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Abstract

The lymphatic system is essential for fluid regulation and for the maintenance of host immunity.
However, in vivo lymph flow is difficult to track in real time, because of the lack of an appropriate
imaging method. In this study, we combined macro-zoom fluorescence microscopy with quantum-
dot (Qdot) optical lymphatic imaging to develop an /7 vivo real-time optical lymphatic imaging
method that allows the tracking of lymph through lymphatic channels and into lymph nodes. After
interstitial injection of Qdots in a mouse, rapid visualization of the cervical lymphatics and
cervical lymph nodes was achieved. Real-time monitoring of the injected Qdots revealed that the
cortex of the node enhanced first followed by a net-like pattern in the central portion of the node.
Histology revealed that the rim and net-like enhancing regions corresponded to the subcapsular
sinuses and medullary sinuses respectively. Additionally, multiplexed two-color real-time
lymphatic tracking was performed with two different Qdots. With this real-time imaging system,
we successfully tracked microscopic lymphatic flow /in vivo. This method could have a potential
impact for lymphatic research in visualizing normal or abnormal functional lymphatic flows.
Published 2012. This article is a U.S. Government work and is in the public domain in the USA.
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The lymphatic system maintains fluid homeostasis and host immunity, forming a very
complex network throughout the body (1). The lymph fluid originates in the collector
lymphatics, and transports the lymph via a combination of extrinsic compression, peristalsis
and valves toward the lymph nodes, where lymph fluids are filtered to remove foreign
material, such as bacteria and cancer cells. Cancer cells utilize this same pathway to
metastasize to regional nodes (2,3). Lymphatic migration of cancer cells is strongly related
to lymph fluid flow, thus interrupting this lymphatic pathway is a potential method to
prevent lymph node metastasis (4-6). However, /n vivo and real-time visualization of the
lymphatics, especially at the microscopic level, is difficult since the lymphatics are difficult
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to access (1). /n vivo optical lymphatic imaging is a recently established imaging method for
visualizing lymphatic drainage after interstitial injection of fluorescent contrast agents, and
it has been utilized in both basic and clinical research (7-10). Currently several fluorescent
agents are available for optical lymphatic imaging, including quantum-dots (Qdots), which
are composed of a semiconductor core most commonly made from Cd-Se or Cd-Te coated
with a inorganic shell (e.g. ZnS). These nanocrystals have several desirable physical and
optical features, including appropriate size, high quantum yields (bright) and excellent
photo-and bio-stabilities (11-13). Moreover, Qdots are tunable, based on their size and
structure, so that a narrow-width emission light can be generated across the visible and near-
infrared spectrum depending on the size and doping characteristics of the nanocrystals. In
this study, we developed a real-time lymphatic imaging system that combined Qdot optical
lymphatic imaging in mice with an intravital macro-zoom fluorescence video microscope to
track lymph flow into and within lymph nodes.

For this purpose, we constructed an /n vivo real-time macro-zoom intravital fluorescence
video imaging system (Fig. 1a). This system is based on a commercially available macro-
zoom fluorescence microscope (MVX10 Macroview, Olympus America Inc., Melville, NY,
USA) in which the charge-coupled device (CCD) video camera system (FluorVivo Mag,
INDEC Biosystems, Santa Clara, CA, USA) was mounted. A macro-zoom microscope is
ideal for /n vivo real-time imaging during surgical intervention, since it provides enough
working space as well as a wide range of magnifications from macro- (x2)
tosubcellularimaging (x128) (14). Also, we installed a long-pass filter for emission light as
well as a blue-range band pass filter for excitation light, instead of a band pass emission
filter, which is commonly used in GFP filter cubes. Since emission profiles of Qdots can be
tuned to emit a variety of colors using a single blue to green excitation light, this filter
setting enables simultaneous multicolor real-time fluorescence imaging using at least two
different Qdots of distinct colors (Fig. 1b, ¢, and Video 1 in Supporting Information).

In vivo real-time microscopic lymph fluid tracking was performed. After interstitial injection
of a solution containing a Qdot at the chin, lymphatic flow could rapidly be seen in the neck
and cervical lymph nodes. This rapid lymphatic draining after interstitial injection is
consistent with a previous report that demonstrated that subcutaneous injections of
indocyanine green were visualized in the lymphatics within a minute of injection in humans
(8). Qdots reaching the node spread along the rim of the lymph node, followed by a net-like
pattern within the central lymph node (Fig. 2 and Video 2 in Supporting Information).
Quantitative analysis confirmed this peripheral enhancement at early time points. The mean
signal intensity of a region in the periphery of the lymph node (53.7£ 16.9, mean + SD) was
statistically higher in signal than the mean signal intensity arising from the medullary
portion of the node (43.1 £ 11.2) measured 10 s after arrival of the Qdots in the nodes
(Wilcoxon matched-pairs signed-ranks test, p < 0.01). The mean peripheral/central signal
intensity ratio (P/C) of each node was 1.24 + 0.2, indicating that peripheral nodal
enhancement was about 25% higher than that of the central node. Histological correlation of
hematoxylin and eosin (H-E) staining and fluorescence microscopic images showed that the
rim and net-like enhancements corresponded to the subcapsular sinuses and medullary
sinuses of lymph nodes, respectively (Fig. 3).
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It has been established that afferent lymphatics drain into the periphery of a lymph node,
while efferent lymphatics emerge from the hilum at the center of the lymph node (15). More
recently, Ohtani et al. recorded lymphatic flow within rat lymph nodes using a fluorescent
tracer and confocal microscopy (16). After entering the lymph node, there is initial filling of
the subcapsular sinus followed by flow into deeper areas via intermediate sinuses and
lymphatic labyrinths in the paracortical zone, eventually draining into the deep cortex and
medullary sinuses. However, dynamic microscopy of lymph fluid movement /n vivo has not
been achieved owing to the lack of appropriate real-time imaging methods and agents. In
this study, /n vivo real-time optical lymphatic tracking clearly showed that the lymph fluid
containing Qdots was taken up by lymphatics after interstitial injection and rapidly entered
lymph nodes. Lymph fluid entered at the periphery of the lymph node and spread along the
subcapsular sinus before flowing into deeper structures of the lymph node, such as the
medullary sinuses (Fig. 4) (16). This subcapsular accumulation was also seen with labeled
cancer cells injected interstitially in mice, albeit at a much slower rate (9,17). In a tumor
model, the subcapsular sinus appeared to be larger than normal, suggesting that nodal
lymphangiogenesis had occurred (9). Interestingly, in the real time video shown in this
study, the subcapsular sinus temporally widened when the Qdots arrived, indicating that the
effect is hydrostatic rather than biologic. Therefore, the subcapsular sinus is minimized most
of the time, probably because of negative pressure in the lymphatic system: however, it has
the capacity to expand, receive and temporarily store the lymphatic fluid when pressures are
increased. Previous reports revealed that fluorescent protein or fluorophore-labeled cancer
cell tracking is feasible in the lymphatic system (9,18-20). The method described herein
could be used to explore the relationship between cancer cell migration and dynamic
changes within the lymphatics and nodes.

Ideally, a fluorescent agent for lymphatic imaging should meet several criteria: (a) it must
quickly drain into the lymphatic system after interstitial injection: (b) it must have high
enough quantum yield (brightness) to permit fast (milliseconds) signal acquisition: and (c) it
must be sufficiently photo-stable to enable continuous observation. Qdots are desirable
contrast materials for real-time lymphatic imaging, having an ideal size (around 10 nm) (21)
and high quantum yield with excellent photo- and bio-stability (11). Additionally, since
different Qdots can emit several different colors after a single exposure with blue to green-
range excitation, real-time multicolor imaging can be performed using a long-pass emission
filter as described in Fig. 1. Multiple (>2) color imaging can be performed as shown in a
previous macroscopic imaging study (22). /n vivo multicolor imaging is a potentially robust
tool in biological research to visualize cancer cell-host interactions (9,23-25).

Histology reveals that, when Qdots are used, they are trapped by macrophages inside lymph
nodes (22). Thus, outflow of the lymphatic fluid from the lymph node was not observed in
our study. PEG-coated Qdots, although a little larger than the Qdot employed in this study,
might evade the reticulo-endothelial system, enabling visualization of efferent lymphatics as
well as afferent lymphatics and their nodes. The toxicity of Qdots is a major concern,
especially for /in vivo human use, since most of the current Qdots are based on heavy metal
cores (Cd-Se, Cd-Te, etc.). The bare metal core of Qdots has been reported to be cytotoxic, a
process mediated by reactive oxygen species and the release of cadmium ions (26). PEG-
coated Qdots have been reported to reduce their cytotoxicity (27). Moreover, smaller Qdots

Contrast Media Mol Imaging. Author manuscript; available in PMC 2019 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kosaka et al.

Page 4

below 6 nm in diameter have been reported to be cleared through the kidney and rapidly
excreted into the urine (28), and cadmium-free Qdot formulations have been produced while
maintaining their desirable fluorescence properties (29).

In conclusion, we successfully tracked microscopic lymphatic flow /in vivo using a real-time
fluorescence macro-zoom imaging system in conjunction with injected Qdots. This method
enabled real-time observation of lymph flow /n vivo and enabled subtle visualization of
lymphatic flow. This could have a considerable potential in lymphatic research where real-
time observation of lymphatic flow could be important for determining how immune
processing takes place.

1. EXPERIMENTAL

All procedures were approved by the National Cancer Institute Animal Care and Use
Committee. Female nude mice (National Cancer Institute Animal Production Facility,
Frederick, MD, USA) were anesthetized via intraperitoneal injection of 1.15 mg sodium
pentobarbital (Nembutal Sodium Solution, Ovation Pharmaceuticals Inc., Deerfield, IL.
USA), and the skin over cervical lymph nodes was removed. They were then placed on a
macro-zoom fluorescence microscope (MVX10 Macroview, Olympus America, Inc.,
Melville, NY, USA) in the supine position. Fluorescence images were obtained using a GFP
filter setting (excitation 470/40 nm, emission 525 nm long-pass). All procedures were
recorded in real time with a CCD video camera system (FluorVivo Mag, INDEC
Biosystems, Santa Clara, CA, USA) installed in the macro-zoom fluorescence microscope
(Fig. 1). While recording fluorescence images of mice, 1.6 uM of Qdot545 ITK (Invitrogen,
Co., Carlshad, CA, USA) was intracutaneously injected at the chin of the mouse, and
realtime recording continued for about 3—4 min after injection. For the two-color study, 0.8
UM of Qdot655 ITK (Invitrogen, Co.) was intracutaneously injected near the right ear of the
same mouse, and additional fluorescence images were recorded for 3—4 min after the second
Qdot injection. After /in vivo image acquisition, mice were euthanized with carbon dioxide,
and the cervical lymph nodes of each mouse were harvested, and then subjected to
histological validation with H-E staining and fluorescence microscopy (BX61, Olympus
America, Inc.). These experiments were repeated four times and showed consistent results in
all mice.

For quantitative analysis, florescence images of each lymph node were obtained 10 s after
the arrival of the Qdots. Raw images were converted into 8-bit gray-scale images. All
fluorescence images were analyzed with ImageJ software (http://rsbweb.nih.gov/ij). Linear
regions of interest were placed on the short and long axes of each lymph node. The outer
10% of the node was defined as the periphery and the central 80% segment was defined as
the central lesion (C). Mean signal intensities of the P and C, as well as central/peripheral
signal intensity ratios (C/P ratios) were calculated for each lymph node (30).
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Figurel.
(a) /n vivo multicolor real-time fluorescence macro-zoom imager. Ex and Em stand for

excitation and emission light paths, respectively. (b) Spectrum of Qdot and the filter settings.
Two different Qdots with differing wavelength can be simultaneously acquired in real time
with blue-light excitation (Ex, 470/40 nm) and an emission long-pass (Em, 525 nm) filter
set. (c) /n vivoreal-time fluorescence image of a mouse that received Qdot545 and 565 at
the chin and right ear, respectively. Two different lymph nodes received different lymph
flows, which are depicted by different colors in real time. Scale bar, 2 mm. Also see Video 1
in Supporting Information.
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Figure2.
In vivo real-time lymphatic tracking in mice. The lymphatic and cervical lymph node are

clearly depicted in real time. Rim and net-like enhancements are observed within the lymph
node. Scale bar, 2 mm. Also see Video 2 in Supporting Information.
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Fluorescence

Figure 3.
H-E staining and fluorescence microscopic images of a cervical lymph node following

injection of Qdot. Qdots are mainly distributed in the subcapsular sinuses and medullary
sinuses. Scale bar, 100 pym.
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Figure 4.
Schematic illustration of lymph flow observed in this study. Lymph fluids enter the

periphery of the lymph node and spread along sub-capsular sinuses before entering into
deeper areas, such as the medullary sinuses. SS, subcapsular sinus: IS, intermediate sinus:
MS, medullary sinus.
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