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SUMMARY: 

Melanoma is a very aggressive disease that quickly spreads to other organs. This protocol describes the application of ultra-high-frequency ultrasound imaging, coupled with 3D rendering, to monitor the volume of the inguinal lymph nodes in the Braf/Pten mouse model of metastatic melanoma.

ABSTRACT: 

Tyr::CreER+,BrafCA/+,Ptenlox/lox genetically engineered mice (Braf/Pten mice) are widely used as an in vivo model of metastatic melanoma. Once a primary tumor has been induced by tamoxifen treatment, an increase in metastatic burden is observed within 4–6 weeks after induction. This paper shows how Ultra-High-Frequency UltraSound (UHFUS) imaging can be exploited to monitor the increase in metastatic involvement of the inguinal lymph nodes by measuring the increase in their volume. 

The UHFUS system is used to scan anesthetized mice with a UHFUS linear probe (22–55 MHz, axial resolution 40 µm). B-mode images from the inguinal lymph nodes (both left and right sides) are acquired in a short-axis view, positioning the animals in dorsal recumbency. Ultrasound records are acquired using a 44 µm step size on a motorized mechanical arm. Afterward, two-dimensional (2D) B-mode acquisitions are imported into the software platform for ultrasound image post-processing, and inguinal lymph nodes are identified and segmented semi-automatically in the acquired cross-sectional 2D images. 
Finally, a total reconstruction of the three-dimensional (3D) volume is automatically obtained along with the rendering of the lymph node volume, which is also expressed as an absolute measurement. This non-invasive in vivo technique is very well tolerated and allows the scheduling of multiple imaging sessions on the same experimental animal over 2 weeks. It is, therefore, ideal to assess the impact of pharmacological treatment on metastatic disease.

INTRODUCTION:

Melanoma is an aggressive form of skin cancer that often spreads to other skin sites (subcutaneous metastases), as well as to lymph nodes, lungs, liver, brain, and bones. Therefore, it is crucial to detect metastatic spreading at its early stages, i.e., when it gets to the local lymph nodes.
A biopsy of the local lymph nodes (sentinel lymph nodes) is usually performed to check for the presence of melanoma cells. However, ultrasound imaging is taking hold as a non-invasive method of detecting metastatic involvement, as it outperforms clinical evaluation and can help avoid an unnecessary biopsy6

. The features that are detected by ultrasound analysis and allow the differentiation between normal and metastatic lymph nodes comprise increased size (volume), change of shape from oval to round, irregular margin, altered echogenic pattern, and altered (increased) vascularization5

,4

. Furthermore, ultrasound imaging seems appropriate for lymph node surveillance, especially in the case of advanced age and/or comorbidities
Tyr::CreER+,BrafCA/+,Ptenlox/lox genetically engineered mice (Braf/Pten mice) have recently been made available to the scientific community as a tissue-specific and inducible model for metastatic melanoma
Braf/Pten mice have been extensively used for multiple purposes including the dissection of signaling pathways involved in melanomagenesis
When Braf/Pten mice are used for melanoma modeling, the growth of primary tumors and subcutaneous metastases can be monitored by caliper measurements. However, the involvement of lymph nodes and lungs needs to be investigated using an alternative technique, possibly a non-invasive one that allows researchers to follow the same animal over time. This paper describes the use of ultrasound imaging (Figure 1), coupled with a subsequent 3D volumetric analysis of the obtained data, for the longitudinal monitoring of the increase in size (volume) of inguinal lymph nodes.

PROTOCOL:

All methods described here have been approved by the Italian Ministry of Health (animal protocols #754/2015-PR and #684/2018-PR).

1. Melanoma induction
NOTE: Six-week-old Tyr::CreER+,BrafCA/+,Ptenlox/lox mice [B6.Cg-Braftm1Mmcm Ptentm1Hwu Tg(Tyr-cre/ERT2)13Bos/BosJ (Braf/Pten)] were used in this study (see the Table of Materials). 
1.1. Treat the mice with 4-hydroxytamoxifen (4-HT) by applying 3 μL of 5 mM 4-HT on ~1 cm2 of shaved skin of the upper back, as described previously11,17

, for 3 days in a row. 
NOTE: This will activate the Cre enzyme and cause a switch from wt Braf to BrafV600E and the loss of Pten. These two hits are enough to induce melanoma formation. 
1.2. Observe the primary tumors develop at the site of the skin painting in 2–3 weeks and reach a volume of 50–100 mm3 in 4 weeks. Also, observe metastasis to other skin sites, lymph nodes, and lungs at this time point (t0). 
1.3. Use calipers to measure the volume of the primary tumor and of subcutaneous metastases and ultrasound imaging to measure the volume of the inguinal lymph nodes. Repeat these measurements after one week (t1, 5 weeks after skin painting) and after two weeks (t2, 6 weeks after skin painting). 
1.4. At the last time point, euthanize the mice by overdosing with gaseous sevorane.
1.5. Analyze the primary tumor and lymph nodes by visual inspection, then excise them for histological studies, as reported in
2. Imaging procedure
2.1. Place the mouse in an induction chamber for gas anesthesia and supply 3% isoflurane in pure oxygen until the animal is fully anesthetized. Verify the depth of anesthesia by lack of response to paw pinch.

2.2. Transfer the animal to a heated board—a constitutive part of the UHFUS imaging station—holding the animal in a supine position. Use a rectal probe lubricated with petroleum jelly to measure the body temperature. Adjust the board temperature to maintain the mouse’s body temperature in the physiological range (36 ± 1 °C). 
2.3. Moisten the mouse’s eyes with vet ointment to prevent dryness during anesthesia. Supply narcotic gas (1.5% isoflurane in pure oxygen) through a mouse’s nose mask. Adjust the percentage of isoflurane to maintain the correct depth of anesthesia.

2.4. Coat the fore and hind paws with conductive paste and tape them to the ECG plate electrodes embedded in the board. Check that the physiological parameters (heart rate, respiration signal, and core body temperature) are correctly acquired and displayed.

2.5. Remove hair from both inguinal areas by applying a depilatory agent and coat them with an acoustic coupling medium.

2.6. Clamp the UHFUS linear probe (40 MHz center frequency) into a specialized 3D motor embedded in the UHFUS imaging station, allowing automated and stepwise movement of the probe.

2.7. Properly orient and adjust the position of the ultrasound probe to obtain short-axis images of the inguinal lymph node (left/right), and place the region of interest in the focal zone.

2.8. Scan the entire volume of the inguinal lymph node as a sequence of 2D B-mode images, as described previously
2.9. Set the image recording with the following parameters: scan distance ranging between 2 and 5 mm (depending on lymph node size); step size 44 μm, with an outcome of 46–114 scan steps/lymph node slices and an acquisition time of 1–3 min per animal. Digitally store the acquired images in raw format (DICOM) for further offline analyses.

2.10. At the end of the imaging session, discontinue the gas anesthesia and allow the animal to recover on the heating board in sternal recumbency. Take care of the animal until it has regained sufficient consciousness to maintain the prone position.

3. Post-processing of ultrasound images
3.1. Open the dataset of DICOM 3D images of the left/right inguinal lymph node in the software platform for ultrasound image post-processing.

3.2. Segmentation

3.2.1. Select Multi-sliceMethod to visualize both the current frames and thumbnails of all frames corresponding to each image captured during the 3D acquisition.

3.2.2. Select the thumbnail of the first frame to load it into the contouring view. In the contouring view, left-click on the mouse to drop points along the border of the lymph node. Once the desired number of points has been set (range 10–15), right-click to complete the contour.

3.2.3. After the first contour is completed, use the thumbnail view to select the next image for contouring. If required, skip over several images (average of 3 frames) between contours to reduce the number of manual traces needed for each 3D volume. 
NOTE: The software platform for ultrasound image post-processing will automatically generate contours between manual traces, thereby reducing the time of analysis.

3.2.4. Repeat this process until the entire volume has been outlined. Once complete, click on Finish.

3.3. Generation of the 3D wireframe and volume measurement

3.3.1. While in the 3D mode window workspace, click on the Volume measurement icon beneath the image display area to activate the surface view.

NOTE: The surface view creates a compilation view that maps the user-generated volume to the acquired image. The surface view can be rotated into any desired position.

3.3.2. Take note of the volume measurement listed in the lower left-hand corner of the cube view.

NOTE: Segmentation and 3D volume generation can also be obtained using custom-developed software and/or freely available/commercial software for general image processing. Starting from manual segmentation, the software should provide a mathematical and/or pixel-level description of the lymph node contours. These contours would be combined in a 3D space to render the external surface of lymph nodes. All steps described in the imaging procedure and the post-processing of ultrasound images are summarized in Figure 2.

REPRESENTATIVE RESULTS: 

After skin painting of Tyr::CreER+,BrafCA/+,Ptenlox/lox mice with 4-HT, Cre activity is induced due to which there is a switch at the genomic level from wt Braf to BrafV600E, while Pten is lost (Figure 3A). In 2–3 weeks, mice develop on-site primary tumors with 100% penetrance. After four weeks from 4-HT treatment (t0), primary tumors reach a volume of 50–100 mm3, and their growth can be measured by calipers for an additional 2 weeks ((t1 and t2; Figure 3B, upper panels). Later time points cannot be reached because the tumor becomes so big that the mice require euthanasia. 

As far as the metastatic burden is concerned, a gradual increase in pigmentation is observed in the inguinal lymph nodes within 4–6 weeks from 4-HT treatment (Figure 3B, lower panels). Such an increase in pigmentation is due to the presence of melanin deposits, as can be confirmed by hematoxylin and eosin staining performed without removing the melanin. In turn, the melanin deposits are invariably due to the presence of metastasized melanoma cells, as confirmed by immunohistochemical (IHC) staining of the melanoma antigen MLANA and BRAFV600E (Figure 3C). 

The accumulation of pigmented melanoma cells inside inguinal lymph nodes is accompanied by a progressive increase in their volume, as evident by visual inspection (Figure 3B, lower panels). Ultrasound imaging offers the unique opportunity to quantify such an increase longitudinally, in each experimental mouse, as described previously
At the end of the segmentation phase, all the sections show the overlay of the external contour of the lymph node (Figure 4A). These contours are connected frame-by-frame in the rendering phase, and the external surface of the entire lymph node is projected in the 3D space. As a representative example, the 3D rendering of a right inguinal lymph node analyzed at t0, t1, and t2 is shown in Figure 4B, Figure 4C, and Figure 4D, respectively. The graph in Figure 4E quantifies the increase in volume displayed by the left and right inguinal lymph nodes of the same animal over time.

FIGURE AND TABLE LEGENDS:

Figure 1: The ultrasound imaging system used to monitor the increase in the volume of the inguinal lymph nodes in the Braf/Pten genetically engineered mouse model of melanoma.

Figure 2: Step-by-step summary of the imaging procedure and the post-processing of ultrasound images.

Figure 3: Visual inspection and histological analyses of inguinal lymph nodes in the tissue-specific and inducible Braf/Pten metastatic melanoma model in the mouse. (A) Cre enzyme causes the switch of wt Braf into BrafV600E and the loss of Pten (excision of exons 4 and 5). This system is melanocyte-specific because the expression of the Cre enzyme is under the control of the promoter of tyrosinase, an enzyme involved in melanin synthesis. Therefore, the two oncogenic hits are restricted to the melanocytic lineage. This system is also inducible because Cre is expressed as a fusion protein with the estrogen receptor and requires skin painting with 4-HT to be translocated into the nucleus, where it can exert its function. (B) The appearance of primary melanoma tumors (upper panels) and inguinal lymph nodes (lower panels) after 4, 5, and 6 weeks after 4-HT treatment (t0, t1, and t2, respectively). In lymph nodes, the increase in melanin accumulation and size is detected by visual inspection. Scale bars = 0.5 cm (upper panels); 0.2 cm (lower panels). (C) Histological analyses of inguinal lymph nodes, 6 weeks after 4-HT treatment. H&E staining (upper left): melanin deposits are removed by incubating slices with 1% KOH and 3% H2O2. Melanin detection performed by H&E staining without 1% KOH and 3% H2O2 treatment (upper right). Bottom left: MLANA detection by immunoperoxidase staining (DAB chromogen substrate and hematoxylin counterstaining). (bottom right) BRAFV600E detection by immunoperoxidase staining (DAB chromogen substrate and hematoxylin counterstaining). For all panels, original magnification: 40x; scale bars = 20 µm. Abbreviations: wt = wild-type; 4-HT = 4-hydroxytamoxifen; H&E = hematoxylin and eosin; DAB = 3,3'-diaminobenzidine. 
Figure 4: Measurements, segmentation, and 3D rendering of the volume of the inguinal lymph nodes in the tissue-specific and inducible Braf/Pten metastatic melanoma model in the mouse. (A) Overlay of the external contours of the right inguinal lymph node in 4 representative scanned sections obtained by manual segmentation. (B–D) Rendering of the 3D volume of the right inguinal lymph node, as measured at 4, 5, and 6 weeks after 4-HT treatment (t0, t1, and t2 time points, respectively). The numerical value of the volume is also reported (in mm3). (E) The volume of the left (black circle) and the right (white circle) inguinal lymph node of the same animal at t0, t1, and t2 time points. Abbreviations: 3D = three-dimensional; 4-HT = 4-hydroxytamoxifen. 
DISCUSSION:

The data obtained in this study attest to the ability of ultrasound imaging to monitor the metastatic involvement of inguinal lymph nodes of the Braf/Pten mouse model of metastatic melanoma. As shown previously
In Braf/Pten mice, not only inguinal, but also brachial and axillary lymph nodes are sites of metastatic spreading. However, it is advisable to focus on inguinal lymph nodes because the others are too close to the primary tumor site, which usually alters their localization and morphology during the development of the primary tumor itself. Alternatively, brachial and axillary lymph nodes might become suitable for ultrasound imaging if a different site of tumor induction is chosen, such as ears or paws
If a 2-week time frame is too short to appreciate the effects of the drug under study, a more peripheral induction site (e.g., the tip of the tail9,
B-mode ultrasound imaging cannot highlight cancer cells directly; instead, it allows the inference of their presence from the increase in the volume of inguinal lymph nodes. In light of this information, it is recommended that ultrasound imaging be coupled with appropriate IHC staining of the lymph nodes, so that the presence of cancer cells can be confirmed at the molecular level. However, a lymph node enlargement observed in an induced Braf/Pten mouse is typically attributable to cancer spreading and not to some other cause , e.g., an ongoing infection. This is likely because experimental mice used for ultrasound imaging are bred in controlled conditions and are routinely subjected to sanitary screening, so that sickness is promptly spotted and treated. 
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