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Abstract
Mouse models are fundamental to the study and design of new techniques for the cancer diagnosis
and treatment. The lymphatic system plays an active role in oncogenesis and metastatic disease
progression. However, the in vivo identification of LNs in mice is challenging with conventional
imaging modalities since the LN diameter in normal mice is 1–2 mm. Standard dissection
techniques are challenging and can only provide endpoint data. Here, we describe high resolution
MRI (HR-MRI) approaches for the non-invasive detection of mouse LNs in vivo. We compare in
vivo non-invasive HR-MRI methods (without exogenous contrast injections) to the ex vivo dye
injection methods for the identification of commonly studied LNs in both normal mice and a
mouse model of pancreatic ductal adenocarcinoma (PDAC). We demonstrated the potential to use
HR-MRI techniques as a non-invasive imaging assay for visualizing mouse LNs in vivo.
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1. INSTRODUCTION
Mouse models are important for pre-clinical investigation of cancer immunology and for
evaluating the efficacy of a broad range of immunotherapies (Buettner and Bode, 2012;
Galon et al., 2012; Kennecke et al., 2012; Tournoy et al., 2012). The lymphatic system plays
an active role in oncogenesis and metastatic disease progression; the lymphatic system often
serves as a barrier to inhibit the distribution of invading tumor cells(Buettner and Bode,
2012; Galon et al., 2012; Kennecke et al., 2012; Tournoy et al., 2012). The lymph nodes
(LN) can function as “filters” to remove cancer cells from the systemic circulatory system.
The regional immune responses within LNs during cancer progression can be an important
prognostic indicator and LN response often serves as a critical criterion for evaluating
therapeutic response(Deneve et al., 2012; Lee et al., 2012),(Kimber et al., 2000; Helle et al.,
2012; Noh et al., 2012). Infection and/or tumor cell migration commonly leads to increases
in LN size. Mouse models have served a vital role in prior studies investigating mechanisms
of tumor development and identification of improved diagnostic and therapeutic strategies.
However, the LNs in mice are actually quite small and can be difficult to identify. Often
distinguishing the LNs from the surrounding connective tissues can be difficult even in ex
vivo settings at necropsy(Harrell et al., 2008).

Typically, colloidal India ink dyes, Evans Blue, or low molecular weight dyes with high
affinity for serum albumin have been used for ex vivo mapping of the LNs in mice(Harrell et
al., 2008). Near-infrared optical approaches offer the potential for in vivo imaging of
superficial LNs; however, these methods provide relatively low spatial resolution and
importantly cannot detect visceral LNs(Noh et al., 2012) located deep within the abdomen.
Contrast-enhanced magnetic resonance imaging (MRI) has proven valuable for mouse LN
mapping. However, particularly for serial measurements during longitudinal studies, the
requisite injection of exogenous contrast media may be sub-optimal given the potential
associated toxicities, impact upon LN function, and confounding interplay with employed
therapeutic strategies(Melancon et al., 2007; Ruddell et al., 2008).

Thus, we hypothesized that high resolution MRI (HR-MRI) might be applicable for the non-
invasive detection of mouse LNs in vivo. The purpose of this study was to compare in vivo
non-invasive HR-MRI methods (without exogenous contrast injections) to the ex vivo dye
injection methods for the identification of commonly studied LNs in both normal mice and a
mouse model of pancreatic ductal adenocarcinoma (PDAC).

2. MATERIALS AND METHODS
All studies were approved by our institutional animal care and use committee and were
performed in accordance with institutional guidelines.

2.1 PDAC cell line and mouse model of PDAC
The mouse Panc-02 cell line is derived from amethylcholanthrene-induced PDAC in
C57BL/6 mice and was purchased from the American Type Culture Collection (ATCC;
Rockville, MD, USA). Panc-02 cells were maintained in RPMI 1640 media supplemented
with glutamine (2 mmol/l), pyruvate (1 mmol/l), penicillin and streptomycin (100 IU/ml),
and 10% fetal bovine serum (FBS). The cells were maintained in a humidified atmosphere
of 5% CO2 at 37°C. Before the implantation procedure, the viability of the cells was
assessed using Trypan Blue staining (a cell viability of > 90% was required for tumor
implantation). Female C57BL/6 mice (4 weeks of age, weighing between 13 and 17 g;
Charles River, Wilmington, MA) were acclimated for at least 1 week prior to tumor
implantation. Early-passage Panc-02 cells were harvested, and 2 × 106 cells, suspended in
200 μL of phosphate buffered saline (PBS), were implanted into the left and right flanks of
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each mouse (n = 6). Six additional mice (n = 6) were inoculated with 0.5 ml PBS in the both
left and right flanks to serve a control group. MRI examinations started 2 weeks after
implantation when tumors achieved a diameter between 5 and 8 mm (longest tumor diameter
measured using a caliper).

2.2 In vivo visualization of LNs using HR-MRI
Mice were anesthetized using a mixture of 2–3% isoflurane and 5 L/min oxygen via an
automatic delivery system (Isoflurane Vaporizer, Vaporizer Sales and Services, Rockmart,
GA, USA). The mice were repeatedly monitored during the procedure to maintain adequate
anesthetic depth. During imaging procedures, each mouse was maintained in a prone
position using a restraint apparatus. The MRI studies were performed using a Bruker 7.0T
ClinScan high-field small animal MRI system (Bruker Biospin, Ettlingen, Germany) with a
commercial mouse coil (Bruker Biospin, Ettlingen, Germany). Body temperature was
continuously monitored using a thermometer and controlled using a water-bed heating
system (SA Instruments, Stony Brook, NY, USA). For each animal, T1-weighted (T1W) and
T2-weighted (T2W) HR-MRI images were acquired in both coronal and axial orientations.
Parameters for these in vivo measurements were as follows. T2W: turbo spin echo (TSE)
sequence, repetition time (TR)/echo time (TE) = 3000/44 ms; field of view (FOV) = 35 × 35
mm2; matrix = 256 × 256; turbo factor = 12; slice thickness = 0.14 mm, isotropic in-plane
resolution = 0.14 mm; acquisition was synchronized to the respiratory cycle to minimize
motion artifacts. T1W: segmented turbo-flash gradient-echo (TFL) sequence (TFL) with an
inversion recovery preparatory pulse (IR-TFL), TR/TE = 1300/2.15 ms; FOV = 35 × 35
mm2; matrix = 256 × 256; slice thickness = 0.14 mm; isotropic in-plane resolution = 0.14
mm. Both the T1W and T2W MRI images were acquired with and without fat suppression.
The sizes of the LNs were measured in one dimension (longest diameter recorded from the
T2W images). The left axillary LN is located in the armpit area and the fundamental
challenges of the LN MRI is that movement of the heart and respiratory cycle motion
artifacts in the image. Due to poor image quality, the left left axillary LN was not included
in this study.

2.3 Ex vivo lymph node isolation for size measurements and histology
Following MRI, the mouse left rear footpads were injected with 25 μl of 1% India ink (BD,
Glen Rock, NJ, US) diluted in PBS using a 0.5 ml syringe with a 27 g needle. After 30
minutes, the mice were sacrificed by cervical dislocation and dissected to locate the
lymphatic vessels and LNs of interest. The LNs of interest included the left popliteal,
inguinal, axillary, iliac, and renal LNs (Fig. 1A). The longest length of each LN was
measured using a vernier caliper. Following size measurements, each LN was isolated and
fixed in 3.5% phosphate-buffered formaldehyde. 5 μm slices from the center of each LN
were placed on glass slides for hematoxylin and eosin (H&E) staining. Each H&E slice was
scanned at 20× magnification and these digitized images combined to produce a single
image of each LN slice using the TissueFAXS system (TissueGnostics, Los Angeles, CA,
USA).

2.4 Statistic analysis
The average size (mean) and standard deviation (SD) of each LN of interest were recorded
(mean ± SD). The LN measurements performed for normal and tumor-bearing mice in vivo
using T2W imaging and ex vivo using caliper assessments were compared using Student’s
independent samples t-test. Pearson correlation coefficients were calculated to assess the
relationship between the in vivo MRI measurements and the corresponding ex vivo caliper
measurements. All of the statistical analyses were performed using GraphPad Prism 6
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(GraphPad Software, CA, US) software package. P-values < 0.05 were considered to be
statistically significant.

3. RESULTS
3.1 Ex vivo lymphatic drainage following left footpad injection

Figure 1A shows a schematic of dye-stained lymphatic vessels and draining LNs where the
major lymphatic vessels drain into the popliteal or inguinal LNs and then into the iliac
plexus, the iliac LNs, and other LNs (iliac and renal LNs), traveling up the midline prior to
delivery into the subclavian vein and the blood circulation. Figure 1B and 1C show blue-
stained popliteal LN and inguinal LNs that were readily distinguished from the surrounding
connective tissues in each mouse. The stained popliteal LNs drain centrally to the iliac LNs
and renal LNs (Figure 1D) along the midline. Each stained LN was measured with a caliper.
However, because no dye uptake was observed in the axillary LNs, accurate caliper
measurements were not feasible in these LNs; thus these LNs were excluded from the study.

3.2 In vivo HR-MRI visualization and size measurements of LNs
Coronal view T2W images of inguinal, popliteal, iliac, and renal LNs in a normal mouse are
shown in Figs. 2A–C (same animal depicted at necropsy in Fig. 1). These LNs were
generally of higher signal intensity than surrounding tissues within T2W images. The
popliteal LNs, which are located within the fat pads, exhibited low signal intensity relative
to surrounding fatty tissues within T1W images (Fig. 2D). Without fat suppression, there
was generally a strong contrast between the popiteal LNs (low signal intensity) and
surrounding tissues. A T2W image of the same popiteal LN with fat suppression applied is
shown in Fig. 2E wherein the popiteal LN exhibits high signal intensity relative to the
surrounding fat tissues.

3.3 H&E staining
Two representative H&E-stained slices of the left inguinal LNs from normal and PDAC
tumor-bearing mice are shown in Figs. 3A and 3B, respectively. Figs. 3C and 3D are high
magnification images corresponding to the insets (white square) in Figs. 3A and 3B,
respectively. In each of these specimens major LN structures including cortex, paracortex,
and medulla can be clearly observed. Areas rich in fully formed T-cells (arrow) and B-cells
(arrowhead) can also be observed in these slices. Corresponding coronal orientation T1W
(LN of low signal intensity) images and fat-suppressed T2W (LN of high signal intensity)
images are shown in Figs. 3E and 3F. Moreover, in the presence of immune system
stimulation (presence of PDAC tumors), secondary follicles or germinal centers were
observed in the LNs (Fig. 3B).

3.4 Lymph node size measurements
The popliteal, inguinal, iliac, and renal LNs were measured in vivo using HR-MRI (Fig. 4A)
and ex vivo after ink staining using a caliper (Fig. 4B). With exception of the popliteal LN,
for both MRI and ex vivo caliper approaches, there were significant differences between LN
sizes measured in control and PDAC tumor-bearing mice (Table 1). The inguinal, iliac, and
renal lymph nodes were significantly smaller in controls compared to PDAC tumor-bearing
mice (all p-values were < 0.05, except for the popliteal LNs, where p > 0.05). Representative
T1W and T2W images of a tumor in the same mouse are shown in Figs. 4C and 4D,
respectively. In vivo MRI LN size measurements were highly correlated to ex vivo caliper-
based LN size measurements for both controls (Fig. 5A) and PDAC tumor-bearing mice
(Fig. 5B).
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4. DISCUSSION
The broad availability of mouse models has significantly benefited the cancer research
community. Non-invasive approaches to monitor disease progression and therapy response
have rapidly developed to permit serial longitudinal measurements in individual mice thus
avoiding confounding factors that can arise when attempting to compare measurements
between sub-groups sacrificed at different time-points. The accurate identification of LNs in
these mice may be critical for studies investigating cancer metastasis(Hompland et al., 2012;
Hung et al., 2012), regional immune responses(Zheng and Shu, 2011; Nguyen-Hoai et al.,
2012), and therapy response(Ruddell et al., 2008; Zheng and Shu, 2011; Buettner and Bode,
2012; Helle et al., 2012; Noh et al., 2012). Standard dissection techniques are challenging
and can only provide endpoint data(Harrell et al., 2008). In this work, we demonstrated the
potential to use HR-MRI techniques as a non-invasive imaging assay for visualizing mouse
LNs in vivo.

In this study, non-invasive HR-MRI measurements were compared to invasive ex vivo LN
size measurements in both normal mice and mice with implanted with PDAC tumors. HR-
MRI LN size measurements were well correlated to reference standard LN size
measurements performed at necropsy with India ink staining.

The current study had several limitations. First, measuring LN size in the mouse at one time
point, additional studies may be valuable to determine the reproducibility including more
mouse groups at different time points. Furthermore, it is feasible to measure the volume of a
LN on MR images instead of the longest diameter measurements in vivo. However, the LN
size and volume should be shape change (shrinkage) once a LN is removed from the body
and is not supported by surrounding tissues. On the other hand, ex vivo measurements are
not reproducible and reliable, which depend on measure approaches and individual
researchers. Finally, MRI measurements of LN diameter were performed manually; several
image segmentation algorithm techniques will be applied in our future studies.

Both approaches detected significantly larger LNs in tumor bearing animals compared to the
LNs in normal mice. The major physical alteration induced by these tumors was the
significant enlargement of the tumor-draining LNs. These enlarged LNs play active roles in
tumor-induced lymph flow(Rudin et al., 2005; Lv et al., 2009). Thus, these methods may be
useful not only for the identification and mapping of LNs but also for the diagnosis of
tumor-associated changes in the LNs themselves. HR-MRI could serve as a tool to evaluate
real-time changes in the lymphatic system associated with cancer progression.

5. CONCLUSION
In summary, HR-MRI approaches offer an effective non-invasive means for LN
visualization and size measurements well suitable for longitudinal mouse model studies of
cancer progression and therapeutic intervention. This non-invasive LN mapping approach
should have broad applicability to mouse model studies requiring serial assessments of
lymphatic system function.
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Figure 1.
Lymphatic drainage in a normal mouse. A: Schematic illustration of lymphatic vessels and
draining LNs is shown following left footpad dye injection. B, C, and D: Left hind footpad
injection of 1% India ink labels the inguinal LN (B), popliteal LN (C) that drains centrally to
the iliac and renal LNs (D) ex vivo.
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Figure 2.
HR-MRI mapping of mouse LN in vivo: The corresponding the LNs labeled using 1% India
ink (Figure 1) are showed in Figure 2. A, B, and C with a fat suppression MRI technique,
the coronal views of the inguinal (A, arrowhead), popliteal (A, arrow), iliac (B, arrow), and
renal (C, arrow) LNs in T2W images of the normal mouse. D (without a fat suppression,
where the fat exhibits high signal intensity) and E (with a fat suppression, where the fat
exhibits low signal intensity) are transverse T1W and T2W images of popliteal LN,
respectively. MRI resolution is 0.14 × 0.14 × 0.14 mm3.
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Figure 3.
H&E-stained histology. The slices of whole left inguinal LN from a normal (A) and a PDAC
tumor-bearing mouse (B) were obtained using TissueFAXS system. C and D are high
magnification images corresponding to the inset (White Square) in A and B, respectively.
The corresponding LNs were appeared in the T1W and T2W images (E and F). Scale bars:
A, B = 5 mm; C, D = 50 μm. MRI resolution is 0.14 × 0.14 × 0.14 mm3.
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Figure 4.
Lymph node size measurements. The LN size measurements in vivo using HR-MRI (A) and
ex vivo using a caliper (B) exhibited that the LNs in a normal mice were significantly
smaller than those of the corresponding LNs in a PDAC tumor-bearing mice (all P-values
were < 0.05, except in the popliteal LNs, where p>0.05). Representative T1W and T2W
images of tumors in the same mouse are shown in C and D, respectively. MRI resolution is
0.14 × 0.14 × 0.14 mm3.
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Figure 5.
Graphs show the relationship between HR-MRI measurements in vivo and ex vivo 1% India
ink measurements of LNs from normal mice (A) and panc-2 mice (B) (each n = 6), the 95%
confidence interval for linear regression of size on HR-MRI. There was a strong correlation
between the MRI and caliper measurements in each LN (A and B).
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