axillary lymphadenectomy with minimal disruption to the
surrounding tissues showed mild, non statistically significant, swelling of the operated front
paw after surgery as measured by wrist diameter and arm area (Figs. 1(C) and 1(D)), showing
that minimally invasive ALN dissection was not able to produce acute or chronic
lymphedema.
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Fig. 2. A. Schematic of lymphatic drainage pathways from the base of the tail to the ILN and
to the ALN after injection of ICG as well as from the paw to the BLN and to the ALN after
injection of Alexa-680-BSA. The deeply located ALN and vessels are dotted. Arrow heads
indicate flow direction. B. White light, NIR and FR fluorescent, and overlay images in mice
prior to and 2, 6, 9, and 13 days after surgical removal of the left ALN. NIRF and FRF images
were acquired 10 mins and 3 mins after i.d. injection of ICG or Alexa680-BSA, respectively.
Double arrow, ICG injection site. Arrow, Alexa680-BSA injection site. Closed arrow head,
ILN. Open arrow head, BLN, Open arrow, internodal collecting lymphatic vessels. Asterisk,
abnormal lymphatic drainage patterns on the paw. Pound sign, FRF from the gut (see
Visualization 1 and Visualization 2).
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Fig. 3. White light, NIR and FR fluorescent, and overlay images in mice prior to and 2, 6, and
37 days after surgical removal of the left ALN. NIRF and FRF images were acquired 10 mins
and 3 mins after i.d. injection of ICG or Alexa680, respectively. Double arrow, ICG injection
site. Double open arrow, backflow. Arrow, Alexa680-BSA injection site. Closed arrow head,
ILN. Open arrow head, BLN, Open arrow, right ALN. Asterisk, abnormal lymphatic drainage
patterns on the paw. Inset at Day 37, overlay of NIR and FR fluorescent images of an excised
BLN in the bottom row at Day 37. Scale, Imm, (see Visualization 3).

All mice showed well-defined lymphatic vessels draining from the injection site on the
base of the tail to the ILN and further drainage to the ALN through the internodal collecting
lymphatic vessels prior to lymphadenectomy at baseline imaging following i.d. injection of
ICG (Fig. 2). We also occasionally observed lymphatic vessels draining from the injection
site to the internodal collecting lymphatic vessels (Fig. 5(A)). FRFI (Fig. 2) showed
lymphatic drainage from the left front paw to the BLN before surgery at baseline. FRFI also
showed fluorescence (pound sign in Fig. 2) generated from standard murine diet in the
gastrointestinal tract [17]. The specific drainage pattern in each mouse was consistently
observed in two baseline imaging sessions.
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Previous studies showed abnormal lymphatic drainage in the front paw after surgical
removal of the ALN and/or BLN; however, it is unknown how internodal collecting
lymphatic vessels draining from the ILN to the ALN change in response to axillary
lymphadenectomy. Longitudinal fluorescence lymphatic imaging demonstrated dramatic
changes of lymphatic drainage patterns after axillary lymphadenectomy. At 2 days post-
surgery, similar drainage patterns of afferent inguinal lymphatic vessels draining from the
base of the tail to the ILN were observed in all mice. However, fluorescent collecting
lymphatic vessels connecting from the left ILN to the ALN were not observed during
dynamic imaging. An additional injection of 20 pl of ICG (a total of 30 ul) did not change
lymphatic drainage patterns (data not shown). FRFI showed dermal backflow through dermal
capillaries on the left paw at Day 2 (asterisk in Fig. 2). At 6 days post-surgery, we detected
aberrant lymphatic drainage through the internodal collecting lymphatic vessels from the ILN.
As shown in Fig. 2 and Visualization 1, lymph flow from the ILN was inhibited before
reaching the axillary region and ICG-laden lymph drained laterally and backwards to the
injection site, and eventually spread over the truncal region. In addition, there was an absence
of pulsatile activity in lymphatic vessels that branched off from the internodal collecting
lymphatic vessels (Visualization 1). At Day 6, we still observed abnormal drainage from the
paw, although it was a less extensive lymphatic drainage pattern as compared to Day 2.
Surprisingly, at Day 9, abnormal patterns on the trunk disappeared and fluorescent collecting
lymphatic vessels connecting the ILN to the axillary region were observed, although only a
few lymphatic vessels branching off the collecting lymphatic vessels were detected (double
open arrow in Fig. 2). The same pattern of baseline lymphatic drainage on the paw was
detected on day 9 post-surgery. From day 13, we could not detect altered lymphatic drainage
patterns on the paw and trunk. Interestingly, lateral lymph flow toward the back of a mouse is
detected through a segment of branched vessel, which shows pulsatile activity
(Visualization 2).
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Fig. 4. A. White light and NIR fluorescent images in mice prior to and 2 and 6 days after
axillary lymphadenectomy. At 2 days post-surgery, NIR fluorescent images were acquired
before and after external compression to the ILN (n = 4). Double arrow, ICG injection site.
Closed arrow head, ILN. Open arrow head, BLN, Open arrow, internodal collecting lymphatic
vessels. B. The fluorescent intensity profiles as a function of time in mice after selecting a ROI
in the collecting lymphatic vessels before and after compression for one min, (see
Visualization 4).

Fluorescent lymphatic vessels draining to the contralateral ALN across the midline were
also observed in mice that underwent left axillary lymphadenectomy. As shown in Fig. 3,
NIRFTI could not detect fluorescent collecting lymphatic vessels draining from the ILN to the
ALN at 2 days post-surgery. Although pigmented skin around the paw attenuates fluorescent
signal, lymphatic drainage from the paw to the BLN was detected from baseline FRFI. FRFI
showed dermal backflow and extravascular Alex680-BSA on the operated limb at day 2. At 6
days after surgery, NIRFI demonstrated backflow of ICG-laden lymph, as evidenced by a
bright spot (double open arrow in Fig. 3), and NIR fluorescent lymphatic vessels bypassing
the wound area leading to the ipsilateral BLN and spreading laterally to the contralateral ALN
(open arrow) and backwards to the abdominal region (Visualization 3). Interestingly, ICG
laden lymph further drained to the right cervical LN (CLN; pound sign in Fig. 3).
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Fig. 5. A. White light and fluorescent images in the left lateral side of mice prior to and 1, 2, 6,
and 24 hrs after ALN removal, following i.d. injection of ICG to the base of the tail. Double
arrow, ICG injection site. Arrow head, ILN. Inset, magnified image of the white rectangle
region. Scale, | mm. B. The fluorescent intensities in the axillary region in mice (white) before
and up to 24 hrs after axillary lymphadenectomy and mice with no surgery (grey). * p < 0.05
vs. non-surgery mice (n = 7/group). C. The lymphatic contraction frequency in the internodal
collecting lymphatic vessels before and 10 mins after surgery. D. Representative image
demonstrating lymphatic vessel contraction (before, black; after, red). * p <0.05.

We also observed these lymphatic drainage patterns at 9 days post-surgery, although
abnormal patterns on the operated limb disappeared. At day 37, fewer NIR fluorescent
lymphatic vessels proximal to the axillary region were observed and no ICG extravasation
was observed. In addition, lymphatic drainage to the right ALN was not detected. Since the
left BLN received lymph from both the left paw and the left ILN, we dissected and imaged
the left BLN. Our dual-fluorescence imaging data (Fig. 3) demonstrated that the upper half of
the BLN showed FRF due to the injection of Alexa680-BSA to the paw, whereas the lower
half showed NIRF owing to the ICG trafficking.

We observed no changes in lymphatic drainage pathways in sham-operated controls 2 and
6 days after a skin incision.

#255572 Received 14 Dec 2015; revised 8 Feb 2016; accepted 26 Feb 2016; published 3 Mar 2016
© 2016 OSA 1 Apr2016 | Vol. 7, No. 4 | DOI:10.1364/BOE.7.001100 | BIOMEDICAL OPTICS EXPRESS 1108



left right
Day 2 Day 6

Fig. 6. Intravital color images after direct injection of EBD into the ILN (A, B) and H&E
images (C, D) in mice with (A) or without axillary lymphadenectomy (B). Scale, 5 mm. Inset,
magnified image of the white dotted rectangle region. Arrow, branching off lymphatic vessels.
Arrow head, backflow of EBD. Scale, 500 pm. Quantification of collecting lymphatic vessel
area (n = 7/group) at Day 2 (E) and Day 6 (F). * p <0.05.

3.2. Effects of external compression on lymphatic drainage

At 2 days after axillary lymphadenectomy, mice showed no fluorescent internodal collecting
lymphatic vessels during dynamic imaging, indicative of no lymph flow. Since external
pressure can enhance lymph flow [18], we next applied external compression by pressing on
the left ILN using a cotton swab for 1 min at 10 mins after initial injection of ICG at 2 days
post-surgery. Before compression of the left ILN of mice, no lymphatic drainage from the
ILN to the ALN as shown in Figs. 2 and 3 was detected (Fig. 4). However, after external
compression, we observed a small segment of fluorescent internodal collecting lymphatic
vessels draining from the ILN, but not all the way to the axillary region (open arrow;
Visualization 4). The NIR fluorescent intensity profiles as a function of time from dynamic
NIRFI (Visualization 4) also showed active lymph pumping activities in the segment of
collecting lymphatic vessels (Fig. 4(B)). At day 6 post-surgery, we detected significant
drainage over the truncal region without external compression.
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Fig. 7. Representative stereoscopic color images immediately after i.d. injection of EBD into
the ILN, showing backflow of EBD-laden lymph in mice at 2 days post-surgery (A) as
compared to control mice (B). Scale, 5 mm. Inset, magnified image of the white dotted
rectangle region. Scale, 100 pm.

3.3. Effects of lymph node removal on collecting lymphatic vessels

Lymph draining from the ILN to the ALN is ultimately transported to the blood circulation
via the subclavian vein. Thus, when the ALN is removed, normal lymph flow from the ILN is
blocked and lymph congestion can occur. In order to investigate how internodal collecting
lymphatic vessels change in response to axillary lymphadenectomy, we removed the ALN
one min after i.d. injection of ICG to the base of the tail and imaged mice at different time
points. As shown in Figs. 5(A) and 5(B), mice showed significantly higher fluorescent signal
in the axillary region up to 4 hrs after axillary lymphadenectomy than the non-surgery group,
due to ICG leakage in the axillary region. In addition, we observed dilated and tortuous
fluorescent internodal collecting lymphatic vessels in mice after surgical removal of the ALN
(inset in Fig. 5(A)) as compared to non-surgery mice. At 24 hrs post-surgery, there is no
significant difference in the NIR fluorescent intensities between surgery and non-surgery
groups (Fig. 5(B)). We also quantified lymphatic contractile function by selecting the same
size of ROI at the same location in the internodal collecting lymphatic vessels in mice before
and after axillary lymphadenectomy. Our quantification data showed a significantly reduced
lymphatic contraction frequency for 5 mins at 10 min after axillary lymphadenectomy as
compared to baseline (i.e., prior to surgery).

Next we tracked collecting lymphatics and examined if those vessels are dilated. Since,
like ICG, EBD injection to the base of the tail did not delineate internodal collecting
lymphatic vessels at 2 days post-surgery, EBD was injected directly into the ILNs, which
were then pressed using a cotton swab. As shown in Fig. 6, enlarged EBD-filled collecting
lymphatic vessels and abnormal branching (arrows) of lymphatic vessels, together with a
dilated superficial epigastric vein, were observed in the left ipsilateral side as compared to
contralateral right side. We also observed backflow in the left side of mice at Day 2 (Fig. 7).
Our intravital imaging data was confirmed by H&E examination. The quantification of the
vessel area demonstrated significantly increased vessel area of collecting lymphatic vessels
on the surgical side as compared to contralateral control side at Day 2 (Fig. 6(E)). However,
at 6 days post-surgery, no significant difference of the vessel area between left and right sides
was observed (Fig. 6(F)).
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Fig. 8. A. Intravital images of dissected left and right ILNs 2 and 6 days after axillary
lymphadenectomy. B. The quantification of weight of the ILNs (n = 5/group). C. H&E and
zoomed in images of left and right ILNs at 2 and 6 days post-surgery. Arrow, phagocytes
containing erythrocytes (erythrophagocytosis).

3.4. Lymph node analysis

Given that mice showed lymphatic congestion in the dilated internodal lymphatic vessels
connecting from the ILN to the ALN, which had been removed 2 days before, we next sought
to investigate how the upstream ILN changes in response to changes in lymph flow dynamics
after surgical removal of the downstream ALN. As shown in Fig. 8(A), we observed that the
ipsilateral ILNs, where lymph moves to the downstream axillary region via collecting
lymphatic vessels, were in red and their weights were not significantly different from those in
the contralateral ILN at day 2 (Fig. 8(B)). However, histologically, on Day 2, the ipsilateral
upstream ILN were characterized by disorganized distended medullary sinuses (edema) which
contain erythrocytes and erythrophagocytosis (arrows in Fig. 8(C)), whereas the contralateral
RILN shows clean narrow medullary sinuses which do not contain erythrocytes but rather a
normal population of circulating lymphoid cells. On Day 6, no significant lesions were
observed on the ipsilateral and contralateral upstream ILNS.
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Fig. 9. (A) White light and NIR fluorescent images of right side of mice prior to and 2 and 6
days after surgical removal of the left ALN. Double arrow, ICG injection site. Arrow head,
ILN. Open arrow, internodal collecting lymphatic vessels. Arrow head, ILN. Open arrow,
internodal collecting lymphatic vessels. Double arrows, ICG injection site. (B) Quantification
of lymphatic contractile function in the collecting lymphatic vessel in the contralateral right
side of mice (n = 3) prior to and 2 and 6 days after left axillary lymphadenectomy.
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Fig. 10. NIR fluorescent images of VEGF-C (n = 11) or PBS (n = 5) treated mice prior to and
2, 6, and 10 days after surgical removal of the left ALN. Double arrow, ICG injection site.
Arrow head, ILN. Open arrow, internodal collecting lymphatic vessels. Asterisk, aberrant
lymphatic drainage to the contralateral ALN. Double arrows, ICG injection site.

3.5. No systemic effect on lymphatic drainage patterns or function after lymphadenectomy

In order to test if local lymphadenectomy resulted in systemic effect on lymphatic drainage
patterns, we also imaged the right side of mice after left axillary lymphadenectomy. Our
imaging data demonstrated the same lymphatic drainage patterns on the right side of mice
before and 2 and 6 days after surgical removal of the left ALN as shown in Fig. 9(A). In
addition, lymphatic contractile function did not change significantly over time (Fig. 9(B)),
indicating that local lymphadenectomy does not affect systemic lymphatic function.

3.6. Effects of VEGF-C administration on lymphatic drainage after lymphadenectomy

It has been demonstrated that VEGF-C induces lymphangiogenesis, which can increase fluid
drainage and thus prevent the buildup of fluid in the tissues under pathophysiological
conditions. Although we observed naturally restored lymph transport as early as 9 days after
lymphadenectomy, we asked whether VEGF-C administration can improve altered lymphatic
drainage early after lymphadenectomy. As shown in Fig. 10, while all 5 mice treated with
PBS as control showed no fluorescent collecting lymphatic vessels at day 2 post-surgery, 6
out of 11 mice treated with VEGF-C showed normal lymphatic drainage from the ILN to the
axillary region via the collecting lymphatic vessels, indicating that VEGF-C administration
helps maintain the connection to the drainage region.
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4. Discussion

Interstitial fluid, macromolecules, and various other factors filtered out of blood capillaries
are transported to initial lymphatics as lymph. Since LNs are arranged in chains or clusters,
lymph is further fed to one or more LNs through conducting lymphatic vessels before
returning to blood circulation via the subclavian vein. The afferent and efferent lymphatic
vessels are separated by LNs. Thus, removal of a LN could have a significant impact on
lymphatic transport. The BLN is the primary peripheral LN, which collects lymph from the
front paw as well as the upper back. Lymph from the BLN drains to the secondary ALN,
which also receives lymph from the ILN via internodal collecting lymphatic vessels.
Therefore, surgical removal of the ALN can directly affect lymph flow in efferent brachial as
well as inguinal collecting lymphatic vessels. In this study, we non-invasively imaged
transient, but dramatic changes of lymphatic drainage patterns in efferent inguinal (i.e.,
internodal) collecting lymphatic vessels draining from the ILN to the axillary region after
axillary lymphadenectomy.

When collecting lymphatic vessels are injured after trauma, such as lymphadenectomy,
lymph starts to leak into the injured area. We observed significantly increased fluorescent
intensities in the axillary area for up to 4 hrs (Fig. 5(B)); however, leaked ICG-laden lymph
eventually cleared (Fig. 5(B)), although NIRF in the axilla was still detectable 24 hrs after
surgery (Fig. 5(A)). In addition, since collecting lymphatic vessels at the wound area were
obstructed and could not transport lymph downstream properly as evidenced by decreased
lymphatic contractile function (Fig. 5(C)), the pressure in the collecting lymphatic vessels
might increase gradually [19]. Thus, the conducting lymphatic vessels became dilated and
tortuous (inset in Fig. 5(A)). Thus, at day 2 post surgery, we observed no NIR fluorescent
internodal collecting lymphatic vessels connecting from the ILN and the axillary region. This
is mainly due to continuously increased resistance to flow as a result of obstructed lymphatics
in the axilla after surgery. Future study is needed to investigate what other factors also affect
lymphatic vessel dilation. External compression on the upstream ILN enabled detection of a
small segment of the internodal collecting lymphatic vessels draining from the ILN and the
vessels became functional as demonstrated by active contractile function from NIRFI (Fig.
4(B)). However, alternate drainage through collateral lymphatic vessels was not always
detected at day 2, even after compression. Previously, we observed rapid appearance of
collateral lymphatic vessels draining to the ILN from the hind limb of mice 2 days after
popliteal lymphadenectomy [9]. Development of collateral circulation may reduce or repair
impaired lymph flow caused by surgical node removal. At day 2 post-surgery, FRFI
following i.d. injection of Alexa680-BSA to the dorsal aspect of the front paw did not show
abnormal lymphatic drainage on the operated limb of all mice. This is because lymphatic
drainage to the BLN from the front paw was not directly disrupted in mice after surgical
removal of the ALN. Likewise, we found similar patterns of afferent (i.e., pre-nodal) inguinal
lymphatic vessels in mice after surgery as compared to those prior to surgery due to no
disruption of normal lymph flow from the base of the tail to the ILN.

The lymphatic capillaries interconnect and join together to form collecting lymphatic
vessels, which contain a series of lymphangions. Lymphangions are the functional contractile
unit of lymphatic vessels and are bounded by intraluminal valves, which prevent backflow.
Under physiological conditions, lymph enters lymphatic capillaries and flows forward due to
a pressure gradient within collecting lymphatic vessels aided by one-way valves. Lymphatic
valves are located at branch points in the collecting lymphatic vessels to prevent backflow of
the lymph into the side branch [20]. Thus, normal mice prior to surgery did not show ICG-
laden lymph flow to lymphatic vessels branching from the internodal collecting vessels.
Previously, the internodal collecting lymphatic vessels draining from the ILN to the ALN
have been utilized to (i) deliver a drug to the downstream ALN after internodal injection to
the upstream ILN and (ii) study inter-LN metastasis between the ILN and the ALN [21, 22],
due to easy identification of pre- and post-nodal lymphatic vessels. In addition, Karnezis et al.
[23] showed VEGF-D overexpressing tumors resulted in collecting lymphatic vessel dilation
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and thus an increase in cancer metastasis to the ALN. In general, the collecting lymphatic
vessels draining from the ILN to the ALN showed zero to three bifurcations, which depend
upon mouse strain, even mouse to mouse in the same strain [11, 22]. However, under
pathological conditions, lymph may not flow down a pressure gradient. Previously, we
observed branching of collecting lymphatic vessels, resulting in lateral lymph flow and
backflow in mice with lymphatic disorders [11, 14]. In current studies, at 6 days after axillary
lymphadenectomy, extensive lymphatic network draining from the left ILN to the ipsilateral
BLN and to the contralateral ALN through branched lymphatic vessels and, in some mice, to
the contralateral cervical LN across the midline of the body was visualized. Abnormal
lymphatic drainage patterns started to disappear beginning 9 days after surgery.

Previously Hall et al. [24] demonstrated changes of lymphatic vessel drainage after flank
incision on the animal’s left side, which interrupted normal lymph flow in the internodal
collecting lymphatic vessels draining from the ILN to the ALN. Similar to our current
findings, in their mouse full-dermis thickness wound model, fluorescent lymphatic vessels
were not visualized during early stage (i.e., day 2 to 3 post-incision) of wound healing, but
numerous fluorescent lymphatic vessels on the wounded side were detected from 7 — 8 days
up to 2-3 weeks after wounding. They also showed minimal effects of a single injection of
vascular endothelial growth factor (VEGF)-C at day 1 post-incision on wound healing and
regression of abnormal lymphatic drainage patterns at day 7-8, although
cytokines/chemokines responded to some extent to VEGF-C administration. Previous studies
have demonstrated that VEGF-C gene transfer or application of recombinant VEGF-C protein
induces lymphangiogenesis, thereby improving edema resolution [25-27]. A recent study also
demonstrated that a single injection of recombinant VEGF-C increased sprouting and
proliferation of Schlemm’s canal endothelial cells, resulting in a decrease in intraocular
pressure in adult mice and thus improvement of drainage through Schlemm’s canal [28]. In
addition, peritumoral administration of VEGF-C 7 days after tumor cell injection in mice
lowered tumor-interstitial fluid pressure by enhancing lymphatic drainage of the tumor
interstitium [29]. Our study using NIRFI also demonstrated that VEGF-C application to the
surgical region in mice after lymphadenectomy accelerates resolution of experimentally
induced alteration in lymphatic drainage by reducing increased interstitial pressure in mice
after axillary lymphadenectomy (Fig. 10), although we showed natural restoration of altered
lymph transport as early as 9 days post-surgery (Figs. 2 and 3).

A recent study by Sweet ef al. [30] demonstrated the functional role of lymph flow in
valve formation and collecting lymphatic vessel maturation and development. Therefore, it is
possible that long-term interruption of lymph flow might cause collecting lymphatic vessel
dysfunction and thus contribute to chronic lymphatic disorders. In addition to collecting
lymphatic vessels, lymph flow can affect functional integrity of LNs. Mebius et al. [31]
showed that experimental occlusion of the afferent vessels to mouse popliteal LNs leads to
changes in morphology and function of high endothelial venules (HEV). In addition, after
blockage of afferent popliteal lymphatic vessels, the popliteal LN was reduced in size and all
lymphoid structures, such as germinal centers and lymph follicles, were also decreased in size
and number [32, 33], which is mainly due to reduced afferent (incoming) lymph of antigens
and other factors. In contrast, blockage of efferent popliteal lymphatic vessels caused an
increase in size and large lymph space as represented by dilated lymphatic sinuses containing
scanty numbers of lymphocytes and macrophages [33]. It has also been shown that lymph
stasis after ligation of efferent lymphatic vessels produced swelling of the PLN (i.c.,
edematous LN) and medullary sinuses and possibly fibrosis [33, 34]. Although lymphatic
obstruction by surgical removal of the downstream ALN is not as significant as complete
ligation of efferent lymphatic vessels, we also observed transient morphological changes in
the ipsilateral upstream ILN, where expanded disorganized medullary sinuses which contain
erythrocytes and phagocytes containing erythrocytes. Long-term occlusion of the efferent
lymphatic vessels resulted in thickening of the LN capsule and sclerosis of the medullary
sinuses [34]. Taken together, LN homeostasis is maintained by not only functioning afferent,
but also efferent lymphatic vessels.
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In this study, we used dual-wavelength fluorescence imaging with injection of Alexa-680-
BSA (excitation: 660nm and emission: 710nm) and ICG (excitation: 785nm and emission:
830nm) to the paw and to the base of the tail, respectively, to image lymphatic vessels in
different regions. Whole-body FRFI showed diet-induced fluorescence in the abdomen of
mice as shown in Fig. 2. It has been reported that chlorophyll from the alfalfa in commonly
used laboratory murine diets fluoresces between 650 to 750nm [17]. Therefore, when mice
are excited by 660nm excitation light, strong background fluorescence resulting from ingested
food along the gastrointestinal (GI) tract in the abdominal region is detected, which may
provide a significant limitation for in vivo fluorescence imaging, especially using red
excitable fluorophores. However, diet-induced fluorescence can be eliminated using
chlorophyll free food or multiplexing imaging. Unlike FRFI, NIRF imaging can be
advantageous for non-invasive tissue imaging due to low tissue absorption and scattering and
lack of background fluorescence.

In summary, we successfully demonstrate transient, but dramatic changes of different
lymphatic drainage patterns in the internodal collecting lymphatic vessels draining from the
ILN to the axillary region after surgical removal of a single ALN. Based upon our finding,
NIRFI can be used as a means to non-invasively and longitudinally monitor lymphatic
responses to cancer treatments, such as surgery and radiation therapy, and potentially assess
new strategies to treat and prevent lymphatic disorders.
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