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Abstract

Genetically engineered and orthotopic xenograft mouse models have been instrumental for 

increasing our understanding of thyroid cancer progression and for the development of novel 

therapeutic approaches in a setting that is more physiologically relevant than the classical 

subcutaneous flank implants. However, the anatomical location of the thyroid gland precludes a 

non-invasive analysis at the cellular level of the interactions between tumor cells and the 

surrounding microenvironment and does not allow a real-time evaluation of the response of tumor 

cells to drug treatments. As a consequence, such studies have generally only relied on endpoint 

approaches, limiting the amount and depth of the information that could be gathered.

Here we describe the development of an innovative approach to imaging specific aspects of 

thyroid cancer biology, based on the implantation of a permanent, minimally invasive optical 

window that allows high-resolution, multi-day, intravital imaging of the behavior and cellular 

dynamics of thyroid tumors in the mouse.

We show that this technology allows visualization of fluorescently tagged tumor cells both in 

immunocompetent, genetically engineered mouse models of anaplastic thyroid cancer (ATC), and 

in immunocompromised mice carrying orthotopic implanted human or mouse ATC cells. 

Furthermore, the use of recipient mice in which endothelial cells and macrophages are 

fluorescently labeled allows the detection of the spatial and functional relationship between tumor 

cells and their microenvironment. Finally, we show that ATC cells expressing a fluorescent 

biosensor for caspase 3 activity can be effectively utilized to evaluate in real time the efficacy and 

kinetics of action of novel small molecule therapeutics.
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This novel approach to intravital imaging of thyroid cancer represents a platform that will allow, 

for the first time, the longitudinal, in situ analysis of tumor cell responses to therapy, and of their 

interaction with the microenvironment.
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INTRODUCTION

Intravital multiphoton microscopy has emerged as an important technique to study 

pathogenetic events in a live animal model that closely recapitulates human disease (Coste et 

al., 2019). This technology allows the study of a diverse set of biological and clinical 

parameters, including the kinetics of tumor cell infiltration and migration, the vascular 

remodeling induced by tumor growth, and the recruitment of cells into the tumor 

microenvironment. As such, it has yielded a great deal of information about primary breast 

cancer tumor biology (Ke et al., 2013), the nature of the metastatic niche (Schaefer et al., 

2011, Ritsma et al., 2012), and the behavior of tumor-associated macrophages (Chen et al., 

2019). The method has also been adapted to study a wide variety of non-neoplastic diseases 

including those of liver, kidney and pancreas (Malehmir et al., 2019, Gyarmati et al., 2018, 

Lehmann et al., 2016).

An additional critical area of application of intravital imaging is represented by the study of 

the mechanism and efficacy of anti-tumor and anti-angiogenic drugs. Although significant 

advancements have been made in recent years in utilizing our increased knowledge of tumor 

biology to develop targeted therapies for a wide variety of solid cancers (Baudino, 2015), 

there are limited data that show how these drugs actually work in vivo. The differences 

between drug effects observed in vitro and those obtained in vivo are often associated with 

both drug pharmacokinetics and the activity of the tumor microenvironment (Saeidnia et al., 

2015, Wu and Dai, 2017, Hui and Chen, 2015). In fact, intravital imaging has been 

successfully employed, for example, to identify tumor-associated macrophages as the target 

of bisphosphonate in breast cancer (Junankar et al., 2015), to track drug response in the 

hypoxic regions of pancreatic cancer (Conway et al., 2018), and to monitor the efficacy of 

cytotoxic drugs in pancreatic cancer (Vennin et al., 2017).

To date, no intravital imaging approaches have been described for the analysis of thyroid 

cancer models.

Poorly differentiated and anaplastic thyroid cancer are extremely difficult to treat despite the 

development of novel promising therapeutics (Saini et al., 2018). This is at least in part due 

to the fact that they are characteristically driven by multiple mutations and exhibit a large 

degree of genome complexity (Xu et al., 2020, Landa et al., 2016). Furthermore, many 

aspects of the in vivo biology of these tumors are still obscure.

We sought to develop a novel intravital imaging approach to study thyroid cancer biology 

and therapeutic response in vivo, which would potentially allow, for the first time, evaluation 
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of the tumor architecture in different murine models, the composition and dynamics of the 

tumor microenvironment, and the visualization of drug effects in vivo using novel 

biosensors.

MATERIAL AND METHODS

Animal Models

All studies involving mice were performed with the approval of Albert Einstein College of 

Medicine’s Institutional Animal Care and Use Committee (IACUC). At least ten mice were 

studied for each condition described.

Syngeneic Orthotopic Allograft Model: Female wild type 129S6/SvEv mice at 12-16 

weeks of age were used for orthotopic injections of mouse ATC cells.

Human ATC Orthotopic Xenograft Model: Two transgenic strains in the C57BL/6 

genetic background were used for intravital imaging: Csf1r-Gal4VP16/UAS-ECFP 

expressing ECFP in macrophages (Ovchinnikov et al., 2008) and a VeCad-tdTomato/Csf1r-

ECFP mouse expressing tdTomato in endothelia and ECFP in macrophages (Entenberg et 

al., 2018). Mice used for experiments were between 12-16 weeks of age.

Genetically Engineered Model (GEM): [Pten, TP53]thyr−/− mice (Antico Arciuch et al., 

2011) with a Lox-STOP-Lox-GFP cassette knocked into the Rosa26 locus were used. These 

mice were used at 8 months of age, when they develop palpable tumors.

Transfection of BHT101 and OCUT2 cells with mCherry Flip-GFP

pCDNA3-Flip-GFP (Casp3 cleavage seq) T2A mCherry was a gift from Xiaokun Shu 

(Addgene plasmid #124428) (Zhang et al., 2019). To prevent silencing and improve stability 

of high-level expression, the construct was re-cloned into pCDH-EF1-FHC, a gift from 

Richard Wood (Addgene plasmid #64874), in order to have the EF-1α promoter driving the 

construct (Wang et al., 2017).

293T cells were plated in antibiotic-free DMEM medium. Plasmids used were pMD2G (0.3 

μg), pPAX2 (2.7 μg), and EF1α -mCherry-Flip-GFP (3 μg). Transfection was performed 

with Lipofectamine 2000. 16 hours later, the medium was aspirated and replaced with 

bovine serum albumin (BSA) enriched medium. The following day, this medium was 

collected, filtered and applied to BHT101 and OCUT2 cell lines in the presence of 0.8 μg/ml 

polybrene The next day the medium was aspirated and replaced with fresh medium. 

Puromycin selection was initiated with 1.5 μg/mL. After several days of selection, cells were 

FACS-sorted to select the population expressing the highest levels of mCherry. Cell lines 

were expanded in the presence of 1.5 μg/mL Puromycin.

Orthotopic Injection

Preparation of Cells: Anaplastic thyroid cancer (ATC) cells were trypsinized and 

counted using a Beckman Coulter Z2 Coulter Particle Counter. Cells were collected and 

centrifuged at 700RCF for 2 minutes, washed once with phosphate-buffered saline (PBS) 
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and centrifuged again at 700RCF for 2 minutes. The cells were suspended in PBS with a 

final concentration of approximately 1x105 cells/10 μL for mouse ATC cells and 5x105 

cells/10 μL for human ATC cells, and kept on ice.

Injection Protocol: The mice were anesthetized with 5% isoflurane. The hair on the 

anterior neck was removed with a depilatory cream. Maintenance anesthesia was then kept 

at 2% isoflurane. The mouse was placed in the supine position with neck extended and limbs 

secured with paper tape. Chlorhexidine was used to sterilize the skin of the mouse. Surgical 

procedure as follows was adapted from Nucera et. al. (Nucera et al., 2009). Using sterile 

instruments, a transverse 1 cm incision was made at the level of the sternum and the skin 

was retracted to reveal the salivary glands. The left and right salivary glands were gently 

separated. The strap muscles overlying the trachea were lifted and incised revealing the 

tracheal rings. The thyroid lobes just lateral to either side of the trachea were visualized. 10 

μL (mouse) or 20μL (human) of cell suspension were injected into the right thyroid lobe.

The salivary glands were replaced into their anatomically correct position and the skin 

closed with a running 4-0 nylon suture. The mouse was observed throughout recovery from 

anesthesia until normal behavior was restored.

Mouse cell line-derived tumors could be visualized and palpated at 7 days post-injection 

leading to an optimal time for window placement at 9-10 days post-injection. Human cell 

line-derived tumors became palpable after approximately 4 weeks, reflecting the 

substantially slower growth rate of human cells.

Window Passivation

The custom-made window is composed of a stainless steel frame with a central aperture that 

accepts a 5-mm coverslip (Entenberg et al., 2018). Proper cleaning and passivation of the 

windows is essential to prevent adverse immune reactions. Before implantation, windows 

were soaked for approximately 60 min in acetone to dissolve any residual glue from prior 

use. Windows were then rinsed in water and, as previously described, were passivated using 

an alkaline-acid-alkaline method (Coste et al. 2019). Windows were soaked for 30 min in a 

5% solution of sodium hydroxide at 70 C, rinsed with deionized water, soaked in 7% citric 

acid solution at 55 C for 10 minutes, and rinsed with deionized water again. Windows were 

immersed in the sodium hydroxide solution for another 30 min and followed by a final rinse 

with deionized water.

Window Placement

Standardized Protocol: Mice were anesthetized with 5% isoflurane. The hair on the 

anterior neck was removed with a depilatory cream. Maintenance anesthesia was then kept 

at 2% isoflurane. The mouse was placed in the supine position with the neck extended and 

limbs secured with paper tape. Chlorhexidine was used to sterilize the skin. The full 

procedure is shown in Figure 1. Using sterile instruments, a 1 cm circular incision was made 

at the greatest prominence of the tumor. The salivary glands were gently dissected off of the 

tumor to avoid bleeding. The right salivary gland was pinned to the right side by suturing 

from the lateral cheek into the lateral neck space, through the salivary gland, back through 
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the salivary gland, and out through the cheek. This was tied down using an instrument tie. A 

purse-string suture was made in the skin around the open circular wound, close to the edges 

of the incision (≤1 mm), and a single tie was thrown to stabilize the suture. The custom-

made window was placed within the opening and the suture was tightened within the groove. 

Several square knots were used to secure the window. In order to optimize contact between 

the window and the tumor, the window was lifted off the tumor and a small amount of 

cyanoacrylate glue was placed on the undersurface rim of the window. The window was then 

placed directly on the tumor with firm pressure for 10 seconds. A small amount of glue was 

then placed on the recessed rim. Using a suction applicator, the coverglass was quickly 

placed within the groove and held for 10 seconds.

Modifications to the Protocol

A. Salivary glands obstructing: In some mice, the salivary gland continued to obstruct the 

field of view despite the lateral pinning. In this case, we removed the obstructing salivary 

gland entirely by using either electrocautery or suture ligation of the gland.

B. Tumor not making adequate contact with the window: A smaller tumor, or a tumor 

positioned more posteriorly in the neck, can be difficult to visualize adequately with the 

anterior window. In this case we found it helpful to utilize a cross-stitch underneath the 

tumor that functions to lift the tissue and stabilize it against the window coverglass. This 

technique involves placing a suture through the skin at the superior aspect of the circular 

incision, passing it through the tumor in the cranial-caudal direction and then exiting 

through skin on the inferior aspect, all while leaving long tails at either end. Next, another 

suture is passed right-lateral through the skin to the tumor, underneath the cranial-caudal 

stitch, and exiting through the skin on the opposite side. These steps should be done 

following the placement of the purse-string suture and prior to the insertion of the window. 

After the window is placed and secured with the purse string suture, the cross-stitches can be 

manipulated to optimize contact between the tumor and the window.

C. Unanticipated Low Fluorescence during imaging of GEM mice: Placing the window 

in GEM mice who have not undergone prior thyroid surgery/neck dissection poses a unique 

challenge. Despite what appears grossly to be good contact between the tumor and the 

window, images can show low intensity fluorescence. The signal is attenuated by the 

unviolated fascial and muscle layers that envelop the tumor in a thin layer. In this case, 

careful dissection of the layer(s) can be done with the guidance of a fluorescent protein 

flashlight until the optimal intensity is reached. After the true tumor is exposed, the window 

placement can continue as per protocol.

Intravital Imaging

Mice were again anesthetized with 5% and maintained at 2% isoflurane. A thin fixturing 

plate was placed between the mouse and the outer lip of the window as previously described 

(Entenberg et al., 2018). The mouse was placed on the stage of a custom-built inverted two-

laser multiphoton microscope equipped with both a Ti:Sapph laser and an optical parametric 

oscillator (OPO) (Entenberg et al., 2013), ensuring that the clear aperture of the window was 

placed directly above the objective lens. The fixturing plate was then taped down onto the 
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microscope stage. An environmental chamber was placed over the mouse to keep it at 

physiologic temperatures. A pulse oximeter (MouseStat for PhysioSuite, Kent Scientific) 

was used to monitor and ensure adequate breathing, heart rate, and oxygenation during 

imaging. Imaging was performed using multiphoton microscopy and obtained with 25x 1.05 

NA objective lens. At the completion of imaging, the mouse was observed until it recovered 

from anesthesia. To equalize the brightness of CFP, GFP, and tdTomato fluorophores (which 

depends upon their relative expression levels) imaging was performed between 880 and 940 

nm so as to preferentially excite one or the other of the fluorescent proteins. mCherry 

fluorescence was not excited by these wavelengths and required the use of the 1100 nm from 

the OPO. This was also useful to ensure that the fluorescence was indeed from the mCherry 

protein as opposed to autofluorescence.

Drug treatment

MCL1 (AZD5991)(Tron et al., 2018) and BCL2/XL (AZD4320)(Cidado et al., 2018) 

inhibitors were kindly provided by Dr. J. Cidado (Astra Zeneca). A 1μM solution of the two 

compounds in PBS was directly injected into the tumor area below the window.

Histology and Immunohistochemistry

Allograft tissues from 3 control and 3 WHITI-bearing mice were sectioned and stained for 

IBA1 and GFP. Microphotographs were analyzed to quantify IBA1+/GFP− cells in three 

high-power fields/mouse.

RESULTS

Window for High-resolution Intravital Thyroid Imaging (WHITI)

In order to develop an intravital imaging protocol for orthotopic or autochthonous thyroid 

tumors, we built upon the experience gained while establishing a lung imaging window 

(Entenberg et al., 2018). The thyroid gland location, however, presents unique challenges 

that made necessary to implement a series of modifications of the lung window protocol. 

Once thyroid tumors have developed to a size of between 4 and 7 mm, the mice will be 

ready for the implantation of the WHITI.

The most salient steps in the WHITI placement are depicted in Figure 1. The anterior neck 

area must be carefully depilated prior to sterilizing the skin (Figure 1A). Microscopic hairs 

can easily get trapped underneath the window during placement, thus creating unnecessary 

artifacts over the tumor tissue (Figure 1B). Mouse salivary glands are superficial, large, and 

anatomically, lie over the tumor. Therefore, it is necessary to completely retract them off the 

tumor and ensure that they are as far lateral as possible to prevent obstruction of the window 

(Figure 1C). After this step, it is still fairly common to have the salivary glands relax back 

into the clear aperture of the window. For this reason, we have found it useful to pin the 

salivary gland to the interior lateral space of the neck of the mouse (Figure 1D). When the 

glands are large relative to the size of the tumor, it may also be useful to ligate or cauterize 

the salivary gland at its base to completely eliminate it. When creating the purse-string 

suture, it is best to work on the very edge of the circular incision so that the suture insertion 

and exit points are within 1 mm of the cut edge of the skin (Figure 1E). In this way, the 
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groove of the window frame will be able to easily accommodate the skin and suture. When 

tying the window frame down, it is important to tie tightly enough to secure the frame 

without causing ischemia in the skin edge (Figure 1F). Multiple square knots should be used 

(3-4 should suffice for unbraided suture) to prevent loosening over time.

Given that the thyroid tumor circumferentially envelops the trachea, one of the challenges 

inherent to this technique is the motion artifact that arises when the animal breathes during 

imaging. To avoid this, we have developed two approaches. One is to apply a small amount 

of tacking adhesive outside of the window’s clear aperture, just underneath the rim of the 

window frame that is in contact with the tumor tissue (Figure 1G). This thin layer of glue is 

ideal for larger tumors where the entire window frame is in contact with the tumor rather 

than with surrounding tissue. The second approach, useful for smaller thyroid tumors, is the 

cross-stitch, a reliable technique that serves both to bring the smaller, more recessed tumor 

into the window’s clear aperture, and to stably affix the tumor to the coverglass. This is 

described in further detail in the Methods section.

As with any surgical procedure, particularly those involving inflamed cancer tissue, bleeding 

can occur at any step. In our experience, this happens in less than 10% of the implantations. 

Firm digital pressure is often enough to stop an active hemorrhage, however even light 

serosanguinous drainage between the tumor and the window can strongly absorb pulsed 

multiphoton excitation light and make it more difficult to visualize the cells. Thus, the most 

important points to keep in mind when placing the coverglass is that the tumor and 

surrounding area are clean and dry. Care should be taken to remove any visible hair or fibers 

and irrigate with PBS if it is suspected that small particles may obstruct the view. The rim of 

the window frame should also be clean and dry. An insulin syringe containing adhesive can 

be used to place small drops of adhesive in all four quadrants of the rim followed by 

immediately placing the frame in contact with the tumor. This should be held in place for 

~30 seconds. Finally, the lip of the window frame’s inner bore should be coated with 

adhesive and a coverglass inserted using a vacuum applicator (Figure 1H).

Upon recovery from anesthesia, the mice are able to move and feed without impediment (not 

shown), as previously shown for the lung window implantation model (Entenberg et al., 

2018).

Intravital imaging

Our first proof-of-principle application of the WHITI technique was the visualization of 

GFP-tagged murine anaplastic thyroid cancer cells. N794 cells were implanted in syngeneic 

129S6/SvEv mice. Since this is a fast-growing cell line, tumors were ready to be imaged 11 

days post-implantation (Figure 2A). Tightly packed spindle-shaped GFP positive cells can 

be seen with single-cell resolution (Figure 2A, A’). Within the mass of N794 cells, there are 

clearly visible black spaces suggesting the presence of other (host) cell types within the 

tumor. At the periphery, collagen I fibers can be seen in blue due to their ability to generate 

second harmonic signals.

Next, we implanted the same cells into Rag2−/− mice expressing tdTomato in endothelial 

cells and ECFP in macrophages. The use of this strain allows the detailed visualization of 
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cell-cell relationships between the implanted cells and the host. At a more superficial level, 

macrophages can be seen in the tumor mass with vasculature localized at the periphery 

(Figure 2B). Imaging of the tumor at a location several microns deeper showed vessels 

within the tumor, indicating that neo-vascularization is taking place (Figure 2C. C’). Time 

lapse imaging shows that the majority of macrophages are stationary with only a few 

showing any motility (Movies 1 & 2).

To visualize autochthonous tumors developing in genetically engineered mouse models of 

thyroid cancer, we used the [Pten, Tp53]thyr−/− mouse strain (Antico Arciuch et al., 2011), 

carrying a Lox-STOP-Lox-GFP cassette knocked-in into the Rosa26 locus, which allows 

Cre-directed tracing of thyroid epithelial cells.

The imaging window was placed in an 8-month old [Pten, Tp53]thyr−/− mouse. At this age, 

this strain invariably develops well-differentiated follicular carcinomas (FTC) that will 

subsequently progress to anaplastic carcinomas (Antico Arciuch et al., 2011). Images 

obtained through the WHITI show a tissue organization quite distinct from the orthotopic 

xenograft model (Figure 2D-F). While orthotopically injected N794 ATC cells appear as 

disarranged sheets of spindle-like cells, the FTC imaged in the GEM model, at this age, 

retains the thyroid architecture, with acellular follicles seen as black spaces between the 

more solid tumor areas (Figure 2D-F, D’).

Live imaging of apoptosis

Having successfully established the WHITI technique in different ATC mouse models, we 

next tested whether intravital imaging could be used to visualize and study drug effects in 

vivo. Real time analysis at the single cell level of the response of tumor tissue to drug- 

treatment would allow rapid fine-tuning of the scheduling and dosing strategies, and also 

offer a unique view of the changes induced over time by drug treatment in the tumor 

microenvironment composition and behavior. Thus, we decided to focus on the induction of 

tumor cell apoptosis via inhibition of BCL2 family members. Solid tumors often depend on 

two or more BCL2 family members for survival, with BCL-XL and MCL1 playing a 

prominent role in many cases (Nangia et al., 2018).

We generated two human ATC cell lines, BHT101 and OCUT2, engineered to express an 

apoptosis biosensor (Zhang et al., 2019). Cells were transduced with a construct 

constitutively expressing mCherry (as a tracer) and an inactive GFP (Flip-GFP) that can be 

refolded into a fluorescent protein upon Caspase 3-mediated cleavage of a target sequence 

inserted into the GFP coding frame (Zhang et al., 2019). After the biosensor activity was 

confirmed in vitro by co-treating cells with two novel MCL1 (AZD5991) (Tron et al., 2018) 

and BCL2/XL (AZD4320) (Cidado et al., 2018) inhibitors, both currently in clinical trials 

(Figure 3A), cells were injected into Rag2−/− mice expressing ECFP in macrophages. These 

human ATC cell lines took approximately 4 weeks to establish grossly palpable tumors 

adequate for visualization, at which point the WHITI was implanted. The mCherry-positive 

tumor was easily detected via intravital imaging (Figure 3B).

We tested the ability of the WHITI to visualize ongoing apoptosis in living mice. 

Simultaneous inhibition of MCL1 and BCL-XL is not feasible in vivo, since combination 
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treatment with BCL-XL and MCL1 inhibitors in mice at therapeutic doses results in lethal 

liver toxicity (Weeden et al., 2018). Thus, we decided to administer the BCL-XL and MCL1 

inhibitors via local intratumoral injection. BCL-XL and MCL1 inhibitors (1μM each), 

dissolved in sterile PBS, were injected into the tumor area below the imaging window and 

the mouse was then imaged for several hours. Prior to imaging, mCherry-positive cells could 

be readily seen, intermingled with cyan-labeled macrophages, while no GFP fluorescence 

was visible (Figure 4A, A’). Four hours after treatment, there was clear GFP signal 

developing in the tumor (Figure 4B, B’), and six hours after treatment the GFP signal was 

very strong, indicating massive caspase-dependent apoptosis (Figure 4C, C’).

Timing of window implantation and mouse survival

The timing of WHITI implantation, the duration of imaging, and the mouse survival for 

repeated imaging sessions are primarily affected by the tumor cell type. Murine ATC-

carrying mice can have a window placed at 9-11 days post-tumor implantation. Imaging 

using this window can be performed for 24-48 hours after imaging and the mouse will 

typically survive until 48-72 hours post-implantation. Human ATC-carrying mice can have a 

window placed at 28-32 days post-tumor implantation. Imaging using this window can be 

performed for 24-72 hours after implantation and the mouse will typically survive for 3 to 5 

days post-implantation.

The optimal time of window placement for GEM models depends largely on the timing of 

tumor development in that strain. The ideal time of window implantation is when a tumor is 

grossly palpable. Imaging using this window can be performed for 24-48 hours after 

imaging and the mouse will typically survive until 48-72 hours post-implantation.

Inflammatory response to WHITI implantation

To determine the possible pro-inflammatory effect of surgery and implantation of the 

WHITI, we analyzed sections of orthotopic N794 mouse ATC allograft tissue stained with 

IBA1, a general marker of macrophages. As shown in Figure 5, we did not observe any 

statistically significant increase in macrophages in allografts subjected to window 

implantation.

DISCUSSION

Intravital imaging and multiphoton microscopy have been used extensively and to great 

effect in studying cancer biology, in particular breast cancer (Bonapace et al., 2012, Ghaffari 

et al., 2019, Patsialou et al., 2013). This technology has moved the field beyond cell and 

tissue culture and into a more complex living system that closely recapitulates human 

disease. Intravital imaging has also been successfully utilized in lymph node, pancreas, liver, 

and kidney diseases (Hato et al., 2018).

The nature of the biological processes that can be studied has also tremendously expanded. 

Single cell resolution imaging has made it possible to study the cell-cell and protein 

interactions that are critical to the pathology of cancer as well as the effect of treatment in 

the live animals (Li et al., 2019).

Shanja-Grabarz et al. Page 9

Endocr Relat Cancer. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The past several years has also seen many advancements in the development of novel 

biologics to combat a variety of malignancies. However, preclinical models used to study the 

tumor response to these compounds often fall short in terms of predicting drug effect in 

clinical trials. We set out to develop a novel technique to acquire more information on tumor 

biology and drug effects in vivo, specifically in advanced thyroid cancer.

Building on our prior experience in using surgical engineering to develop technologies to 

study metastasis in secondary organs (Entenberg et al., 2018, Entenberg et al., 2017, Das et 

al., 2013), we have developed a surgically implantable Window for High-resolution 

Intravital Thyroid Imaging (WHITI). This technique allows live detection of important 

architectural characteristics of the thyroid tumors we have studied. We are able to visualize 

how orthotopically implanted tumors lack any tissue organization, while genetically 

engineered FTC tumor models retain some native thyroid structures. In addition, the tumor 

mass in the orthotopic model shows an abundance of macrophages and displays elements of 

neovascularization. We have shown that this model can be used with a biosensor to visualize 

drug effects in vivo, as seen with our pro-apoptotic compounds causing caspase-dependent 

fluorescence. Ultimately, the key advantage of this method over studies of explanted or post-

mortem tissues is its ability to track changes over time in a living animal.

While the WHITI can be an important tool in studying aggressive thyroid tumors, the 

technique has some limitations that will require further work. The most critical of these is 

the limited timespan in which the tumor can be studied, when compared to tumors in other 

solid organs. Thyroid tumors locally advanced enough to be able to be imaged well are also 

prone to causing symptoms of tracheal compression in the mouse. The addition of a solid 

window at the anterior surface only hastens the process. We found that there is a trade-off 

between opting to place the window at the time when the tumor can best be visualized and 

compromising the survival and thus the usefulness of the mouse. In contrast, smaller tumors 

may offer a smaller overall area at the initial time of imaging, however the mouse can 

typically survive and remain healthy for several days. Future versions of the window design 

may alleviate this through the use of a flexible “coverglass” that could expand with 

increased tumoral pressure (Tabuchi et al., 2008).

This technique represents now a unique platform for the downstream development of a 

variety of dedicated approaches interrogating different aspects of thyroid cancer biology. An 

immediate application will be its implementation to evaluate the tumor microenvironment 

behavior and its changes in response to drug therapies (Ferrari et al., 2019). Our ability to 

co-visualize tumor cells, endothelial cells, and macrophages, supports the feasibility of these 

approaches.

Furthermore, biosensors developed to elucidate ERK signaling pathways can be adapted to 

study thyroid cancers that are known to be driven by RAS-ERK in vivo (de la Cova et al., 

2017, Zaballos et al., 2019).

In conclusion, intravital imaging provides a unique opportunity to study thyroid cancer not 

only as a cellular process, but also as a system of integrated parts within a living animal, 
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representing an invaluable tool to further elucidate mechanisms governing thyroid cancer 

biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Surgical implantation of the thyroid window. A, the hair on the anterior neck of the mouse is 

removed and the skin is sterilized with chlorhexidine. B, tumor exposure: a small circular 

incision is made over the palpable tumor. C, the salivary glands are gently retracted, 

exposing the tumor. D, the obstructing salivary gland is pinned to the skin. E, a 

circumferential purse-string suture is made around the open area. F, the window frame is 

placed into the incision and the purse-string suture tightened and tied. G, the window frame 

is gently lifted, tacking adhesive is applied to its underside, and the frame is placed in 

contact with the tumor, holding firm pressure for ~30 seconds. H, a small amount of 

adhesive is applied on the lower lip of the window frame bore, and the coverslip is placed 

inside sealing the neck space.
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Figure 2. 
Intravital imaging of mouse-derived ATC allografts, xenografts, and GEM models. A, N794 

cells orthotopically injected into the right thyroid lobe of a syngeneic 129S6/SvEv mice. The 

window was implanted 11 days after tumor grafting. Arrowheads indicate infiltrating host 

cells, while the asterisk indicates the collagen I fibers. A’, H&E staining of the tumor shown 

in A. B-C, N794 cells orthotopically injected into the right thyroid lobe of a Rag2−/− Mac-

blue/ve-cadherin tdTomato mouse. The window was implanted 11 days after grafting. B, 

cyan macrophages (arrows) infiltrate the tumor. C, red vessels at a deeper level within the 

tumor show neovascularization. C’, H&E staining of the tumor shown in B-C. D-F, 

Intravital imaging of an 8-month old [Pten, Tp53]thyr−/− mouse expressing GFP as a thyroid 

tracer. D, organized tissue architecture can be observed, distinguishing the well-

differentiated tumor model from the orthotopic ATC implantation model. E, F large black 

spaces (arrowheads) correspond to thyroid follicles and blue collagen fibers can be seen 

within the tumor, providing structural support. D’, H&E staining of the tumor shown in D-F. 

Green = GFP+ tumor cells, Red = tdTomato+ endothelia, Blue = Second harmonic 

generation from collagen I fibers, Cyan = CFP+ macrophages.
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Figure 3. 
Characterization of the apoptosis biosensor in OCUT2 human anaplastic thyroid cancer 

(ATC) cells. A, in vitro imaging demonstrating constitutive mCherry expression in cells 

exposed to either control or pro-apoptotic treatment, and GFP fluorescence in the presence 

of pro-apoptotic treatment. B, OCUT2 cells orthotopically injected into a Rag2−/− mouse. 

Window implanted and intravital images taken 4 weeks post-injection.
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Figure 4. 
Time course of apoptosis induction in an OCUT2 tumor orthotopically grafted in a Rag2−/− 

Mac-blue mouse. A, pretreatment image demonstrating mCherry+ cells without appreciable 

GFP signal. Following acquisition of pretreatment images, the tumor was injected with 1 μM 

of BCL-XL and MCL1 inhibitors. B, 4 hours post-treatment, mCherry+ and GFP+ double-

positive cells can be seen, indicating caspase-dependent apoptosis. C, the GFP signal 

intensifies at six hours post treatment, indicating massive apoptosis. A’, B’ and C’ are the 

respective images with the mCherry signal removed to more easily appreciate the GFP 

signal.
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Figure 5. 
A-D, Representative GFP (thyroid cells)- and IBA1 (macrophages)-stained sections from 

N794 syngeneic allografts untouched (A, B) or three days after window implantation (C, D).

E, graph showing the of the occurrence of infiltrating macrophages in the two conditions.
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