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Abstract

Purpose: Lymph node (LN) metastasis is detected prior to distant metastasis in many types of
cancer. Detecting early stage LN metastasis can improve treatment outcomes. However, there
are few clinical imaging modalities capable of diagnosing metastatic LNs of clinical NO status
(i.e., before their volume increases) with high precision. Here, we report a new method for
diagnosing metastatic LNs of clinical NO status in a mouse model of LN metastasis.
Procedures: The method involved using intranodal lymphangiography with x-ray micro-
computed tomography (micro-CT). Contrast agent was injected into an upstream LN to deliver
it to a downstream LN, which was then removed and analyzed by micro-CT.

Results: We found that using an intranodal injection rate of 10-60 pl/min filled the lymphatic
sinus of the downstream LN with contrast agent, although the accumulation of contrast agent in
the upstream LN increased with a faster injection rate. Furthermore, breast cancer cells growing
in the lymphatic sinus of the downstream LN (which was of clinical NO status) impeded the flow
of contrast agent from the upstream LN, resulting in areas deficient of contrast agent in the
metastatic downstream LN. The formation of defect areas in the downstream LN manifested as
a difference in position between the centroid of the entire LN area and the centroid of the region
that filled with contrast agent.

Conclusion: The present study indicates that intranodal lymphangiography with micro-CT has
the potential to be used as a new method for diagnosing metastatic LNs of clinical NO status.

Key words: Intranodal lymphangiography, Lymph node, Metastasis, Clinical NO, CT, Micro-CT,
Sentinel lymph node

Introduction

Lymph node (LN) metastasis is detected prior to distant
- metastasis in many cancers. Since there is a strong
Correspondence to: Tetsuya Kodama; e-mail: kodama@tohoku.ac.jp association between LNs and distant metastasis [1], the
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early diagnosis of LN metastasis can improve treatment
outcomes [2]. Nodal staging is achieved using a combination
of multiple imaging modalities such as computed tomogra-
phy (CT), magnetic resonance imaging (MRI), ultrasound
(US), and positron emission tomography. However, precise
examination of LNs with a maximal short-axis diameter less
than 10 mm is difficult to achieve with these imaging
modalities. Although LN biopsy is an important method for
determining whether LN dissections are necessary, the false
negative rate of sentinel node biopsy for breast cancer has
been reported to be 7.3-9.7 % in large-scale clinical trials
and meta-analyses [3—6].

Growth and progression of a primary tumor induce
structural changes in tumor-draining LNs and lymphatic
vessels, resulting in alterations in lymph flow dynamics
[7]. Tumor cells that reach the marginal sinus of a tumor-
draining LN invade into the vessels beneath the LN
capsule, and as a result, the tumor-draining LN functions
as a source of systemic metastasis (i.e., LN-mediated
hematogenous metastasis theory) [8, 9]. Recent studies
have provided additional evidence in support of this theory
of metastasis [10, 11]. Tumor cells in the marginal sinus
continue to grow and develop, and subsequently, the size
of the lymphatic sinus decreases [12] and intranodal
pressure increases [13]. Since little or no angiogenesis is
observed in metastatic LNs [14, 15], the subsequent
response to intravenous chemotherapy becomes low. Thus,
new techniques for diagnosing and treating early stage LN
metastasis (i.e., LNs that contain metastasis but are of
clinical NO status) are needed to prevent systemic
metastasis [2].

Lymphangiography is a method of visualizing the
lymphatic system that relies on the injection of radiopaque
material into a lymphatic vessel [16, 17]. In breast cancer,
3D-CT lymphangiography can provide a detailed description
of the lymphatic vessels between the primary tumor and
sentinel LN and identify the sentinel LN, and this technique
is superior to staining with dyes or radioisotope incorpora-
tion [18]. In addition, 3D-CT lymphangiography has been
used to detect defects in the staining of sentinel LNs and
obstruction, stagnation, dilation, and detour of lymphatic
vessels due to tumor occupation [19]. Intranodal lymphan-
giography has also provided new clinical insights into
lymphatic pathology [20].

The aim of the present study was to develop a new
method of diagnosing metastatic LNs of clinical NO status
in a mouse model of LN metastasis [12, 21] using x-ray
micro-computed tomography (micro-CT) with intranodal
lymphangiography. In general, there are two types of LN
in the axillary area in a mouse: the proper axillary LN
(PALN) and accessory axillary LN (AALN). The subiliac
LN (SiLN) and AALN are upstream of the PALN in the
lymphatic system [8]. First, we identified the optimal rate
of contrast agent injection into the SiLN for delivery of
contrast agent to the PALN. Next, tumor cells were
injected into the SiLN to induce metastasis in the PALN,

such that the PALN was of clinical NO status (i.e., no
major increase in volume). Then, contrast agent was
injected into the AALN to deliver it to the PALN. The
effectiveness of intranodal lymphangiography in the
detection of PALN metastasis was evaluated by visualizing
the harvested PALN using micro-CT.

Materials and Methods

All in vivo studies were approved by the Institutional Animal
Care and Use Committee of Tohoku University (permit
numbers: 2016BeLMO-015, 2017BeLMO-003, 2016BecA-
0018, and 2017BeA-009). All experiments were performed
in accordance with relevant guidelines and regulations.

Mice

The MXH10/Mo/lpr mouse strain [22] is a substrain of the
recombinant inbred strain of the MXH/Ipr mouse [23].
MXH10/Mo/lpr mice (16-18 weeks of age) were bred under
specific pathogen-free conditions in the Animal Research
Institute, Tohoku University. MXH/lpr mice were generated
using two different parental inbred strains as progenitors,
MRL/Ipr (major histocompatibility complex; H-2¥) and
C3H/lpr (H-2"), followed by an F1 intercross and more than
20 generations of strict brother-sister mating. MXH10/Mo/
Ipr mice are unique; their most peripheral LNs grow to about
10 mm in size at 2.5 to 3 months of age, and the mice do not
develop severe autoimmune diseases.

Barium Contrast Agent for Micro-CT

First, 50.0 g of barium sulfate (Enemaster; Fushimi
Pharmaceutical Co. Ltd., Kagawa, Japan) was dissolved in
83.7 ml of normal saline at 50 °C. The resulting solution was
mixed with 3.1 g of gelatin (Morinaga & Co. Ltd., Tokyo,
Japan) and 5.7 ml of red acrylics (Liquitex; cadmium red
medium, soft type; BonnyColArt Co. Ltd., Tokyo, Japan) to
make the barium contrast agent [24]. The size of the contrast
agent was 1.0+ 0.3 pm.

Optimization of the Rate of Contrast Agent
Injection into the AALN

Each mouse was anesthetized with 2 % isoflurane (Abbott
Japan Co. Ltd., Tokyo, Japan) in O, and placed on a pad
heated to 37 °C. To deliver contrast agent to the PALN, a
syringe pump (Legato100; KD Scientific, Holliston, MA,
USA) connected to a 1-ml syringe with a 27G winged
intravenous needle (Terumo, Tokyo, Japan) was used to
inject 120 pl of contrast agent (pre-warmed to 50 °C) into
the AALN of the mouse at rates of 10.0 pl/min, 30.0 pl/min,
or 60.0 pl/min. After injection of the contrast agent, the
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PALN and AALN were dissected and fixed in 10 % neutral
buffered formalin solution at 4 °C for 4 days.

Intranodal Lymphangiography Using Micro-CT

The lymphatic sinuses in the PALN and AALN were
visualized using a micro-CT scanner that was developed
specifically to image small experimental laboratory ani-
mals (LaTheta LCT-200; Hitachi-Aloka Medicals, Tokyo,
Japan). The spatial resolution was 820 um, and the image
data acquired consisted of 1024 x 1024 x 1008 pixels. The
acquired slice data were rendered as 3D images using a 3D
analysis suite (ConeCTexpress; WhiteRabbit Corp., Tokyo,
Japan) and analyzed using 3D visualization and analysis
software (Amira; Maxnet Co. Ltd., Tokyo, Japan).

Cell Culture

C3H/He mouse mammary carcinoma cells (FM3A-Luc),
stably expressing the Luc gene [22], were used. Cell were
incubated (37 °C, 5 % CO,/95 % air) until 80 % confluence
was achieved. Lack of Mycoplasma contamination was
confirmed on the inoculation day (MycoAlert Mycoplasma
Detection Kit; Lonza Group, Basel, Switzerland). Cells
expressed vascular endothelial growth factor (VEGF)-A and
VEGF-B but not VEGF-C [13].

Induction of Metastasis in the PALN (NO Status)
by Injection of Tumor Cells into the SiLN

The mice were divided into the following groups: day 14
(n=4), day 21 (n=3), and day 28 (n=4). FM3A-Luc cells
(passaged three times) were suspended in 10-ul phosphate-
buffered saline plus 20 pl of 400 mg/ml Matrigel
(Collaborative Biomedical Products, Bedford, MA, USA)
to a final cell concentration of 3.3 x 10° cells/ml. Each
mouse was anesthetized with 2 % isoflurane in O, and
placed on a heated pad (37 °C). A 60-ul volume of the
prepared cell solution was injected into the SiLN via a 27G
winged intravenous needle (Terumo); the injection was
carried out under high-frequency US guidance (VEVO770,
VisualSonics, Toronto, Canada), using a 25-MHz trans-
ducer (RMV-710B; axial resolution, 70 um; focal length,
15 mm; VisualSonics). The day of tumor cell inoculation
was defined as day 0 [25]. PALN tumor growth was
assessed using an in vivo bioluminescence imaging system
(in vivo imaging system (IVIS); PerkinElmer, Waltham,
MA, USA). The luciferase activities of FM3A-Luc cells
were measured at days 0 and 14 for the day 14 group, days
0 and 21 for the day 21 group, and days 0 and 28 for the
day 28 group. At each time point, luciferase activity was
measured 10 min after intraperitoneal injection of luciferin
(150 mg/kg; Promega, Madison, WI, USA) under anesthe-
sia (2 % isoflurane in O,).

Measurement of the Volume of the Metastatic
PALN at NO Status

Each mouse was anesthetized with 2 % isoflurane in O, and
positioned on a heated pad (37 °C). The volume of the
PALN was measured using a high-frequency US system
(VEVO770; VisualSonics) equipped with a 25-MHz trans-
ducer (RMV-710B; VisualSonics). For experiments utilizing
FM3A-Luc cells, PALN volume was measured at days 0 and
14 for the day 14 group, days 0 and 21 for the day 21 group,
and days 0 and 28 for the day 28 group.

Imaging of the Metastatic PALN (at NO Status)
and AALN Using Intranodal Lymphangiography

Images of the PALN and AALN were obtained on the
appropriate day according to the group name (e.g., at day 3
for the day 3 group, day 6 for the day 6 group, and so on).
Each mouse was anesthetized with 2 % isoflurane in O, and
placed on a heated pad (37 °C). A 1-ml syringe with a 27G
winged intravenous needle (Terumo), connected to a syringe
pump (Legato100; KD Scientific) was used to inject 120 pl
of contrast agent (pre-warmed to 50 °C) into the AALN at a
rate of 10 pl/min, so that the contrast agent was delivered to
the PALN. Then, the PALN and AALN were dissected and
fixed in 10 % neutral buffered formalin solution at 4 °C for
4 days.

Analysis of Intranodal Structures Using a Micro-
CT Scanner

The intranodal structures of the PALN and AALN were
visualized using a micro-CT scanner (LaTheta LCT-200;
Hitachi-Aloka Medicals). The spatial resolution was 8-
20 pwm, and the image data acquired consisted of 1024 x
1024 x 1008 pixels. The acquired slice data were rendered as
3D images using a 3D analysis suite (ConeCTexpress;
WhiteRabbit Corp.) and analyzed using 3D visualization
and analysis software (Amira; Maxnet Co. Ltd). Three-
dimensional images of the LN and of the intranodal region
containing contrast medium were extracted from the CT
data. LN imaging was carried out with the LN placed in a
plastic tube that was positioned on the platform. Each
volume was calculated from the obtained data, and the ratio
of the contrast region volume to the total LN volume was
calculated. The difference in the distance between the
centroid (“center of gravity”) of the entire LN and the
centroid of the region containing contrast medium was
obtained from the analysis data. LN extraction was achieved
by selecting outside the air region by threshold value, then
manually removing the platform and the plastic tube part and
selecting inside the LN. For extraction of the region
containing contrast medium, part of the region within the
LN (including soft tissue) into which contrast medium had
flowed was selected, and the threshold value was set as half
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the average CT value in that region. Data after reconstruc-
tion was saved as 16-bit DICOM data.

Histological Analysis

After being imaged by intranodal lymphangiography, the
PALN and AALN tissues were dehydrated, embedded in
paraffin, serially sectioned (3—4 pum) and either stained with
hematoxylin and eosin (HE) or immunostained for LY VE-1-
positive and CD31-positive cells (Discovery XT Automated
Staining Processor; Ventana Medical Systems, Tucson, AZ,
USA) [12, 13, 25].

Statistical Analysis

All data are expressed as the mean =+ standard error of the
mean (SEM). Comparisons between groups were made

30 pl/min

60 pl/min

using one- or two-way repeated measures analysis of
variance (ANOVA), the Kruskal-Wallis test, Tukey-Kramer
test, or Pearson correlation test, as appropriate. P <0.05 was
regarded as a statistically significant difference.

Results

Optimization of the Rate of Contrast Agent
Injection into the Upstream LN for Effective
Delivery to the Downstream LN

To determine the optimal injection rate for delivery of
contrast agent from the AALN to the PALN, contrast agent
was injected into the AALN at various rates (10, 30, and
60 ul/min), and micro-CT imaging was used to evaluate the
AALN and PALN after their removal from the mouse
(Fig. 1a). Imaging of the AALN revealed that the area filled
with contrast agent increased with increasing injection rate.

b
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Fig. 1 Visualization of the AALN and PALN by micro-CT. a AALN = The area of the AALN filled with contrast agent increased
with increasing injection rate. Notable accumulation of contrast agent in the center of the AALN was observed for injection rates
of 30 pl/min (¢, d) and 60 pl/min (e, f). PALN = The contrast agent had entered the marginal, trabecular and medullary sinuses.
There were no obvious differences between the images acquired for different injection rates. b Proportion of the AALN showing
contrast-enhancement for each injection rate. The proportion of the AALN showing contrast-enhancement increased with
increasing injection rate; 10 pl/min (n =4), 30 pl/min (n = 4), and 60 pl/min (n = 4). Data are shown as the mean + SEM. *P <0.05,
10 pl/min vs. 60 pl/min (one-way ANOVA and Tukey-Kramer test). ¢ Proportion of the PALN showing contrast-enhancement for
each injection rate. There were no significant differences between the various injection rates; 10 pl/min (n =4), 30 pl/min (n =4),

60 pl/min (n =4). Data are shown as the mean + SEM.
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Fig. 2 Induction of metastasis in the PALN. Tumor cells were injected into the SiLN to induce metastasis to the PALN via
lymphatic vessels. a In vivo bioluminescence imaging. Luciferase activity in the PALN was measured at days 14, 21, and 28.
Metastasis was considered successfully induced when the PALN luciferase activity exceeded the background level in control
experiments: this was day 28. b Luciferase activity. Luciferase activity increased with time after the inoculation. Day 14 (n = 4),
day 21 (n=3), and day 28 (n =4). There were significant differences in luciferase activity among groups for the SiLN but not
PALN. *P<0.01, day 14 vs. day 28; *P<0.01, day 21 vs. day 28; one-way ANOVA and Tukey-Kramer test. Data are shown as
the mean + SEM. ¢ Changes in the volumes of the SiLN and PALN after tumor inoculation into the SiLN. There was a significant
increase in the volume of the SILN at day 28 (*P <0.05, day 14 vs. day 28; one-way ANOVA and Tukey-Kramer test). The PALN
after inoculation would be considered a LN with clinical NO status. Day 14 (n=4), day 21 (n=3), and day 28 (n =4). Data are
shown as the mean + SEM.

In particular, notable accumulation of contrast agent in the
center of the AALN was observed at injection rates of 30
and 60 pl/min. Figure 1b shows the mean data for the
proportion of the AALN showing contrast-enhancement for
each injection rate: the proportion of the AALN showing
contrast-enhancement increased with increasing injection
rate (P<0.05, 10 pl/min vs. 60 pl/min; one-way ANOVA
and Tukey-Kramer test). Imaging of the PALN (Fig. la)

showed that the contrast agent had reached the marginal,
trabecular, and medullary sinuses, but there were no notable
differences between images for the different injection rates.
The mean proportion of the PALN showing contrast-
enhancement did not differ significantly between injection
rates (Fig. 1c). Based on these results, subsequent experi-
ments utilized an injection rate of 10 pl/min for the delivery
of contrast agent from the AALN to the PALN.
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Fig. 3 PALN metastasis imaged by intranodal lymphangiography. a micro-CT images. Contrast agent was observed in the
marginal, trabecular, and medullary sinuses at day 14 (Aa, Ab) and day 21 (Ac, Ad). Images are rotated around the axis. Defect
areas (arrows) were observed at day 28 (Ae, Af). b Analysis of contrast-enhanced regions. The proportion of the PALN showing
contrast-enhancement did not change significantly over time. Day 14 (n =4), day 21 (n=3), and day 28 (n = 4). Data are shown
as the mean + SEM. ¢ Difference in position between the centroid of the entire PALN area and the centroid of the region filled
with contrast agent. There was a significant change at day 28 (*P <0.05, day 14 vs. day 28; one-way ANOVA and Tukey-Kramer
test). Day 14 (n=4), day 21 (n=3), and day 28 (n =4). Data are shown as the mean + SEM.

Luciferase Activity in the SiLN and PALN after Tumor cells were injected into the SiLN to induce
Tumor Inoculation into the SiLN metastasis to the PALN. In vivo bioluminescence images

and luciferase activities are shown in Fig. 2a. Metastasis
Next, we evaluated whether intranodal lymphangiography was detected in the PALN at day 28 after inoculation. The
could be used to evaluate LNs of clinical NO status (Fig. 2). luciferase activity increased with time in both the PALN
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Fig. 4 Correlations of the proportion of the PALN showing contrast-enhancement and the positional difference between the
two centroids with luciferase activity in the PALN. a Correlation of the proportion of the PALN showing contrast-enhancement
with luciferase activity. There was a significant correlation between the two parameters (Pearson correlation test: R?=0.50). b
Correlation of the difference between the two centroids with luciferase activity. There was a significant correlation between the

two parameters (Pearson correlation test: R? = 0.51).

and SiLN (Fig. 2b), and significant changes were observed
for the SiLN (P <0.01, day 14 vs. day 28; P<0.01, day 21
vs. day 28; two-way ANOVA and Tukey-Kramer test).

Changes in the Volumes of the SiLN and PALN
after Tumor Inoculation into the SiLN

Next, we investigated whether volume changes occurred in
the SiLN and PALN after inoculation of tumor cells
(Fig. 2c). The SiLN volume was significantly increased at
day 28 (P<0.05, day 14 vs. day 28; one-way ANOVA and
Tukey-Kramer test). There were no significant changes in
PALN volume. Therefore, the PALN after inoculation would
be considered a LN with clinical NO status.

PALN Metastasis Imaged by Intranodal
Lymphangiography

Subsequently, we imaged the metastatic PALN (of clinical
NO status) using intranodal lymphangiography; for these
experiments, the contrast agent was injected into the AALN
at a rate of 10 ul/min. Contrast agent was observed in the
marginal, trabecular, and medullary sinuses at days 14
(Fig. 3a, Supplemental Movie 1) and 21 (Fig. 3a, Supple-
mental Movie 2), and defect areas (arrows) were observed at
day 28 (Fig. 3a, Supplemental Movie 3). The proportion of
the PALN showing contrast-enhancement showed little or
no change between days 14, 21, and 28 (Fig. 3b).

The distribution of the contrast agent in the PALN was
evaluated by measuring the positional difference between
the centroid of the entire PALN area and the centroid of the
region that filled with contrast agent (Fig. 3c). A significant
change was observed at day 28 (P <0.05, day 14 vs. day 28;
one-way ANOVA and Tukey-Kramer test). Thus, the
presence of defect areas in the PALN on day 28 manifested

as an increase in the difference between the positions of the
two centroids.

Figure 4a shows that there was a significant correlation
between the proportion of the PALN showing contrast-
enhancement and the luciferase activity in the PALN
(Pearson correlation test: R*=0.50). The positional differ-
ence between the two centroids and the luciferase activity in
the PALN also showed a significant correlation (Pearson
correlation test: R*=0.51, Fig. 4b).

Pathological changes in the PALN were also examined
(Fig. 5a, b). Areas of tumor invasion (Fig. 5c—e, which are
enlarged images of region (ii) in Fig. 5b) and areas without
tumor invasion (Fig. 5f-h, which are enlarged images of
region (iii) in Fig. 5b) were detected. Contrast agent was not
detected in the region of the lymphatic sinus where tumor
cells had invaded (Fig. 5c) but was evident in the region of
the lymphatic sinus without tumor cells (Fig. 5f). These
results suggest that the size of the contrast-enhanced area
would decrease following the invasion of tumor cells into
the lymphatic sinus. Tumor angiogenesis and
lymphangiogenesis were not detected near the lymphatic
sinus (Fig. 5d, e.

Discussion

The development of new imaging modalities to detect
metastatic LNs that are still of clinical NO status would
likely lead to improvements in the prognosis and quality of
life of people with cancer. Conventional mouse models of
cancer use experimental mice with LNs that are 1-2 mm in
diameter; hence, these models may not be representative of
human LN metastasis [26]. The present study was designed
to develop a new imaging method for the diagnosis of
metastasis in LNs of clinical NO status, using intranodal
lymphangiography in a model of LN metastasis developed
with MXH10/Mo/lpr mice.
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First, the intranodal injection rate was optimized to
deliver contrast agent from the upstream LN (AALN) to
the downstream LN (PALN) and ensure that the PALN
would be filled with contrast agent. Increasing the intranodal
injection rate from 10 to 60 pl/min resulted in greater
accumulation of contrast agent in the AALN (Fig. 1b) but
did not cause a significant increase in the amount of contrast

agent delivered to the PALN (Fig. lc). Therefore, the
optimal rate for intranodal injection into the upstream LN
was considered to be 10 pl/min. Fujii et al. [27] injected
fluorescent dye into the SiLN (to deliver it to the PALN) of
MXH10/Mo/Ipr mice at various rates (10, 20, 40, 60, 80,
100 and 2400 pl/min [bolus injection]) and concluded from
the distribution of dye in the PALN that the optimal

HE

Fig. 5 Histological analysis of the metastatic PALN. Contrast agent was delivered from the AALN to the PALN at day 28. a HE
staining showing tumor cell invasion into the PALN. Scale bar=500 pm. b Enlarged image of region (i) in a (HE staining).
Regions showing tumor invasion (ii) not showing tumor invasion (iii) were evident. Scale bar=200 pm. c—e Serial sections
showing enlarged images of region (i) in b tumor cells had invaded the lymphatic sinus, and contrast agent was not detected in
the area of tumor cell invasion. ¢ HE staining. Tumor cells had invaded the lymphatic sinus. Scale bar=50 pym. d
Immunostaining of LYVE-1. Tumor cells had invaded the lymphatic sinus. Scale bar =50 pm. e Immunostaining of CD31. Tumor
cells had invaded the lymphatic sinus. Scale bar =50 pm. f-h Serial sections showing enlarged images of region (jii) (b). f HE
staining. Tumor cells were not present in the lymphatic sinus, whereas contrast agent was detected. Scale bar=50 pm. g
Immunostaining of LYVE-1. Tumor cells were not observed in the lymphatic sinus. Scale bar =50 pm. h Immunostaining of
CD31. Tumor cells were not detected in the lymphatic sinus. Scale bar =50 pm.



Iwamura R. et al.: Imaging of Mouse Lymphatic Sinus with X-ray Micro-computed Tomography 833

injection rate was between 10 and 80 pl/min. These
observations were consistent with calculations of impulse
values in the PALN from the injection pressures, and it was
found that fluid driven into the PALN at a high injection rate
(e.g., bolus injection) tended to flow into the marginal sinus
but not cortex or trabecular sinus, whereas fluid driven into
the PALN at a low injection rate (e.g., 10 pl/min) was able
to penetrate into the cortex and trabecular sinus.

Dynamic contrast-enhanced MR lymphangiography has
been developed recently using a combination of intranodal
lymphangiography, gadolinium-based contrast agents and
dynamic contrast-enhanced MR, and this technique has been
used to visualize the central lymphatic system including LNs
[28]. However, in view of the findings of Fujii and
colleagues [27], lymphangiography using manual injection
of contrast agent into a LN (rather than a slow, controlled
infusion) might result in visualization of LNs bathed with
contrast agent that had leaked onto their surfaces rather than
LNs filled with contrast agent.

In this study, we evaluated the effectiveness of intranodal
lymphangiography with micro-CT in the detection of metasta-
tic LNs of clinical NO status in our mouse model of LN
metastasis. At the initial stage of tumor cell arrival in the
lymphatic sinus of the PALN, the lymphatic, trabecular, and
medullary sinuses were all filled with contrast agent (Fig. 3a at
days 14 and 21). The inflow of contrast agent into blood vessels
was not observed anywhere within the LN. Defect areas into
which contrast agent did not flow were detected at day 28
(Fig. 3a). Within the defect areas, the lymphatic sinus was filled
with tumor cells that had invaded the cortex, and invasion and
growth of tumor cells were observed in the lymphatic stroma
(Fig. 5a). Furthermore, the position of the centroid for the area
filled with contrast agent varied due to the invasion and growth
of tumor cells (Fig. 3c).

In a clinical study using MRI with lymphotropic
superparamagnetic nanoparticles, intravenously injected
nanoparticles gained access to the interstitium and were
drained through lymphatic vessels at 24 h after injection
[29]. Nanoparticles were internalized by macrophages in
normal LNs causing changes in magnetic properties detect-
able by MRI. In metastatic LNs, a limited decrease in signal
intensity or discrete focal defects were detected because the
intranodal structure was replaced by tumor cells [29, 30].
The defective area observed in this study has nothing to do
with uptake by macrophages. Instead, the proportion of the
lymphoid sinuses that contained contrast agent decreased
due to the proliferation of tumor cells in the LN, generating a
defective region.

Some studies have reported that tumor cells can induce
lymphangiogenesis in the sentinel LNs [7, 31, 32]. In the
present study, we did not obtain any clear evidence of
angiogenesis or lymphangiogenesis in the PALN in exper-
iments utilizing FM3A-Luc cells (Fig. 5). Our experimental
model induces metastasis in the PALN by injecting tumor
cells into the SiLN so that they are delivered to the PALN
via lymphatic vessels, and this method of metastasis may not

follow the process of lymphatic metastasis related to the
VEGF-C/VEGF-D/VEGFR-3 signaling axis. Therefore,
lymphangiogenesis may not be induced in this model.

Studies using MXH10/Mo/lpr mice, which develop
systemic swelling of LNs up to 10 mm in diameter at 2.5—
3 months of age, have revealed that there are many blood
vessel branches that penetrate the LN capsule and connect
vessels that lie interior and exterior to the capsule. We have
confirmed that this anatomical feature is also seen in
C57BL6, BALB/c, and SCID mice, which have LNs of
sizes 1-2 mm and which have been used as models of LN
metastasis [9]. This characteristic is also found in human
LNs. It is thought that at the early stage of formation of LN
metastasis in C57BL6, BALB/c, and SCID mice, extranodal
infiltration occurs or the LNs are replaced with tumor cells
[26]. In this regard, the LNs of MXH10/Mo/Ipr mice seem to
be closer to human LNs than those of other mice. The
regions of the metastatic downstream LN that were deficient
of contrast agent in this study likely reflect the situation that
occurs in patients seen in clinical practice.

In conclusion, our results demonstrate that metastatic LNs
of clinical NO status can be detected by intranodal
lymphangiography with micro-CT. Further research is
needed to optimize the contrast agent and develop high-
precision imaging modalities and improved image process-
ing methods.
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