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Abstract 

Altered metabolism is a hallmark of almost all cancers. A tumor’s metabolic 

phenotype can drastically change its ability to proliferate and to survive stressors such 

as hypoxia or therapy.  Metabolism can be used as a diagnostic marker, by 

differentiating neoplastic and normal tissue, and as a prognostic marker, by providing 

information about tumor metastatic potential. Metabolism can further be used to guide 

treatment selection and monitoring, as cancer treatments can influence metabolism 

directly by targeting a specific metabolic dysfunction or indirectly by altering upstream 

signaling pathways. Repeated measurement of metabolic changes during the course of 

treatment can therefore indicate a tumor’s response or resistance. Recently, well-

supported theories indicate that the ability to modulate metabolic phenotype underpins 

some cancer cells’ ability to remain dormant for decades and recur with an aggressive 

phenotype. It follows that accurate identification and repeated monitoring of a tumor’s 

metabolic phenotype can bolster understanding and prediction of a tumor’s behavior 

from diagnosis, through treatment, and (sadly) sometimes back again. 

The two primary axes of metabolism are glycolysis and mitochondrial 

metabolism (OXPHOS), and alteration of either can promote unwanted outcomes in 

cancer. In particular, increased glucose uptake independent of oxygenation is a well-

known mark of aggressive cancers that are more likely to metastasize and evade certain 
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therapies. Lately, mitochondria are also gaining recognition as key contributors in tumor 

metabolism, and mitochondrial metabolism has been shown to promote metastasis in a 

variety of cell types. Most tumor types rely on a combination of both aerobic glycolysis 

and mitochondrial metabolism, but the two axes’ relative contributions to ATP 

production can vary wildly. Knowledge of both glycolytic and mitochondrial endpoints 

is required for actionable, systems-level understanding of tumor metabolic preference.  

Several technologies exist that can measure endpoints informing on glycolytic and/or 

mitochondrial metabolism. However, these technologies suffer from a combination of 

prohibitive cost, low resolution, and lack of repeatability due to destructive sample 

treatments. 

There is a critical need to bridge the gap in pre-clinical studies between single-

endpoint whole body imaging and destructive ex vivo assays that provide multiple 

metabolic properties, neither of which can provide adequate spatiotemporal information 

for repeated tumor monitoring. Optical technologies are well-suited to non-destructive, 

high resolution imaging of tumor metabolism. A carefully chosen set of endpoints can 

be measured across a variety of length scales and resolutions to obtain a complete 

picture of a tumor’s metabolic state. First, the fluorescent glucose analog 2-(N-(7-

Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) can be used to 

report on glucose uptake. The fluorophore tetramethylrhodamine, ethyl ester (TMRE) 

reports on mitochondrial membrane potential, which provides information regarding 



 

 

vi 

capacity for oxidative phosphorylation. Vascular oxygenation (SO2) and morphological 

features, which are critical for interpretation of 2-NBDG and TMRE uptake, can be 

obtained using only endogenous contrast from hemoglobin.  

Three specific aims were proposed toward the ultimate goal of developing an 

optical imaging toolbox that utilizes exogenous fluorescence and endogenous absorption 

contrast to characterize cancer metabolic phenotype in vivo.  

In Aim 1, we optimized the fluorescent glucose analog 2-(N-(7-Nitrobenz-2-oxa-

1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) to report on glycolytic demand in 

vivo. Our primary goal was to demonstrate that correcting 2-NBDG uptake (NBDG60) by 

the rate of delivery (RD) showed improved contrast between distinct tumor phenotypes. 

We showed that the ratio 2-NBDG60/RD served as a delivery-corrected measure of 

glucose uptake in the dorsal skin flap window chamber models containing normal 

tissues and tumors. Delivery correction was able to minimize the effects of a large 

change in the injected 2-NBDG dose. Further, the endpoint showed a significant inverse 

correlation with blood glucose levels. Since glucose has been shown to competitively 

inhibit 2-NBDG transport into cells, this finding indicating that we were indeed 

reporting on glucose uptake. Importantly, the ratio was able to distinguish specific 

uptake of 2-NBDG from accumulation of a fluorescent control, 2-NBDLG, which is 

identical to 2-NBDG in molecular weight and fluorescent spectrum, but is unable to 

undergo active transport into the cell.  
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The ratio 2-NBDG60/RD was then leveraged to compare different tumor 

phenotypes and to characterize the dependence of glucose uptake on vascular 

oxygenation within these tumors. Our results showed that 2-NBDG60/RD was an effective 

endpoint for comparing in vivo glucose uptake of metastatic 4T1 and nonmetastatic 4T07 

murine mammary adenocarcinomas. Further, the addition of vascular information 

revealed metabolic heterogeneity within the tumors. The primary conclusion of Aim 1 

was that delivery-corrected 2-NBDG uptake (2-NBDG60/RD) is an appropriate indicator 

of glucose demand in both normal and tumor tissues. 

In Aim 2, we optimized fluorescent tetramethyl rhodamine, ethyl ester (TMRE) 

for measurement of mitochondrial membrane potential (MMP). We then leveraged the 

relationships between MMP, glucose uptake, and vascular endpoints to characterize the 

in vivo metabolic landscapes of three distinct and extensively studied murine breast 

cancer lines: metastatic 4T1 and non-metastatic 67NR and 4T07.  

Using two-photon microscopy, we confirmed that TMRE localizes to 

mitochondrial-sized features in the window chamber when delivered via tail vein. The 

kinetics of TMRE uptake were robust across both normal and tumor tissues, with a 

stable temporal window for measurement from 40-75 minutes after injection. We saw 

that TMRE uptake decreased as expected in response to hypoxia in non-tumor tissue, 

and in response to chemical inhibition with a mitochondrial uncoupler in both non-

tumor and 4T1 tissue. MMP was increased in all tumor types relative to non-tumor 
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(p<0.05), giving further confirmation that TMRE was reporting on mitochondrial 

activity. 

We leveraged the relationships between the now-optimized endpoints of MMP 

(Aim 2), glucose uptake (Aim 1) and vascular endpoints (Aims 1 and 2) to characterize 

the in vivo metabolic landscapes of three distinct and extensively studied murine breast 

cancer lines: metastatic 4T1 and non-metastatic 67NR and 4T07. Imaging the 

combination of endpoints revealed a classic “Warburg effect” coupled with 

hyperpolarized mitochondria in 4T1; 4T1 maintained vastly increased glucose uptake 

and comparable MMP relative to 4T07 or 67NR across all SO2. We also showed that 

imaging trends were concordant with independent metabolomics analysis, though the 

lack of spatial and vascular data from metabolomics obscured a more detailed 

comparison of the technologies. 

We observed that vascular features in tumor peritumoral areas (PA) were 

equally or more aberrant than vessels in the tumor regions that they neighbored. This 

prompted consideration of the metabolic phenotype of the PA. Regional metabolic 

cooperation between the tumor region and the PA was seen only in 4T1, where MMP 

was greater in 4T1 tumors and glucose uptake was greater in 4T1 PAs.  

Because of their regional metabolic coupling as well as their demonstrated 

capacity for glycolysis and mitochondrial activity, we hypothesized that the 4T1 tumors 

would have an increased ability to maintain robust MMP during hypoxia. 67NR and 
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4T07 tumors showed expected shifts toward decreased MMP and increased glucose 

uptake during hypoxia, similar to the trends we observed in normal tissue. Surprisingly, 

4T1 tumors appeared to increase mitochondrial metabolism during hypoxia, since MMP 

increased and SO2 dramatically decreased. Overall, this aim demonstrated two key 

findings: 1. TMRE is a suitable marker of mitochondrial membrane potential in vivo in 

normal tissue and tumors, and 2. imaging of multiple metabolic and vascular endpoints 

is crucial for the appropriate interpretation of a metabolic behavior.  

Finally, in Aim 3 we evaluated the feasibility of combined 2-NBDG and TMRE 

imaging. The primary objective was to enable simultaneous imaging of the two 

fluorophores by minimizing sources of “cross-talk”: chemical reaction, optical overlap, 

and confounding biological effects. A secondary objective was to transition our imaging 

method to a new platform, a reflectance-mode, high-resolution fluorescence imaging 

system built in our lab, which would expand the use of our technique beyond the dorsal 

window chamber model. We first used liquid chromatography- mass spectrometry to 

confirm that the chemical properties of the two fluorophores were compatible for 

simultaneous use, and indeed saw that the mixing of equimolar 2-NBDG and TMRE did 

not form any new chemical species.  

We also performed a phantom study on the hyperspectral imaging system, used 

for all animal imaging in Aim 1 and Aim 2, to estimate the range of 2-NBDG and TMRE 

concentrations that are seen at the tissue level in normal and tumor window chambers. 
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We created a new phantom set that spanned the range of estimated in vivo 

concentrations, and imaged them with the reflectance-mode fluorescence imaging 

system. The phantom experiments gave us two important findings. First, we saw that 

fluorescence intensity increased linearly with fluorophore concentration, allowing for 

accurate quantification of concentration changes between samples. Most importantly, 

we found that we could exploit the optical properties of the fluorophores and our 

system’s spectral detection capability to excite the two fluorophores independently. 

Specifically, we could excite 2-NBDG with a 488nm laser without detectable emission 

from TMRE, and could excite TMRE with a 555nm laser without detectable emission 

from 2-NBDG.  With this characterization, the optical properties of the two fluorophores 

were considered compatible for simultaneous imaging.  

Next, we sought to determine whether biological or delivery interactions would 

affect uptake of the two fluorophores. Surprisingly, both in vitro and in vivo imaging 

suggested that simultaneous dosing of the 2-NBDG and TMRE caused significant 

changes in uptake of both probes. Since we previously found that TMRE equilibrates 

rapidly at the tissue site, we hypothesized that staggering the injections to allow 

delivery of TMRE to tissue before injecting 2-NBDG would restore the full uptake of 

both fluorophores. Two sequential injection protocols were used: in the first group, 

TMRE was injected first followed by injection of 2-NBDG after only 1-5 minutes, and in 

the second group, TMRE was injected first followed by injection of 2-NBDG after 10-15 



 

 

xi 

minutes. Both sequential injection strategies were sufficient to restore the final 

fluorescence of both fluorophores to that seen in the separate TMRE or 2-NBDG imaging 

cohorts; however, the shorter time delay caused changes to the initial delivery kinetics of 

2-NBDG. We concluded that sequential imaging of TMRE followed by 2-NBDG with a 

10-15 minute delay was therefore the optimal imaging strategy to enable simultaneous 

quantification of glucose uptake and mitochondrial membrane potential in vivo.  

Applying the sequential imaging protocol to 4T1 tumors demonstrated a highly 

glycolytic phenotype compared to the normal animals, as we had seen in Aim 2. 

However, mitochondrial membrane potential was comparable for the normal and tumor 

groups. The next study will test an extended delay between the injections to allow more 

time for TMRE delivery to tumors prior to 2-NBDG injection. Overall, the key finding of 

Aim 3 was that a carefully chosen delivery strategy for 2-NBDG and TMRE enabled 

simultaneous imaging of the two endpoints, since chemical and optical cross-talk were 

negligible. 

The work presented here indicates that an optical toolbox of 2-NBDG, TMRE, 

and vascular endpoints is well poised to reveal interesting and distinct metabolic 

phenomena in normal tissue and tumors. Future work will focus on the integration of 

optical spectroscopy with the microscopy toolbox presented here, to enable long-term 

studies of the unknown metabolic changes underlying a tumor’s response to therapy, its 

escape into dormancy, and ultimately, its recurrence. 
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1. Background and Significance  

1.1 Importance of Cancer Metabolism  

A deregulation of cellular energetics is a hallmark of cancer [1]. Glycolysis and 

mitochondrial metabolism (oxidative phosphorylation, or OXPHOS) are the two 

primary bioenergetics pathways, and both are frequently altered in the context of cancer. 

A variety of studies have shown that the proportions of the cell’s ATP generated by 

glycolysis and OXPHOS can relate to both inherent tumor behaviors and treatment 

response. 

1.1.1 Glycolysis in cancer 

The most well-known metabolic phenomenon in cancer is increased propensity 

for glycolysis regardless of oxygen availability, coined the “Warburg effect”, after Otto 

Warburg who first described aerobic glycolysis in cancer [2]. In spite of variations in 

tissue site and signaling pathways, most cancers exhibit the common metabolic 

characteristic of increased glucose metabolism relative to normal cells [3]. Due in part to 

fluctuations in oxygen availability, these tumors switch from oxygen-consuming 

mitochondrial metabolism to glycolytic metabolism. In spite of relatively low ATP 

yield/molecule of glucose, tumors sustain the switch by maintaining a high glycolytic 

flux, which is the basis for FDG-PET imaging to detect cancers and occult metastases. 

Aerobic glycolysis has been established to correlate with a range of adverse 

outcomes in cancer, and a number of molecular events have been proposed and 
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demonstrated for the switch [4-8]. Aerobic glycolysis provides a selective growth 

advantage that makes tumors more aggressive and metastatic and more resistant to 

chemo- and radiation [9] therapies than tumors utilizing oxidative phosphorylation. It 

has been previously shown in an in vitro model of breast cancer that highly aggressive 

and metastatic cell lines (MDA-MB-231 and MDA-MB-435) show increased glucose 

uptake under normal conditions compared to a benign tumor line (MCF7) [10, 11]. 

Further, an increased glycolysis/OXPHOS ratio correlated strongly with sorafenib 

resistance in a panel of hepatocellular carcinomas [12]. A ratio of oxygen consumption 

rate to extracellular acidification rate (OCR/ECAR), a surrogate measure of 

OXPHOS/glycolysis, was also used to identify the glycolytic status of breast cancer cell 

lines and show that basal subtypes were often highly glycolytic [13].  

1.1.2 Mitochondria in cancer 

Beyond his contribution of the Warburg effect, Otto Warburg had a secondary, 

arguably less helpful, impact on the study of cancer metabolism. He stated that cancer’s 

increased glycolysis was due to the fact that “the respiration of all cancer cells is 

damaged” [2], causing mitochondria to be mostly ignored for many years. (It should be 

noted that the intent of his statement is still somewhat argued, since Warburg himself 

showed results of higher respiration in some cancer cells than in some normal tissue 

types [14]). 
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Though traditionally overshadowed by aerobic glycolysis, mitochondria have 

recently gained recognition for their unique role in tumor metabolism. Many cancer 

types have now been shown to rely on mitochondrial metabolism in combination with 

glycolysis to meet increased energy demands required for proliferation and metastasis 

[15-17]. Even the most glycolytic tumor types may produce only 50-60% of their ATP by 

glycolysis, with the balance from mitochondrial metabolism [18, 19]. 

 Proton pumping during electron transport maintains the transmembrane proton 

gradient in cancer, which is needed for production of energy in the form of adenosine 

triphosphate (ATP) [20] and to maintain redox coenzymes for the tricarboxylic acid 

(TCA) cycle [21]. A key indicator of mitochondrial metabolism is the mitochondrial 

membrane potential (MMP) maintained by electron transport [22], which is frequently 

increased (i.e. more negative) in a wide range of cancer types [23, 24].  

Several studies have indicated that functional mitochondria are absolutely 

critical for tumor growth and metastasis. When mitochondrial DNA was deleted from 

murine B16 metastatic melanoma cells (B16ρ°) to force them to a phenotype fully reliant 

on glycolysis, they formed primary tumors at a delayed rate (29 days for B16ρ° vs. 9 

days for B16) [25]. The B16ρ° cells also failed to form lung tumors after intravenous 

injection, suggesting that mitochondrial DNA deletion severely affected their metastatic 

potential. 
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1.1.3 Necessity of measuring multiple metabolic endpoints 

Considering only one endpoint (specifically, glycolysis or OXPHOS alone) may 

give an incomplete view of a tumor’s phenotype. For example, Busk and colleagues 

showed comparable rates of oxidative phosphorylation across a panel of cancer lines, 

but the inclusion of glycolysis information (lactate-coupled ATP production) showed 

that the fraction of ATP contribution by oxidative phosphorylation was greatly increased 

in SiHa cervical cancer [26] (Figure 1). Another study that quantified a range of 

metabolites in a panel of sibling breast cancer lines showed that measuring both 

glycolytic and TCA cycle metabolites were required to distinguish normal tissue, non-

metastatic tumors, and metastatic tumors [27]. Specifically, glycolysis was increased in 

all tumors relative to normal, but only metastatic tumors showed increased TCA cycle 

metabolites relative to normal. 

 

Figure 1. The ratio of glycolytic and OXPHOS contributions to ATP varies 

across cancer cell lines.  Number in parentheses is fermentative contribution to total 

ATP. From Busk, Int J Cancer 2008. 
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Particularly important is a measure of a tumor’s oxygenation status, as high 

glycolysis under hypoxia is normal, where high rates of glycolysis under well-

oxygenated conditions may indicate an aggressive tumor phenotype [28]. As discussed 

above, highly aggressive MDA-MB-231 and MDA-MB-435 lines showed a glycolytic 

phenotype under well-oxygenated conditions compared to benign MCF-7. However, 

when exposed to hypoxia, the glycolytic tumor lines were unperturbed whereas cells 

that relied on mitochondrial metabolism switched to consuming large amounts of 

glucose [10, 11].  

Similarly in the study of squamous cell carcinomas of the cervix, skin and head 

and neck shown in Figure 1, only the highly oxidative SiHa cervical cancer cells were 

produced large amounts of lactate under hypoxia [26]. When these cell lines were used 

to grow tumors, the SiHa cell line alone showed a strong spatial correlation between 

high glucose uptake and hypoxia reflecting anaerobic glycolysis.  Although the other 

cell lines demonstrated high glucose uptake, they showed a lack of correlation between 

glucose uptake and oxygenation (aerobic glycolysis).  

Elevated glycolysis during well-oxygenated conditions has been well 

characterized, but recent studies also have shown the opposite effect: elevated 

mitochondrial metabolism during poorly-oxygenated conditions. Perhaps not 

surprisingly, this disassociation between oxygenation and mitochondrial metabolism is 

also associated with poor outcomes. Some aggressive tumor lines, unlike site-matched 
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primary cells, are able to maintain MMP and mitochondrial metabolism during hypoxia 

as severe as 0.2-1% O2 [29, 30]. Overall, “adaptable” tumors with increased flexibility to 

use glycolytic and mitochondrial metabolism during a range of oxygen conditions may 

be better suited to surviving environmental stress, promoting negative outcomes such as 

increased migration [31], metastatic propensity [30], and drug resistance [32]. 

1.2 Current techniques for multi-endpoint metabolic 
characterization 

1.2.1 Seahorse XF analyzer 

There are several methods used for quantifying the glycolytic status of a cell. By 

far the most broadly used technique is the Seahorse extracellular flux analyzer [Seahorse 

Biosciences, Massachusetts, USA], which obtains the oxygen consumption rate and 

extracellular acidification rate of cells [33]. OCR is calculated based on changes in 

dissolved oxygen in the cell media and ECAR is calculated based on detection of 

changes in free proton concentration in the cell media [34] and [Seahorse online]. The 

Seahorse assay enables easy manipulation of cells with multiple chemical perturbations. 

While an excellent research tool, the technique requires special cell preparation and 

continual testing of cell media, and is therefore are not applicable in vivo. Considering 

the profound impact that tumor microenvironment can assert on a cell’s behavior, the 

Seahorse assay is best paired with in vivo measurements from other technologies. 
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1.2.2 FDG-PET imaging 

FDG-PET imaging has been widely used to image glucose uptake [35-40], at the 

macro-level in animal models. PET imaging is also invaluable as an accepted clinical tool 

for measuring glucose uptake in tumors or metastases [41-43].  Though it offers 

necessary insight into tumor metabolism, the method is not without limitations: for 

example, limited spatial resolution [44] and prohibitive cost. Additionally, limits on the 

allowable isotope exposure for the patients and medical professionals prevent long-term 

repeated measurements [45]. 

Unlike most other tools, PET can report on both hypoxia and blood flow to 

further inform on the tumor microenvironment. PET hypoxia imaging with 

nitroimidazole compounds exhibit low tumor to background contrast, however  [46]. 

Additionally, either hypoxia or blood flow imaging with PET requires the use of 

additional tracers, further increasing the complexity and cost of the technique [47, 48]. 

1.2.3 LC-MS Metabolomics and IHC 

Two techniques are commonly used to quantify metabolic endpoints from ex vivo 

tissue samples. Clinically, immunohistochemistry (IHC) is a widely accepted method to 

effectively quantify glucose transporters (GLUTs) in tumors [49], but requires labor-

intensive ex vivo tissue processing and staining. Though the staining provides 

information on the presence of GLUTs, it cannot report on their function. IHC can be 

used to quantify hypoxic fraction via staining with nitroimidazoles (e.g. pimonidazole or 
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EF5) [49-51], but each sample reports on a single timepoint due to the ex vivo nature of 

IHC sample preparation. 

Of all of the current technologies, metabolomics offers the most direct 

measurements of multiple metabolic pathways. Hundreds of metabolites can be 

quantified using an excised tissue sample as small as 10mg or less [52]. This allows for 

comprehensive understanding of many metabolic pathways and their interactions [27, 

52], including but not limited to: glycolysis, TCA cycle, pentose phosphate pathway, 

fatty acid synthesis or oxidation, and nucleotide metabolism. The primary draw-backs of 

metabolomics are two-fold: it is inherently destructive, preventing repeated 

measurement of the same tissue, and it does not provide information about the 

oxygenation status of the tissue. 

1.3 Optical imaging for metabolic characterization 

There is a significant gap in the availability of tools to provide a systems level 

approach to image key metabolic endpoints at a resolution that would enable imaging of 

tumor heterogeneity and the interactions with the tumor microenvironment, particularly 

the vasculature, since functional vascular density and hypoxia strongly influence and 

are influenced by tumor metabolism [53, 54]. We hypothesize that using a combination 

of exogenous fluorescent contrast agents as surrogates for glycolysis and mitochondrial 

metabolism would allow us to interrogate metabolism in vivo with a range of optical 

technologies. Fortuitously, optical imaging can also provide structural and functional 
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vascular properties using only natural absorption contrast.  We propose that a metabolic 

optical imaging technique could be a powerful tool that fills an important gap in current 

technologies: high-resolution visualization of tumor metabolic activity within the 

context of a living microenvironment. 

 

Figure 2. Optical metabolic imaging within the broader framework of existing 

metabolic assessment techniques. Optical imaging provides a systematic way to 

bridge the gap between destructive, multi-endpoint in vitro studies to whole body 

imaging that typically captures a single endpoint. 

1.3.1 Contrast agents 

1.3.1.1 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG) 

Optical imaging can be used to quantify glucose uptake in vivo using the 

fluorescent glucose analog 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-

Deoxyglucose). The fluorescent glucose analog 2-NBDG has been shown to serve as a 

marker of glucose uptake in a variety of cell and animal models, similar to the tracer 

FDG in PET. Studies utilizing 2-NBDG include qualitative or semi-quantitative imaging 
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of 2-NBDG-uptake in circulating tumor cells [55], hyper-metabolic epileptic foci [18], 

neurons and astroglia in the rat brain [19] and rat cardiomyocytes [56] for the 

development of insulin mimetic compounds. Our lab showed that 2-NBDG was taken 

up significantly in breast cancer cells compared to normal breast cells. Additionally, we 

have shown that 2-NBDG is effective for monitoring glycolytic perturbations in vitro 

[57]. Inhibition of glycolysis by lonidamine (a hexokinase I blocker) significantly 

decreased 2-NBDG uptake in two triple-negative (ER-, PR-, HER2-) breast cancer cell 

lines (MDA-MB-468 and MDA-MB-435). On the other hand, stimulation of glycolysis 

with α-cyano-hydroxycinnamate (a monocarboxylate transporter 1 blocker) significantly 

increased 2-NBDG uptake in the same breast cancer lines. 

1.3.1.2 Tetramethylrhodamine ethyl ester (TMRE) 

Tetramethylrhodamine ethyl ester (TMRE) has been successfully used in vitro as 

a marker of mitochondrial membrane potential [58], an electrochemical gradient across 

the inner mitochondrial membrane that results from oxidative phosphorylation and is 

necessary for ATP production [22]. TMRE, a rhodamine derivative, has been used 

extensively to study cancer mitochondria in vitro [58-60] and in one preliminary study in 

vivo [61]. To date, a limitation of most studies utilizing TMRE is that they have been 

performed in isolation in the absence of additional metabolic endpoints, which provide 

important context to understand changes in MMP at the systems level. One using 

multiple metabolic endpoints in colorectal cancer cells showed that perturbing cells with 
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hypoxia caused a subsequent increase in glycolysis, as measured with 6-NBDG, and a 

decrease in mitochondrial membrane potential, as measured with TMRE [60], 

suggesting that these two probes can provide complementary information. 

1.3.2 Vascular imaging 

A primary benefit of optical technologies for metabolic measurement lies in their 

ability to provide an arsenal of vascular endpoints using only endogenous contrast [62-

65]. The presence of hemoglobin, the primary absorber in the optical wavelength range, 

can be used to distinguish the vascular space from the tissue space [63]. Differential 

absorption spectra of oxygenated and deoxygenated hemoglobin are then leveraged to 

report on the percent oxygen saturation of hemoglobin in each blood vessel [65], 

providing a measure of hypoxia that is crucial for interpretation of metabolic endpoints. 

Morphological vascular features have also proven useful for segregating cancer 

and pre-cancer from normal tissue. A study in a spontaneous hamster cheek pouch 

model of carcinogenesis showed that during the progression from naïve tissue to 

squamous cell carcinoma, vessels became tortuous and dilated (i.e. diameter increased), 

and vessel density decreased [62]. Coupling metabolic reporters with endpoints that 

report on vessel structure and function may therefore provide increased contrast 

between normal tissue and different tumor subtypes. 
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1.4 4T1 family of sibling tumor lines 

The 4T1 family of cells is a well-documented group of sibling tumor lines 

(derived from the same spontaneous primary murine tumor [66, 67]) that represent a 

range of metabolic phenotypes [16, 68]. For our studies, the 4T1 family serves as an 

important test bed in which to demonstrate metabolic imaging is concordant with other 

techniques, as well as to show the novel spatial relationships that our technique alone is 

currently poised to measure in these cell lines. We use three of the sibling tumor lines: 

4T1, 4T07, 67NR. In literature, 4T1 is the most broadly characterized of the three cell 

lines.  

The current body of knowledge on the 4T1 indicates that 4T1 are highly 

metastatic, survive and proliferate during hypoxia [66, 69], and have high capacity for 

both oxidative and glycolytic metabolism [16]. 4T07 and 67NR are both considered non-

metastatic, though 4T07 cells spread to the lungs but do not form nodules [70]. Further, 

67NR and 4T07 both show high rates of apoptosis during hypoxia compared to 4T1 [66]. 

In vitro, one study showed that both 67NR and 4T07 have decreased TCA cycle activity 

and glycolysis compared to the 4T1 [16]. On the other hand, another in vitro study saw 

similar TCA cycle and glycolytic activity in 4T1 and 4T07 [27], and at least one study has 

shown that the growth rate of 67NR primary tumors exceeded that of 4T1 primary 

tumors [71]. Though all three lines are considered highly tumorigenic [27], in general, 
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4T1 is regarded as the most aggressive and metabolically active compared to sibling 

lines 67NR and 4T07. 

1.5 Specific Aims 

The ultimate goal of this project is to develop a pre-clinical optical imaging 

toolbox for multi-parametric characterization of cancer metabolism in vivo. This goal can 

be accomplished by three aims, as outlined in Figure 3. 

In Aim 1, we optimize 2-NBDG for measurement of glucose uptake in both 

normal and tumor tissue, and demonstrate that correcting for variations in tracer 

delivery can improve signal specificity.  

In Aim 2, we optimize TMRE for surveillance of mitochondrial membrane 

potential (MMP), and show that a combination of glucose uptake and MMP can be used 

to reveal interesting metabolic phenomena non-tumor tissue and sibling tumor types. 

In Aim 3, we improve the utility of our technique by addressing cross-talk to 

enable simultaneous quantification of glucose uptake and MMP. We also transition our 

method to be used with a reflectance-mode imaging platform that can image models 

beyond the dorsal window chamber. 
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Figure 3. Overview of specific aims toward multi-parametric metabolic 

imaging in vivo.
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2. AIM 1: Optimization of 2-NBDG as an in vivo reporter 
of glucose metabolism 

2.1 Preface 

In work we performed prior to Aim 1, we demonstrated that 2-NBDG reports on 

glucose uptake in vivo [63], given that the injection dose is constant and delivery is 

unimpeded. However, we saw that the delivery rate of 2-NBDG, assessed by both the 

peak intensity of 2-NBDG that reached the target site and the speed at which it reached 

the tissue, had profound effects on the ultimate uptake of the probe. In Aim 1, we 

propose a delivery-correction factor for 2-NBDG uptake, and show that delivery-

corrected 2-NBDG uptake correlates with expected changes in glucose demand in both 

normal tissue and tumors. 

2.2 Introduction 

Due to advances in genetic profiling, a host of targeted therapies has been 

developed to pinpoint specific mutations in cancer [72, 73]. For example, several drugs 

have been developed that inhibit PI3K signaling, which is dysregulated in cancers of the 

breast, colon, and ovary, among others [74-77]. Some of these targeted therapies can 

improve tumor perfusion, and hence, delivery of imaging agents such as FDG, while 

independently modifying intrinsic glucose demand [78]. On the other hand, highly 

angiogenic tumors or tumors with aberrant vascular signaling may have limited 

capacity for nutrient or drug delivery [54]. The limited delivery of FDG, for example, 

could lead to an incorrect perception that the tumor’s demand for glucose is low. It is 
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therefore important to identify whether perceived changes in glucose uptake are caused 

by vascular or true glycolytic changes [79].  

Clinically, immunohistochemistry (IHC) and 18-FDG Positron Emission 

Tomography (PET) imaging are widely accepted methods for glucose imaging. 

Additionally, both PET and IHC can inform on oxygenation properties of tissue. 

However, these techniques cannot provide kinetic information on the timescales 

necessary for the detection of rapidly changing microenvironmental conditions such as 

cycling hypoxia. The group of Durand visualized cycling hypoxia with IHC-type 

staining by administering two distinct hypoxia markers at different times in vivo; 

however, this required multiple injections over the course of many hours, and the 

tumors were excised prior to cell sorting for the hypoxia markers [80]. Another study by 

Braun, et al., showed that cycles of hypoxia on the seconds-minutes scale: more 

frequently than can be measured with PET or IHC techniques [81]. 

Like FDG, the fluorescent glucose analog 2-NBDG has been shown to serve as a 

marker of glucose uptake in a variety of cell and animal models [57, 82-86]. Uptake of 2-

NBDG can be imaged using a host of optical imaging techniques. These same optical 

techniques can also be leveraged to measure tumor vascular blood flow and 

oxygenation without the use of exogenous tracers [65, 87]. Our group has developed an 

in vivo optical imaging strategy that utilizes a combination of 2-NBDG uptake and 

vascular oxygenation to report on tumor metabolism [63]. We used our imaging strategy 
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in a dorsal skin flap model of murine breast cancers and identified four parameters that 

describe the tumor vasculature and uptake kinetics of 2-NBDG: vascular oxygenation 

(SO2), rate of delivery of 2-NBDG (RD), rate of clearance of 2-NBDG (RC), and glucose 

uptake (2-NBDG60). We used these parameters to demonstrate that the delivery kinetics 

of 2-NBDG in vivo have profound effects on uptake and, in turn, perceived glycolytic 

demand. Several groups have demonstrated a similar phenomenon with FDG-PET, 

showing that knowledge of blood flow is crucial to interpreting FDG-PET based glucose 

uptake [48, 88]. For example, Specht and colleagues showed that using the ratio of the 

metabolic rate of FDG (MRFDG) to blood flow as a surrogate for metabolism was a 

better indicator of long-term fate than using MRFDG alone [88].  

Likewise, we sought here to demonstrate that correcting uptake of 2-NBDG, 

NBDG60, by the rate of delivery, RD, showed improved contrast between distinct tumor 

phenotypes. The first aim of the current study was to demonstrate that the ratio 2-

NBDG60/RD serves as a delivery-corrected measure of glucose uptake in murine dorsal 

skin flap window chamber models containing normal tissues and tumors. Importantly, 

the ratio was able to distinguish specific uptake of 2-NBDG from accumulation of a 

fluorescent control, 2-NBDLG, which is identical to 2-NBDG in molecular weight and 

fluorescent spectrum, but is unable to undergo active transport into the cell [89]. The 

ratio 2-NBDG60/RD was then leveraged to compare different tumor phenotypes and to 

characterize the dependence of glucose uptake on vascular oxygenation within these 
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tumors. Our results showed that 2-NBDG60/RD was an effective endpoint for comparing 

in vivo glucose uptake of metastatic 4T1 and nonmetastatic 4T07 murine mammary 

adenocarcinomas derived from the same spontaneous parental tumor [90]. Further, the 

addition of vascular information revealed metabolic heterogeneity within the tumors. 

The results presented here indicate that optical imaging of 2-NBDG/RD and vascular 

endpoints can reveal interesting and distinct phenotypes in normal tissue and tumors. 

2.3 Materials and Methods 

2.3.1 Cell Culture Maintenance and Seahorse Assay 

Two murine mammary carcinoma cell lines, 4T1 and 4T07, were used in this 

study. Though arising from the same tumor, the cell lines have distinct different 

metastatic potential [66].  4T1 cells have been shown to metastasize throughout the body 

to organs such as the lung, liver, bone and brain.  4T07 is able to seed into the lung and 

liver but it fails to engraft to form metastatic nodules. Both cell lines were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Carlsbad, California) supplemented 

with 10% fetal bovine serum and 1% antibiotics and kept free from contaminants. Cells 

were passaged every 2-3 days and kept incubated at 37.0°C and 5.0% O2.  

A Seahorse Glycolytic Stress Test [Seahorse Biosciences, Massachusetts, USA] 

was used to measure the metabolic properties of 4T1 and 4T07 cells. Oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

every 11 minutes. OCR was calculated based on changes in dissolved oxygen in the cell 
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media and ECAR was calculated based on detection of changes in free proton 

concentration in the cell media. Between minute 22 and minute 33 of the assay, 25mM 

glucose was injected to each well. Between minute 55 and minute 66, 1uM oligomycin 

was injected to each well. Oligomycin inhibits oxygen consumption used for ATP 

synthesis through phosphorylating respiration [91]. Results for each well were 

normalized to the number of cells in each well. Results represent the average of 12 total 

wells for each cell line: assays were performed on 3 different days and each assay 

contained 4 replicate wells of each cell line. 

2.3.2 Dorsal Window Chamber Implantation 

All animal work was performed according to the recommendations of the Guide 

for the Care and Use of Laboratory Animals of the National Institutes of Health. The 

Duke University Institutional Animal Care and Use Committee approved all 

experiments (Protocol Number: A170-12-06). Female nu/nu athymic mice (NCI, Frederic, 

Maryland), 8-10 weeks old and weighing between 20-25g, were used for all in vivo 

studies. Murine dorsal window chambers were implanted according to the sterile 

procedure detailed by Palmer [92]. Briefly, mice were anesthetized via i.p. 

administration of ketamine (100 mg/kg) and xylazine (10 mg/kg)) and implanted with a 

titanium dorsal window chamber (APJ Trading Co, Inc, Ventura, California). For tumor 

development, a 20 µL suspension (20,000 cells) of 4T1-RFP or 4T07 cells was injected into 

the dorsal skin fold. No cells were injected into the mice in the normal (non-tumor) 
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group. A glass coverslip (diameter = 12 mm, No. 2, Erie Scientific, Portsmouth, New 

Hampshire) was placed in the dorsal chamber to cover the exposed tissue. Animals were 

housed on-site at Duke University under standard 12-hour light/dark cycles. During 

housing, all animals were provided ad libitum access to food and water.  

2.3.3 Imaging Platform 

Our imaging system and procedure have both been described in detail [63, 93]. A 

Zeiss Axioskop 2 microscope fitted with a 2.5x objective (NA = 0.075) was used for both 

trans-illumination vascular imaging and epi-illumination fluorescence (2-NBDG) 

imaging. A liquid crystal tunable filter (LCTF) was used for hyperspectral imaging, and 

a DVC 1412 CCD camera (DVC Company) recorded all images. Hyperspectral imaging 

was used for all 2-NBDG, 2-NBDLG, and SO2 imaging. Trans-illumination images were 

acquired from 520 to 620 nm in 10 nm increments and used to calculate SO2. A 470 nm 

bandpass excitation filter (40 nm bandwidth) was used for 2-NBDG/2-NBDLG imaging, 

with a collection wavelength of 525 nm (10 nm bandwidth). Flow imaging was 

performed using a Zeiss Axio Observer microscope fitted with a broad-spectrum 

halogen source. Discrete red blood cells were imaged through a 5x objective (Zeiss 

FLUAR; 0.25 NA) using a 500-550nm bandpass filter to maximize endogenous contrast 

from hemoglobin absorption. For fluorescence imaging, image acquisition times were as 

follows: 300 ms for the 6mM 2-NBDG and 2-NBDLG groups, and 200ms for the 10mM 2-

NBDG group. The SO2 absorption images were calibrated for wavelength-dependent 
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variations in throughput using images of a neutral density filter (ND=2, Thorlabs, USA) 

acquired at each corresponding wavelength (520nm-620nm in 10nm increments). For 

calibration of 2-NBDG and 2-NBDLG images, fluorescence intensity of a 90.8 µM 

rhodamine solution in a petri dish was collected at the integration time used for 

imaging. The average pixel intensity of the corresponding rhodamine image was then 

used to linearly scale 2-NBDG and 2-NBDLG images.  

2.3.4 Imaging Procedure 

During the 6-hour period prior to imaging, animals were fasted but allowed 

access to water. Immediately before imaging, blood glucose was measured from the tail 

vein using a FreeStyle Lite Blood Glucose Meter (Abbott Laboratories, Illinois, USA). 

Mice were then anesthetized with 2% v/v isoflurane mixed with air, which was reduced 

to 1-1.5% v/v isoflurane for maintenance. The mouse was kept on a heated stage for the 

duration of imaging. Prior to 2-NBDG injection trans-illumination images were recorded 

for vascular characterization. Background fluorescence images corresponding to 

endogenous fluorescence from cellular FAD and stromal collagen at 525nm were also 

recorded prior to injection [94]. A 100µL injection of 6mM 2-NBDLG, 6mM 2-NBDG, or 

10mM 2-NBDG in sterile saline was then administered via tail vein. Fluorescence from 

the tracer was recorded for 60 minutes: continuously for the first 10 minutes, every 30 

seconds for the next 30 minutes and every 3 minutes for the final 20 minutes of imaging.  
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For the hyperemia study, which was conducted to extend the range of red blood 

cell velocities, mice were subjected to an hour of breathing hypoxic gas (10% O2, balance 

N2) and then allowed to breathe room air for 10 minutes. Imaging began immediately 

following the 10-minute reoxygenation period using the imaging protocol described 

above. Mice receiving two perturbations (6mM and 10mM, 2-NBDG and 2-NBDLG, or 

baseline and post-hypoxia imaging) were imaged on two consecutive days to allow for 

2-NBDG clearance and ample recovery from anesthesia. At the completion of imaging, 

mice were euthanized by injectable euthanizing agent (Euthasol, Virbac, USA; 0.05 mL 

via i.p. injection) in accordance with a protocol approved by The Duke University 

Institutional Animal Care and Use Committee. An overview of methods is shown in 

Figure 4. 

2.3.5 Calculation of Vascular and Metabolic Parameters 

Trans-illumination images were collected in 10nm increments from 500-600nm 

and used to create an image cube (x,y,λ). Our procedure was previously described in 

detail [63]. A modified form of the Beer-Lambert law uses the extinction coefficients of 

[HbO2] and [dHb] to calculate the concentrations of each absorber at each pixel. We then 

calculate total hemoglobin content, [THb] ([HbO2]+[dHb]), and SO2 ([HbO2]/[THb]) at 

each pixel. The presence or absence of [THb] was used to segment the images into 

vascular and tissue space, respectively.  
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After 2-NBDG injection, fluorescence images were collected) for a period of 75 

minutes. A kinetic uptake curve was created from the (x,y,t) data for each (x,y) pixel 

location. As shown in Figure 4, the initial rate of delivery (RD) and glucose uptake (2-

NBDG60) were calculated from the time course for each pixel. RD was calculated from the 

rise to the initial peak of the curve as (Imax-I0)/Tmax, where subscript 0 corresponds to a 

baseline image captured prior to 2-NBDG injection. 2-NBDG60 is defined as glucose 

uptake. We showed previously that 2-NBDG fluorescence at 60 minutes is confined to 

the intracellular space [63].  

For 4T1 and 4T07 tumors, each endpoint (2-NBDG60, RD, 2-NBDG60/RD) was 

additionally parsed by SO2. For each 2-NBDG60, RD, or 2-NBDG60/RD image, every tissue 

pixel in the tumor area was assigned to an SO2 group according to the SO2 of the nearest 

vascular pixel. In a given image, there is a range of SO2 values that was parsed into five 

SO2 ranges for ease of analysis: 0-10% SO2, 10-20% SO2, 20-40% SO2, 40-60% SO2, and 60-

80% SO2. The distribution of pixels for each endpoint was then represented as a survival 

curve (1-cumulative distribution) stratified by SO2. Curves were then averaged within a 

tumor type (4T1 or 4T07). Each curve shown in Figure 6 then represents the mean of 

distributions of 2-NBDG60, RD, or 2-NBDG60/RD pixels at a given SO2 level from up to 8 

mice. 

The blood flow imaging procedure has previously been described in detail [87]. 

In short, a video of individual red blood cells flowing through vessels in a non-tumor 
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bearing window chamber was collected, taking advantage of the absorption properties 

of hemoglobin. A cross-correlation was performed between subsequent frames to track 

red blood cell movement. For each mouse, we calculated both blood velocity and 2-

NBDG delivery (RD) in the image region surrounding the vessel with the fastest blood 

velocity. This allowed us to achieve a wide range of blood velocities over which to 

correlate blood velocity with RD. For a given mouse, the same region was selected in 

corresponding blood velocity and 2-NBDG images, and kept consistent between days. 

2.3.6 Statistical Analysis 

Seahorse assay results (in vitro) were compared with unpaired student’s t-tests. 

Results showing 6mM and 10mM doses of 2-NBDG, kinetics at baseline and after 

hypoxia, or endpoints from 2-NBDG and 2-NBDLG imaging (all in vivo) were compared 

using a student’s paired t-test. Each paired test corresponds to the same cohort of mice 

being imaged on consecutive days under two different imaging parameters. Imaging 

order was scrambled in all studies- for example, half the mice received 6mM 2-NBDG on 

day 1 and 10mM 2-NBDG on day 2, and half received 10mM 2-NBDG on day 1 and 

6mM 2-NBDG on day 2. Correlations between parameters were determined by Pearson's 

linear correlation. For tumor studies containing multiple groups, a one-way analysis of 

variance (ANOVA) was performed to test for global differences and a Tukey-Kramer 

post-hoc test was used to compare between groups. Survival curves were compared 

using repeated measures ANOVA. For all analyses, differences between groups were 
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deemed significant at a 95% confidence level (p≤0.05). The Statistics Toolbox in 

MATLAB (MathWorks, USA) was used for all statistical tests. 

 

Figure 4. Overview of hyperspectral imaging methods. (A) Timeline of 

imaging events. Mice that were imaged under two imaging conditions were imaged 

on subsequent days. The order of imaging was scrambled to minimize order effects. 

(B) A 6mM injection of 2-NBDG was given and imaged for at least 60 minutes, and 

the mean of the tumor region for each image was used to construct a kinetic curve. 

Images for the endpoints 2-NBDG60 (2-NBDG intensity at 60 minutes) and the rate of 

delivery of 2-NBDG (RD = 2-NBDG60/Tmax) are shown. (C) Trans-illumination images 

were collected in 10nm increments from 500-600nm and used to calculate hemoglobin 

saturation (SO2). (D) The table shows the number of mice used in each perturbation 

group. Each mouse was used for up to two imaging sessions, with 24 hours between 

sessions. The groups were randomized to minimize bias from imaging order, and an 

analysis of variance (ANOVA) was performed to test for order effects. No significant 

imaging order effect was observed for any experiment. 
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2.4 Results 

2.4.1 Delivery-corrected 2-NBDG-uptake inversely correlates with 
blood glucose concentration  

Figure 5 describes the relationship between 2-NBDG kinetics and the 

administered 2-NBDG dose. Figure 5A shows representative images of 2-NBDG uptake 

over 60 minutes in a normal mouse injected with either 6mM 2-NBDG or 10mM 2-

NBDG on consecutive days. Figure 5B summarizes the results of imaging 6mM and 

10mM doses in the same cohort of mice. The table shows the ratio of endpoints 

comparing the 10mM and 6mM groups. Each ratio was calculated on a per-mouse basis, 

the ratios for each mouse were averaged, and values are presented as mean ratio ± 

standard error. The expected ratio of 10mM/6mM endpoints is 1.67 if all differences 

between groups are attributable to differences in injected dose. At 5 minutes post-

injection, the fluorescence ratio of the dose groups (10mM/6mM) closely approached the 

expected ratio of 1.67 (p<0.01), indicating that early time points report primarily on 

delivery. The ratio of RD (calculated as RD(10mM)/RD(6mM)) showed similar results.  

We hypothesized that correcting 2-NBDG uptake for variations in RD due to 

inter-mouse variation and injected 2-NBDG dose would better represent glucose uptake. 

First, in Figure 5C we confirmed that while RD and 2-NBDG uptake at 5 minutes post-

injection (2-NBDG05) are highly correlated (R=0.77, p<0.001), RD and 2-NBDG at 60 

minutes post injection are independent endpoints (R=0.20, p = N.S., not shown). To 

validate that delivery-corrected 2-NBDG uptake more accurately represents glycolytic 
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uptake, we investigated the correlation of 2-NBDG60/RD with blood glucose 

concentration in normal mice. Figure 5D shows a significant inverse correlation between 

2-NBDG60/RD and blood glucose (R=-0.61, p=0.02).  

 

Figure 5. Delivery-corrected 2-NBDG uptake inversely correlates with blood 

glucose concentration. (A) Representative images show the kinetics of 2-NBDG 

uptake in vivo in non-tumor window chambers. The same mouse was given 6mM or 

10mM 2-NBDG on subsequent days and imaged for 60 minutes following injection. 

(B) Averaged 2-NBDG kinetics for a cohort of mice injected with 0.1mL of either 6mM 

or 10mM 2-NBDG. At 5 minutes post-injection (2-NBDG05), the fluorescence ratio of 

the dose groups (2-NBDG05,10mM/2-NBDG05,6mM) was proportional to molarity (p<0.01). 

The table shows the expected ratio of 10mM/6mM fluorescence, if all differences in 

fluorescence were due to dose. 2-NBDG05,10mM/ 2-NBDG05,6mM corresponds to the ratio 

of 10mM and 6mM fluorescence intensities at t = 5 min. The ratio RD,10mM/RD,6mM 

corresponds to the rate of 2-NBDG delivery for 10mM and 6mM. Each group contains 

the same n=7 subjects in (B). p values report the results of a student’s paired t-test. 
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Error bars show standard error. Values in table are mean ± standard error.  (C) RD was 

strongly correlated with 2-NBDG fluorescence at 5 minutes (p<0.001). RD did not 

correlate with 2-NBDG60 (not shown). (D) 2-NBDG60/RD was inversely correlated with 

baseline blood glucose in normal mice (R=-0.61, p=0.02). 2-NBDG60 was also correlated 

with blood glucose (R=-0.52, p=0.05, not shown). For animals that received both 6mM 

and 10mM doses, the average values of the endpoints (2-NBDG05, 2-NBDG60, and 2-

NBDG60/RD) for both doses were used in calculating the correlations. These subjects 

are denoted by “mean” in the legend. n=15 mice for (C) and (D). 

2.4.2 The rate of 2-NBDG delivery, RD, is positively correlated with 
blood velocity. 

The results presented in Figure 6 show the relationship between red blood cell 

velocity and the rate of 2-NBDG delivery, RD, in corresponding image regions. Each 

mouse was imaged at baseline under normoxic condition (21% inspired O2) and after 10 

minutes of re-oxygenation from breathing hypoxia (10% inspired O2). Mice were 

randomly assigned to undergo baseline or post-hypoxia (hyperemia) imaging first. 

Figure 6A shows representative images of a mouse at baseline and after hypoxia. There 

is a clear increase in flow velocity as well as RD after hypoxia. Figure 6B shows that 

hypoxia was successfully used to significantly increase blood velocity in the tissue 

(p<0.02). Flow velocity increased in all mice after hypoxia. A corresponding significant 

increase in RD was seen after hypoxia (p<0.02). Only one mouse did not show an increase 

in RD. In Figure 6C, flow velocity and RD show a strong correlation after hypoxia (R=0.87, 

p<0.05). At baseline, the trend was similar, but the range of flow velocities was truncated 

compared to the group that underwent hypoxia. 
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Figure 6. The rate of 2-NBDG delivery, RD, is strongly correlated with blood 

velocity. (A) Representative images of blood velocity and the rate of 2-NBDG delivery 

(RD) in a normal mouse at baseline and during reoxygenation after 1 hour of hypoxia.  

(B) Paired data for a set of mice at baseline and after 1 hour of hypoxia. After hypoxia, 

flow velocity and RD increased significantly (p<0.02 for both). n=6 mice. (C) The rate 

of 2-NBDG delivery (RD) is highly correlated with blood velocity (R=0.87, p<0.05). The 

trendline corresponds to the trend for post-hypoxia data only. 

2.4.3 The ratio 2-NBDG60/RD reflects stereo-specific uptake in vivo. 

Figure 7 shows the kinetic profiles of 2-NBDG and the non-specific control 2-

NBDLG in normal window chambers. Figure 7A compares the uptake kinetics of the 

two tracers in a group of four non-tumor mice. Fluorescence intensity increased for both 

2-NBDLG and 2-NBDG and peaked at 3-5 minutes. The time-to-peak (Tmax) did not vary 

significantly based on the administered tracer (p=N.S. (0.07), not shown). However, peak 

fluorescence (2-NBDGmax) was significantly greater when 2-NBDLG was administered 

compared to 2-NBDG (p<0.01). It follows that the rate of delivery, RD = 2-NBDGmax/Tmax, 
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was greater for 2-NBDLG than 2-NBDG (p<0.02). We have previously established that 

fluorescence at 60 minutes after injection corresponds predominantly to intracellular 

fluorescence [63]. Here, by 60 minutes post-injection, mean fluorescence intensities from 

the two compounds (2-NBDG60 and 2-NBDLG60) were indistinguishable between groups 

(p=N.S.). 2-NBDG uptake should exceed 2-NBDLG uptake, since 2-NBDG fluorescence 

represents stereo-specific uptake into the cell in addition to non-specific accumulation. 

The graphs in Figure 7B shows a paired comparison of 2-NBDG and 2-NBDLG uptake 

properties in each of four mice. For each mouse, fluorescence at 60 minutes was similar 

for the two tracers (p=N.S. (0.27)). RD was increased for 2-NBDLG relative to 2-NBDG in 

all mice (p<0.02). After correction for the increased delivery of 2-NBDLG, differences in 

specific and non-specific become apparent. In each mouse, 2-NBDG60/RD was 

significantly greater than 2-NBDLG60/RD (p<0.02), representing the difference in demand 

for the two tracers. Blood glucose did not vary significantly between imaging days 
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(p=N.S.). 

 

Figure 7. The ratio 2-NBDG60/RD reflects stereo-specific uptake in vivo. (A) 

Mean kinetics of non-specific control (2-NBDLG) and specific tracer (2-NBDG) 

uptake imaged in the same cohort of mice on subsequent days. Peak fluorescence is 

significantly greater after 2-NBDLG administration than after 2-NBDG 

administration (p<0.01). Fluorescence at 60 minutes is comparable for both tracers 

(p=N.S.)  (B) Results of paired tracer and control imaging in a set of four mice. Neither 

blood glucose nor 2-NBDG60 was significantly different between the two imaging 

perturbations (p=N.S.). RD was greater for the control 2-NBDLG than for 2-NBDG 

(p<0.02). 2-NBDG60/RD identifies specific tracer uptake, as it is significantly greater for 

2-NBDG than 2-NBDLG (p<0.02). n=4 mice. Each p-value represents results of a 

student’s paired t-test. 

2.4.4 Delivery-corrected glucose uptake reveals distinct glycolytic 
phenotypes in metastatic (4T1) and non-metastatic (4T07) mammary 
tumors. 

We used 2-NBDG60/RD to compare tumors with different metabolic phenotypes: 

metastatic 4T1 tumors and nonmetastatic 4T07 tumors. Figure 8 shows representative 

images of SO2 and 2-NBDG60/RD from window chambers with 4T1 or 4T07 tumors. 

Figure 8B shows that averaging over the entire tumor regions (or regions of normal 

tissue) resulted in a significantly higher 2-NBDG60/RD for 4T1 than for 4T07 (p<0.01). . A 
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Seahorse Glycolysis Stress Test was used on 4T1 and 4T07 cells to compare with the 

results of in vivo metabolic imaging. The glycolytic capacity, defined as the extracellular 

acidification rate (ECAR) after blockade of respiration by oligomycin, was significantly 

greater for 4T1 than for 4T07. These results are consistent with the intravital microscopy 

data, in which 4T1 tumors took up significantly more 2-NBDG than 4T07 tumors, both 

on average (Figure 8B) and at each SO2 level (Figure 9B). 

An elevated level of glucose uptake may lead to the assumption that the tissue is 

hypoxic and therefore increasingly dependent on glycolysis, but no significant 

difference in SO2 was seen between groups (Figure 8C). Additionally, vascular density, 

the total length of vessels per unit volume, was indistinguishable between 4T1 and 4T07 

tumors, implying that differences in SO2 may be attributable to changes in oxygen 

consumption. Results of the Seahorse Glycolytic Stress Test show that oxygen 

consumption rate (OCR) is comparable for 4T1 and 4T07 tumors (p=N.S.).  
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Figure 8. Delivery-corrected glucose uptake reveals distinct glycolytic 

phenotypes in metastatic (4T1) and non-metastatic (4T07) mammary tumors. (A) 

Representative images of vascular oxygen saturation (SO2) and delivery-corrected 2-

NBDG (2-NBDG60/RD) for a 4T1 tumor and a 4T07 tumor, in vivo. (B) 2-NBDG60/RD 

showed contrast in glucose uptake between metastatic 4T1 and non-metastatic 4T07 

tumors in vivo (p<0.01). A Seahorse Glycolysis Stress Test also revealed that the 

glycolytic capacity, defined as extracellular acidification rate (ECAR) after blockade of 

respiration by oligomycin, was significantly greater for 4T1 than for 4T07 (p<0.01). (C) 

Mean vascular oxygen saturation (SO2) was comparable for 4T07 and 4T1 tumors in 

window chambers (p=N.S.). Vascular density was also indistinguishable between 

tumor lines (p=N.S.). A Seahorse Glycolysis Stress Test showed that oxygen 

consumption rate (OCR) is comparable for 4T1 and 4T07 tumors (p=N.S.). Number of 

mice per group indicated by group name on axis. For Seahorse results, n=12 cell 

samples from 3 distinct assays. 

2.4.5 The ratio 2-NBDG60/RD facilitates assessment of glucose uptake 
in heterogeneous regions of metastatic mammary tumors. 

Tumor oxygenation plays an important role in metabolism, and varies not only 

across tumor lines but also within a tumor [95, 96]. We parsed our delivery-corrected 

glucose demand endpoint with vascular oxygenation to investigate metabolic 
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heterogeneity in tumors. First we compared 4T1 and 4T07 tumors with mean vascular 

oxygenation values in different SO2 ranges, shown in Figure 6A. After correcting for 

delivery, the hypoxic 4T1 tumor (mean SO2=11%) showed localized regions of high 2-

NBDG60/RD uptake not seen in the 4T1 with intermediate SO2 (mean SO2=36%) nor in the 

well-oxygenated 4T07. The well-oxygenated 4T07 tumor (mean SO2=59%) showed an 

appreciably decreased 2-NBDG60/RD compared to either of the 4T1 tumors. The emerging 

trend suggested that 2-NBDG/RD increased as average SO2 decreased.  

We then analyzed each tumor at five levels of vascular oxygenation (SO2) to 

identify if hypoxic regions were responsible for increased mean glucose uptake in 4T1 

tumors relative to 4T07 tumors. Figure 9B shows 2-NBDG60, RD, and 2-NBDG60/RD for 

4T07 tumors and 4T1 tumors, respectively, across vascular oxygenation levels: 0-10% 

SO2, 10-20% SO2, 20-40% SO2, 40-60% SO2, and 60-80% SO2. Each curve represents the 

mean of distributions at a given SO2 level from up to 8 mice (group numbers listed in 

parentheses in legend). Interestingly, only two 4T07 mice exhibited vessels with the 

lowest levels of oxygenation (0-10% SO2 and 10-20% SO2), and therefore were not shown. 

Similarly, only two 4T1 mice exhibited vessel regions of 60-80% SO2 and were therefore 

excluded.  

Within the 4T1 tumors, hypoxic regions had decreased 2-NBDG delivery 

compared to well-oxygenated regions (p<0.01, 0-10% SO2 v. 40-60% SO2). There was no 

difference in uptake between other SO2,4T1 groups. RD was also lowest in hypoxic regions 
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of 4T1 (p<0.05 or p<0.01 for 0<SO2,4T1<10 vs. 20<SO2,4T1<40 or 40<SO2,4T1<60, respectively). 

The ratio 2-NBDG60/RD within 4T1 significantly decreased as vascular oxygenation 

increased reflecting the Pasteur effect (p<0.01 for 0<SO2,4T1<10 vs. 40<SO2,4T1<60), since 

this data is consistent with an increase in glycolysis during hypoxia. 4T07 tumors 

showed a different trend in uptake. 2-NBDG60 increased from the highest to the lowest 

SO2 levels of 4T07 tumors (p<0.01 for 20<SO2,4T07<40 vs. 60<SO2,4T07<80) and there was no 

difference in RD across SO2,4T07 levels. After correction, 2-NBDG60/RD in 4T07 followed a 

similar trend as in 4T1. 2-NBDG60/RD was lowest for 60<SO2,4T07<80 compared to both 

other SO2,4T07 (p<0.01). 

Comparison between tumor lines showed that 2-NBDG60 was higher for all 4T1 

groups than for all 4T07 (p<0.01). On the other hand, delivery (RD) for the best 

oxygenated 4T07 groups (40<SO2,4T07<60 and 60<SO2,4T07<80) was greater than for all 4T1 

groups (p<0.01 for all groups except 40<SO2,4T1<60 vs. 60<SO2,4T07<80 where p<0.06). At all 

SO2 levels, 2-NBDG60/RD of 4T1 tumors exceeded that of 4T07 tumors (p<0.01 for all 

SO2,4T1 compared to all SO2,4T07). This analysis confirmed that 4T1 tumors display 

increased glucose metabolism regardless of oxygen status, not only in response to 

hypoxia. On the other hand, the low demand for and sufficient delivery of 2-NBDG to 

4T07 made them statistically indistinguishable from normal tissue (not shown). 
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Figure 9. The ratio 2-NBDG60/RD facilitates assessment of glucose demand in 

heterogeneous regions of metastatic mammary tumors. (A) Representative images of 

vascular oxygen saturation percentage (SO2) and delivery-corrected 2-NBDG (2-

NBDG60/RD) for a 4T1 tumor with low mean SO2, a 4T1 tumor with intermediate mean 

SO2, and a 4T07 with high mean SO2. (B) Survival curves (1-cumulative distributions) 

show 2-NBDG60, RD, and 2-NBDG60/RD for regions of distinct SO2 (%) in 4T07 and 4T1 

tumors. For 4T1, distribution of 2-NBDG60 is lower for 0<SO2,4T1<10 regions than for 

any other level of SO2,4T1 (p=N.S.). Significantly lower rates of RD are seen for the 

0<SO2,4T1<10 group than for well-oxygenated 4T1 regions (p<0.05 or p<0.01 for 

0<SO2,4T1<10 vs. 20<SO2,4T1<40 or 40<SO2,4T1<60, respectively). After correction for low 

RD, 2-NBDG60/RD increased slightly but significantly in hypoxic regions compared to 

well-oxygenated regions (p<0.01 for 0<SO2,4T1<10 vs. 40<SO2,4T1<60). For 4T07, 2-NBDG 
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uptake for the highest SO2,4T07 regions decreased compared to the lowest SO2,4T07 

(p<0.01 for all 20<SO2,4T07<40 vs. 60<SO2,4T1<80). RD is indistinguishable between SO2,4T07 

levels. After correction by RD, 2-NBDG60/RD is lowest for 60<SO2,4T07<80 compared to 

other SO2,4T07 (p<0.01). Comparison between 4T1 and 4T07 shows that 2-NBDG60 is 

higher for all SO2,4T1 than all SO2,4T07 (p<0.01). On the other hand, RD for the best 

oxygenated 4T07 groups (40<SO2,4T07<60 and 60<SO2,4T07<80) is greater than for all 4T1 

groups (p<0.01 for all groups except 40<SO2,4T1<60 vs. 60<SO2,4T07<80 where p<0.06). 

After correction by RD, 2-NBDG60/RD is higher for all SO2,4T1 than all SO2,4T07 (p<0.01 for 

all SO2,4T1 compared to all SO2,4T07). Number of mice per group indicated by group 

name in legend. 

2.5 Discussion 

Previously, our group determined that the in vivo rate of 2-NBDG delivery has 

significant effects on the uptake of 2-NBDG, and as a result, the perceived glucose 

uptake of the tissue [63]. We have here presented a method of utilizing the kinetic 

profile of 2-NBDG uptake to correct for variations in delivery and uncover more 

accurately the glycolytic uptake in vivo. To validate our method of delivery correction, 

we first showed that the rate of delivery was significantly correlated with delivery-

linked variables. Varying the injected concentration of 2-NBDG from 6mM to 10mM was 

sufficient to cause an increase in the rate of delivery, due to an increased 2-NBDG 

fluorescence at 5-minutes after injection. Upon further investigation of the 6mM and 

10mM cohorts, we found that there was no difference in Tmax between groups (p = 0.50, 

not shown). The difference in RD was explained by a difference in the intensity 2-

NBDGmax between groups, which was expected to vary with injected dose.  

We further wished to show that RD varies with variations in the time of delivery. 

Hypoxia has been shown to increase red blood cell velocity in normal tissue, for 
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example rat brain [97], which we hypothesized would cause a resulting increase in the 

delivery speed of 2-NBDG. The injected concentration of 2-NBDG was kept constant at 

6mM to avoid confounding effects. We found that one hour of breathing hypoxic gas 

(10% O2, balance N2) followed by 10 minutes of breathing room air was sufficient to 

increase the velocity of red blood cells in normal (non-tumor) vasculature. As 

hypothesized, we saw a corresponding increase in the rate of 2-NBDG delivery. Prior to 

hypoxia, the range of blood flow velocities was not sufficient to obtain a wide range of 2-

NBDG delivery rates. Hyperemia significantly increased the blood velocity range 

allowing for an improved correlation with RD (R=0.87, p<0.05). This is not surprising 

because metabolic substrate delivery is tightly correlated to demand in normal tissue 

[98, 99] and glucose demand is increased by hypoxia [100].  

To investigate whether correction for delivery effects altered the relationship 

between glucose and 2-NBDG, we calculated the correlations between 2-NBDG60 and 

blood glucose concentration and between 2-NBDG60/RD and blood glucose concentration. 

A moderate inverse correlation was seen between 2-NBDG60/RD and blood glucose 

concentration (R=-0.61, p=0.02) as well as between 2-NBDG60 and blood glucose 

concentration (R=-0.52, p=0.05, not shown), indicating that 2-NBDG competition with 

blood glucose is real, and not an artifact of delivery correction. The trends we observed 

are consistent with in vitro studies of oral neoplasia showing that 2-NBDG uptake is 

competitively inhibited by glucose, and 2-NBDG fluorescence decreases with increasing 
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glucose concentration [82]. Further, 2-NBDG uptake has been shown to increase with an 

increase in glucose demand. For example, Sheth and colleagues showed in vivo that 2-

NBDG uptake in the brain increases greatly during a seizure, a well-established instance 

of increased glucose demand [86]. In accordance with these findings, we now show that 

blood glucose competes with 2-NBDG in vivo, and caution that major variations in blood 

glucose may change the interpretation of 2-NBDG data. 

We then asked if 2-NBDG60/RD was capable of distinguishing between controlled 

instances of varied tracer uptake in vivo. We used 2-NBDG in unperturbed normal tissue 

in vivo, taking advantage of the baseline level of glucose demand. To simulate a 

contrasting situation of negligible demand in vivo, we used the fluorescent molecule 2-

NBDLG, which has been developed for use as a 2-NBDG control substance [89]. Though 

identical in molecular weight and fluorescent spectrum to 2-NBDG, 2-NBDLG is 

unrecognized by the GLUT receptors and cannot be actively transported into the cell. 

Instead, 2-NBDLG fluorescence may represent non-specific adsorption onto the cell 

membrane or uptake through damaged membrane [89]. 2-NBDLG fluorescence may 

also correspond to tracer accumulation in the interstitial space, though we have shown 

that the specific probe 2-NBDG clears the interstitial space by 60 minutes after injection 

[63]. We hypothesized that, for a given animal, uptake of 2-NBDG would exceed uptake 

of 2-NBDLG. Interestingly, 2-NBDG and 2-NBDLG fluorescence intensities at 60 minutes 

were indistinguishable in each animal. In a separate experiment, we found that the 
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average fluorescent intensity of 100nM 2-NBDLG in solution was approximately 25% 

greater than the fluorescent intensity of 100nM 2-NBDG (data not shown), indicating a 

greater fluorescence quantum yield for the control solution. We caution that care must 

be taken to properly calibrate for differences in fluorescent behavior when using a 

control marker for 2-NBDG in vitro or in vivo. Our results showed that our correction by 

RD was able to account for the difference in fluorescence intensity between 2-NBDLG 

and 2-NBDG. After correcting for a greater max intensity of 2-NBDLG, 2-NBDG 

accumulation was approximately 3-fold higher than 2-NBDLG accumulation in all 

animals, indicating that we were able to identify stereo-specific uptake. 

Since metabolic substrate delivery is tightly controlled in normal tissue [98, 99], 

external perturbations were needed to observe significant changes in delivery and 

demand. This allowed us to validate our method in a controlled way. However, our 

ultimate goal was to utilize our strategy to characterize tumors, where delivery and 

demand may be “mis-matched”. Using PET to find discrepancies between blood flow 

and FDG delivery has proven useful for characterizing disease in heart and brain tissue 

[101, 102]. Specht, et al. were among the first to use functional imaging to uncover an 

altered relationship between tumor metabolism and blood flow that existed in breast 

cancer subtypes [88]. We, too, hypothesized that our method correlated to the long-term 

fate of different tumor subtypes- in particular, metastatic potential. As previously 

mentioned, 4T1 is a metastatic murine mammary tumor line, and 4T07 is a non-
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metastatic sister murine mammary tumor line [66, 90]. An assessment of 2-NBDG60/RD 

values averaged over the entire tumor regions revealed that glycolytic uptake of the 4T1 

tumors far exceeded that of 4T07 tumors, as shown by our previous results [63] and now 

corroborated by a Seahorse assay.  

We additionally showed that these differences are not due to differences in 

oxygenation, as average SO2, vascular density and oxygen consumption rate were 

comparable between 4T1 and 4T07 tumors. Our in vivo and Seahorse in vitro results are 

consistent with previous work showing that lactate concentration in tumors both fuels 

tumor growth and is predictive of metastasis [103-106]. Recently, Sonveaux et. al have 

proposed a mechanism which may underlie the association between lactate and tumor 

aggressiveness. They showed that lactate upregulates HIF-1 in endothelial cells, and that 

blocking lactate entry through monocarboxylate transporter 1 can prevent endothelial 

migration and tumor angiogenesis [107].  

Lastly, we wanted to investigate regional trends in 2-NBDG uptake, as it is well 

established that the tumor microenvironment is highly heterogeneous with respect to 

oxygenation [95, 96, 108]. For example, vascular remodeling in tumors leads to areas of 

decreased oxygen delivery to the cells. Studies in window chambers have shown that 

tumor tissue can approach anoxia as close as 100um from a vessel [109]. However, cells 

are often able to compensate by increasing glucose uptake for use in glycolysis [100]. We 

would then expect 2-NBDG uptake to increase as SO2 decreases. A combination of low 2-
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NBDG uptake and low SO2, however, may indicate non-viable cells chronically starved 

of both glucose and oxygen [110, 111]. Modeling has shown that glucose diffuses farther 

than oxygen [112] and that glucose concentration decreases only slightly over a distance 

of ~30 cells from a vessel [113]. We excluded pixels farther than 150µm from a vessel to 

ensure that non-viable cells were not mischaracterized.  

Interestingly, we observed in 4T1 that 2-NBDG60 uptake was lowest in regions of 

very low oxygenation. Looking at RD reveals that diminished delivery contributes to low 

levels of 2-NBDG uptake in hypoxic regions. After correcting for decreased delivery to 

viable cells, the poorly oxygenated 4T1 regions showed elevated 2-NBDG60/RD compared 

to tumor’s well-oxygenated regions. On the other hand, 4T07 tumors did not exhibit 

hypoxic regions nor regions of poor 2-NBDG delivery. As in 4T1 tumors, 2-NBDG60/RD 

increased significantly as vascular oxygenation decreased in 4T07. 

In addition to sustaining the highest 2-NBDG60 at all oxygenation levels, the 4T1 

tumors also had lower RD than 4T07 tumors or normal tissue. For our dataset, a lower RD 

corresponded to a longer 2-NBDG delivery time-to-max, indicating impeded delivery 

(mean Tmax,4T1 = 10.88 min,  mean Tmax,4T07=7.20 min, mean Tmax,norm =4.42 min). Tumors 

often have impeded delivery of nutrients due to the immature and tortuous vessels 

created by angiogenesis [96]. Interestingly, some tumors with long capillary transport 

times adapt by upregulating aerobic glycolysis [114]. This type of Warburgian 
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metabolism would be consistent with our findings for 4T1, which had sustained high 

glucose uptake across oxygen levels.  

As a last consideration, it is important to note that our strategy may be 

particularly effective in regions of poor delivery, identified by slow blood velocity or 

hypoxia. Mankoff and colleagues have demonstrated with FDG-PET that a mismatch 

between tumor metabolism and blood flow, in particular high metabolic rate relative to 

blood flow, is an indicator of poor prognosis in tumors [115]. For this reason, we have 

developed our method to help us quickly identify tumor regions with poor delivery but 

sustained 2-NBDG uptake. Additionally, hypoxia is an indicator of poor prognosis in 

regard to treatment response, recurrence, and overall outcome [116-118], so the ability to 

identify hypoxic tumor regions is crucial. With further development, our method of 

imaging delivery-corrected 2-NBDG uptake and oxygenation is well-poised as a tool for 

pre-clinical and clinical tumor characterization.  
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3. AIM 2: Optimization of TMRE as an in vivo reporter of 
mitochondrial membrane potential 

3.1 Preface 

In Aim 1, we optimized 2-NBDG for the measurement of glucose uptake in vivo 

in tumor tissue. Aim 2 introduces TMRE for the measurement of mitochondrial 

metabolism, to complement 2-NBDG for comprehensive understanding of tumor 

metabolism. The two endpoints are then used in combination, with supporting 

information from SO2, to compare the metabolic phenotypes of normal tissue, non-

metastatic 67NR and 4T07, and metastatic 4T1 tumors. 

3.2 Introduction 

Though overlooked for many years in the shadows of aerobic glycolysis, 

mitochondria have recently gained recognition for their distinct contribution to tumor 

metabolism. Many cancer types have now been shown to rely on mitochondrial 

metabolism in combination with glycolysis to meet increased energy demands required 

for proliferation and metastasis [15-17]. A key indicator of mitochondrial metabolism is 

the mitochondrial membrane potential (MMP), a transmembrane proton gradient 

maintained by electron transport [22], which is frequently increased (i.e. more negative) 

in a wide range of cancer types [23, 24]. Proton pumping during electron transport 

maintains MMP, which, in the presence of oxygen, can be used to produce adenosine 

triphosphate (ATP) [20]. 
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Maintaining increased capacity for both glycolysis and mitochondrial 

metabolism appears to be critical in helping tumors adapt to environmental stress. In 

normal tissue, metabolism is directly linked to oxygen availability; mitochondrial 

metabolism is preferred during normoxia and glycolysis is used during hypoxia [119]. 

However, some tumors can easily switch between anaerobic and aerobic metabolism 

without regard for oxygen availability. It is well known that many tumors employ high 

rates of glycolysis during normoxia (i.e. the Warburg effect) [26, 49, 120]. Recent studies 

also indicate that some aggressive tumor lines, unlike primary cells, are able to maintain 

MMP and mitochondrial metabolism during hypoxia as severe as 0.2-1% O2 [29, 30]. 

These “adaptable” tumors with high capacity for both glycolytic and mitochondrial 

metabolism may be better suited to surviving environmental stress, promoting negative 

outcomes such as increased migration [31] and metastatic propensity [30]. Recent work 

also links the adaptable phenotype to metabolic compartmentalization between a tumor 

and its microenvironment (i.e. the Reverse Warburg effect) [120]. It follows that 

observing the regional interplay between multiple metabolic and vascular endpoints 

aids understanding of a tumor’s phenotype. 

Considering the importance of glycolysis, MMP, and vascular oxygen saturation 

to a tumor’s bioenergetic profile, there are surprisingly no techniques to image these 

three endpoints in vivo with one technology. Commonly used techniques such as the 

Seahorse Extracellular Flux Assay and metabolomics provide comprehensive 
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information about cancer metabolism, but are limited to in vitro assays [33] or ex vivo 

assays [52] and neither provides spatial information. Although PET imaging is widely 

used to measure glucose uptake, typically only a single endpoint is captured [121].  

Importantly, none of these approaches have the capability to visualize the relationships 

between metabolic endpoints and vascular oxygen gradients that define the metabolic 

phenotype of a tumor in vivo.  

We demonstrate a non-destructive, multi-parametric, intra-vital microscopy 

technique to image tumor metabolism and vascular physiology at high resolution in 

small animal models. Glucose uptake is imaged using the indicator 2-[N-(7-nitrobenz-2-

oxa-1, 3-diaxol-4-yl) amino]-2-deoxyglucose (2-NBDG) using protocols previously 

described by our group [63, 122] and mitochondrial membrane potential (MMP) is 

imaged using  tetramethylrhodamine, ethyl ester (TMRE) [58-60] [61]. Oxygen saturation 

(SO2) and vessel architecture are quantified by imaging the differential absorption 

spectra of oxygenated and de-oxygenated hemoglobin. The relationship between MMP, 

glucose uptake and SO2 was leveraged in our study to characterize the in vivo metabolic 

landscapes of three distinct and extensively studied murine breast cancer lines- 

metastatic 4T1 and non-metastatic 67NR and 4T07 [66]- to show concordance with 

previous findings and to add new insights using the distinct capabilities of our 

technology. Both optical microscopy and metabolomics demonstrated that the 4T07 and 

67NR tumors rely primarily on mitochondrial metabolism, while the 4T1 tumors rely on 
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mitochondrial as well as glycolytic metabolism. Where metabolomics fell short was in 

the investigation of the relationship between the metabolism and SO2. 4T1 tumors 

displayed a classic Warburg effect, with increased glucose uptake at all SO levels.  

Parsing MMP by regional SO2 helped distinguish tumor and non-tumor tissue. The 

increased MMP in all tumor groups was most pronounced at lower oxygen levels, 

suggesting that low SO2 regions in tumors were associated with increased oxygen-

consuming metabolism. 

Previous studies have shown that angiogenic vasculature can extend far beyond 

the tumor border [123], recruiting fibroblasts [124] and in turn affecting regional 

metabolism. We saw that the 4T1 peritumoral areas (PAs) had a distinct hypermetabolic 

phenotype relative to the tumor themselves; this was not observed for 67NR or 4T07 

PAs. Specifically, the 4T1 PAs were characterized by angiogenic vasculature, increased 

glucose uptake, and decreased MMP relative to the tumors they neighbored. We 

hypothesized that increased regional metabolic cooperation would allow 4T1 alone to 

maintain robust MMP during hypoxia. Indeed, under hypoxic stress, 4T1 tumors 

showed a significant increase in MMP, with a corresponding steep and significant drop 

in the SO2, indicative of intensified mitochondrial metabolism. Conversely, 4T07 and 

67NR tumors shifted toward a glycolytic phenotype during hypoxia. These findings 

highlight the unique capability of in vivo metabolic and vascular imaging to provide 

insight into the microenvironment’s influence on tumor metabolic phenotype. 
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3.3 Materials and Methods 

3.3.1 Murine cancer cell lines 

Three murine mammary carcinoma cell lines arising from the same spontaneous 

murine breast tumor were used in the study [66]. 67NR and 4T07 are hypoxia-sensitive 

and non-metastatic; 67NR fails to leave the primary site, and 4T07 disseminates cells but 

cannot form metastatic nodules. 4T1 are hypoxia-adaptable and highly metastatic. The 

4T1 and 4T07 cells were acquired from the American Type Culture Collection, and the 

67NR cells were generously provided by Dr. Fred Miller (Karmanos Cancer Institute, 

Detroit, MI) through Dr. Inna Serganova and Dr. Jason Koucher (Memorial Sloan 

Kettering Cancer Center, New York, NY). Cell lines were passaged every 2-3 days in 

RPMI-1640 medium (L-glutamine) with 10% fetal bovine serum (FBS) and 1% antibiotics 

(Pen Strep). For in vivo injection, cells were prepared in sterile RPMI-1640 containing no 

FBS nor antibiotics.  

3.3.2 Seahorse extracellular flux assay 

A Seahorse Mito Stress Test (Seahorse Biosciences, Massachusetts, USA) was 

used to measure the metabolic properties of 67NR, 4T07, and 4T1 cells. Oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) were measured 

under baseline conditions and after perturbation with oligomycin and carbonyl cyanide-

4-(trifluoromethoxy)phenylhydrazone (FCCP). OCR and ECAR for each well were 
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normalized by the cell confluence of the well. Results represent the average of 10 total 

wells from two assays that were performed on different days. 

3.3.3 Tumor growth rate assay 

Approximately 5x105 cells were injected into the flank of 8-12 week old female 

athymic nu/nu mice and allowed to grow for 21 days. Starting at day 7 post-

innoculation, tumor length (long axis) and width (short axis) were measured with 

calipers three times per week. At day 21, mice were euthanized and tumors were 

harvested and snap-frozen in liquid nitrogen for metabolomics analysis. One 4T07 

mouse was euthanized at day 14 due to excessive weight loss (>15% of initial body 

weight). Tumor volume was calculated as Volume = (Length x Width2)/2.  

3.3.4 Metabolomics analysis 

The platform and procedure for polar metabolomics using Liquid 

Chromatography Q-Exactive Mass Spectrometry (LC-QE-MS) has been previously 

described in detail [52]. Briefly, 67NR, 4T07, and 4T1 flank tumors were excised at day 

21, immediately following mouse euthanasia. Tumors were snap-frozen in liquid 

nitrogen and stored at -80°C. Prior to LC-QE-MS analysis, a small sample (3-10 mg) of 

each frozen tumor was homogenized and well mixed with 80% methanol/water for 

solvent extraction, carefully normalizing for variations in sample mass. After 10 minutes 

on ice, samples were centrifuged at 20,000 rcf for 10 minutes at 4°C. The supernatant 

was collected, dried with a SpeedVac, and reconstituted in LC-MS grade water for LC-
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QE-MS analysis. Relative concentrations were found for targeted polar metabolites as 

previously described [52]. 

3.3.5 Imaging probes 

For in vivo administration, TMRE (Tetramethylrhodamine Ethyl Ester, Life 

Technologies/ThermoFisher) was diluted to a final concentration of 25μM in sterile 

phosphate-buffered saline (PBS) and 2-NBDG (2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-

yl)Amino)-2-Deoxyglucose, Duke University Small Molecule Facility) was diluted to a 

final concentration of 6mM. The total volume of each in vivo injection was 100μL.  

3.3.6 Dorsal skin flap window chamber model 

All in vivo experiments were conducted according to a protocol approved by 

Duke University Institutional Animal Care and Use Committee (Protocol A114-15-04). 

We surgically implanted titanium window chambers on the back of 8-12 week old 

female athymic nude mice (nu/nu, Duke DLAR Breeding Core, Durham, NC) using an 

established procedure [92]. We injected a 50 μL suspension (~1x10^5 cells) of 4T1, 4T07, 

or 67NR cells into the dorsal skin fold and placed a glass coverslip (dia = 12 mm, No. 2) 

over the exposed tissue. Tumors were allowed to grow for 5-7 days before imaging. 

Non-tumor window chambers received no cell injection. All animals were housed in an 

on-site housing facility with ad libitum access to food and water and standard 12-hour 

light/dark cycles. 
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3.3.7 Hyperspectral imaging of metabolic and vascular endpoints 

For a 6-hour period prior to imaging, the animals were only provided with 

water. At the end of 6 hours of fasting, we initially recorded trans-illumination 

(vascular) images and corresponding background fluorescence images. In addition, a 

free space trans-illumination image using appropriate neutral density filters was 

recorded after every imaging session to account for daily variations in light intensity. 

The animals were administered a 100μL tail-vein injection of 25μM TMRE or 6mM 2-

NBDG in sterile PBS, and fluorescence images were captured for 75 minutes. Imaging 

excitation/emission wavelengths were 540nm/590nm for TMRE and 470nm/525nm for 2-

NBDG. We used a Zeiss Axioskop 2 microscope fitted with an LCTF, previously 

described in detail [93], for all imaging. All fluorescent images were background 

fluorescence-subtracted and calibrated with a Rhodamine B standard solution prior to 

data analysis or visualization, unless otherwise stated. During baseline (normoxia) 

measurements, the animals were allowed to breathe 21% oxygen. For the hypoxia group, 

the animals were subjected to breathing 10% oxygen for 15 minutes prior to imaging and 

through the end of imaging. Animals were anesthetized under inhaled isoflurane (1-

1.5% v/v) in room air or hypoxic gas for the duration of imaging.  

3.3.8 TMRE imaging of CCCP-treated window chambers 

CCCP (carbonyl cyanide 3-chlorophenylhydrazone, Sigma Aldrich) was diluted 

to a final concentration of 50 μM in DMSO. After animals were anesthetized with 
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inhaled isoflurane, the window glass was removed and 100 µL of CCCP was topically 

applied to the tissue. The glass was immediately replaced, and imaging began 5 minutes 

later, following the hyperspectral imaging procedure used for all other groups.  

3.3.9 Multiphoton imaging of TMRE in a window chamber 

One N.T. mouse was imaged with an Olympus FV1000 Multiphoton microscope, 

which we have previously described [63]. Hoechst 33342 (bisBenzimide H33342 

trihydrochloride, Cell Signaling Technologies) was diluted to a final concentration of 

2mg/mL in sterile PBS. To visualize nuclei, the mouse received a 100 µL injection of 

Hoechst 33342 subcutaneously in the window chamber 15 minutes prior to injection of 

TMRE via tail vein. We used a two-photon excitation wavelength of 900nm and 

collection wavelength ranges of 420-460nm for Hoechst 33342 and 575-630nm for TMRE.  

3.3.10 Calculation of vascular and metabolic parameters 

Transmission images were collected in 10 nm increments from 520–620 nm and 

used to create an image cube (x,y,λ). A modified form of the Beer-Lambert law was fit to 

the trans-illumination image cube (x,y,λ) to obtain the concentration of the primary 

absorbers – oxy [HbO2] and deoxy-hemoglobin [dHb] at each pixel [65]. We calculated 

total hemoglobin content, [THb] ([HbO2]+[dHb]), and SO2 ([HbO2]/[THb]) at each pixel. 

The presence or absence of [THb] was used to segment the images into vascular and 

tissue space, respectively. Other vascular endpoints (diameter, area fraction) were 

quantified with in-house software that was extensively validated elsewhere [62].  
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We chose to study TMRE uptake at 60 minutes (TMRE60) to correspond in time to 

the previously validated glucose uptake endpoint 2-NBDG60/RD (2-NBDG uptake at 60 

minutes corrected by a delivery factor [63, 122]). We confirmed that TMRE signal was 

stable over the imaging period and responsive to known perturbations of MMP. Pixels 

in the tissue space of TMRE60 or 2-NBDG60/RD images were used to create a survival 

curve (1-cumulative distribution) for each animal, and the individual survival curves 

were averaged to create the curves shown (mean ± SE). Area under the curve (AUC) was 

calculated for each mean survival curve. 

TMRE60 and 2-NBDG60/RD were additionally parsed by SO2. For each TMRE60 or 

2-NBDG60/RD image, every tissue pixel in the tumor area was assigned to an SO2 group 

according to the SO2 of the nearest vascular pixel. In a given image, there were as many 

as three SO2 bins: 0–20% SO2, 20–40% SO2, and 40–60% SO2. The distribution of 

TMRE60 or 2-NBDG60/RD pixel intensities within each SO2 group was represented as a 

survival curve. Each final curve then represents the mean distribution (±SE) of 

TMRE60 or 2-NBDG60/RD values in a given SO2 “bin”, for all mice containing image pixels 

in that SO2 bin. 

3.3.11 Statistical analysis 

Growth rate curves and kinetics were analyzed with a two-way ANOVA of log-

transformed data. Mean metabolic and vascular properties or metabolite concentrations, 

as well as Seahorse data, were compared with one-way ANOVA tests of log-
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transformed data. Tukey-Kramer post-hoc tests were used for all ANOVA. A paired t-

test compared animal-matched tumor and PA vascular properties. A two-sided t-test 

compared normoxic and hypoxic conditions for a single endpoint. For survival curves, 

empirical p-values were calculated for a Kolmogorov-Smirnov statistic using blocked 

permutation (n = 1000 random permutations per test), prior to binning data for 

graphing. Error bars show standard error. P-values are indicated as * for p<0.05. 

MATLAB (MathWorks, USA) Statistics Toolbox was used for all tests. One 67NR SO2 

and one 4T07 2-NBDG60/RD PA/Tumor ratio were excluded as statistical outliers 

(determined by Grubbs test); no other data was thrown out. 

3.4 Results 

3.4.1 Characterization of the localization, kinetics and modulation of 
TMRE fluorescence in non-tumor and tumor window chamber models 
in vivo 

Figure 10 shows an investigation of TMRE fluorescence kinetics in non-tumor 

(N.T.) tissue during control conditions or environmental perturbations with hypoxia or 

CCCP. In agreement with expected results, background fluorescence-subtracted uptake 

kinetics showed that TMRE uptake was significantly reduced in both CCCP (p<0.05) and 

hypoxia (p<0.05) groups compared to control (Figure 10B). When the uptake curve for 

each mouse was normalized to its respective peak uptake, the average kinetic curves for 

each group were indistinguishable (Figure 10C). Consistent kinetics observed across 

perturbations included an initial period of uptake followed by a relative plateau 40-75 
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minutes after injection. The average loss of signal across all groups was less than 5% 

from t = 40 minutes to t= 75 minutes (Mean ΔTMRE = -4.5% ± 3.4% (SE)). Signal 

specificity was confirmed by two-photon imaging at the beginning and end of the stable 

window, showing that TMRE was localized to mitochondrial-like features surrounding 

cell nuclei at 35 and 75 minutes post-injection (Figure 10D). A time point of t=60 is used 

to report on TMRE uptake in subsequent figures (referred to hereafter as TMRE60). Mean 

survival curves for each group show an appreciable decrease in the distribution of 

TMRE60 in both the hypoxia (p<0.05) and CCCP (p<0.05) groups relative to the control 

group (Figure 10E).  

Figure 11 summarizes the TMRE uptake characteristics of tumors (67NR, 4T07, 

4T1) compared to N.T. tissue. Representative images of the time course of TMRE uptake 

are shown in Figure 11A. Transmission images show increased absorption, allowing for 

demarcation of tumor regions. Group-averaged TMRE uptake kinetics for the tumor and 

normal groups are distinguishable as early as 20 minutes post-injection (Figure 11B). 

Kinetics for each mouse were normalized by the peak TMRE uptake, as shown in Figure 

11C. Over the temporal window of 40-75 min, the average change in signal ΔTMREall, for 

all groups was 2.9% ± 2.1%. 4T07 showed the largest change (ΔTMRE4T07 = 10.3% ± 2.0%) 

and signal in the other groups changed, on average, less than 3% (ΔTMRENT = -1.6% ± 

5.8%, ΔTMRE67NR = 3.0% ± 2.8%, ΔTMRE4T1 = -0.1% ± 3.5%). All changes are reported as 

Mean ± SE. Figure 11D shows the distribution of all TMRE60 pixels for each group. The 
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distribution of TMRE60 was increased in 67NR, 4T07, and 4T1 relative to N.T. (all 

p<0.05). A cohort of 4T1 tumors was also imaged after topical application of CCCP 

(Figure 11E). As expected, TMRE60 was significantly reduced in the CCCP group 

compared to control (p<0.05). 
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Figure 10. TMRE fluorescence is localized to mitochondrial-sized features, and 

decreases with CCCP and hypoxic perturbations in non-tumor (N.T.) windows in 

vivo. A, Representative images of fluorescence in a non-tumor (N.T.) window 

following the injection of TMRE. Baseline images were acquired prior to TMRE 

injection. Control = 21% O2, Hypoxia = 10% O2, CCCP = 50μM CCCP. B, TMRE uptake 

kinetics for the control, hypoxia and CCCP groups. C, Kinetics for a given mouse 

were normalized to the mouse’s max TMRE fluorescence during the imaging period, 

and normalized kinetics were then averaged within a group. D, Multiphoton imaging 

of TMRE and Hoechst 33342 in a N.T. window. Images show two fields of view in the 

same animal. E, Mean distribution of all TMRE uptake at 60 minutes (TMRE60) pixels 

for each group. n = 6 mice (control), n = 3 mice (hypoxia and CCCP). AUC = area under 

curve. Error bars = SE. * for p<0.05. 
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Figure 11. TMRE uptake is increased in tumors compared to non-tumor (N.T.) 

windows and TMRE uptake in 4T1 tumors decreases with CCCP perturbation in vivo. 

A, Representative images of TMRE fluorescence in N.T. and in 67NR, 4T07, and 4T1 

tumor window chambers. Baseline images were acquired prior to TMRE injection. 

Tumor regions are shown in the transmission images as areas of increased absorption 

contrast. B, Mean TMRE uptake kinetics for the non-tumor and tumor groups. C, 

Kinetics for a given mouse were normalized to the mouse’s max TMRE fluorescence 
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during the imaging period, and normalized kinetics were then averaged within a 

group. D, Mean distribution of all pixels of TMRE uptake at 60 minutes (TMRE60) for 

each tissue type. E, Mean distribution of all TMRE60 pixels for control and CCCP-

treated 4T1. Inset shows background-subtracted images of TMRE60 in an untreated 

and a CCCP-treated 4T1 tumor. n = 6 mice (B,C) or shown in legend (D,E). AUC = area 

under curve. Error bars = SE. 

3.4.2 Metabolic and vascular imaging and metabolomics of sibling 
murine breast cancer lines 

Figure 12 depicts the effects of regional SO2 on the distribution of TMRE60 in 

tumor and N.T. windows. Typical images of TMRE60 and SO2 are shown in Figure 12A. 

Transmission images show increased absorption in tumor regions. Figure 12B shows the 

mean TMRE uptake for each tissue type. TMRE60 was increased in all tumor types 

relative to N.T. (p<0.05 N.T. vs. 67NR or 4T1, p=0.055 N.T. vs. 4T07). Figure 12C takes 

advantage of the spatial relationships obtained by imaging to show the distribution of 

TMRE60 at distinct levels of SO2. TMRE60 was increased in tumor relative to N.T. at 0-20% 

SO2 (all tumor v. N.T. p<0.05) and 20-40% SO2 (all tumor v. NT p<0.05). At 40-60% SO2, 

TMRE60 was greater in 4T1 than 4T07 or N.T. (p<0.05), and greater in 67NR than N.T. (p 

= 0.073). N.T. and 4T07 were indistinguishable for 40-60% SO2.  

Glucose uptake (2-NBDG60/RD [122]) was imaged in tumor and N.T. window 

chambers (Figure 13A). Figure 13B shows that mean 2-NBDG60/RD was dramatically 

increased in 4T1 relative to N.T. or 4T07 (p<0.05). All other groups were 

indistinguishable. Figure 13C shows that the increased 2-NBDG60/RD in the 4T1 tumors 

was maintained regardless of SO2 level. 2-NBDG60/RD was increased in 4T1 relative to 

N.T. at all SO2 (p<0.05). 2-NBDG60/RD was increased in 4T1 relative to both other tumor 
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lines at 20-40% SO2 (p<0.05 4T1 v. 67NR or 4T07) and at 40-60% SO2 (4T1 v. 67NR 

p=0.067, 4T1 v. 4T07 p<0.05), but not at 0-20% SO2. Surprisingly, N.T., 67NR, and 4T07 

were indistinguishable at all SO2 levels.  

A metabolomics analysis was performed on excised samples for each tumor type 

(67NR, 4T07, 4T1). Relative metabolite concentrations were comparable across tumor 

lines for endpoints associated with the tricarboxylic acid (TCA) cycle, besides a 

characteristic accumulation of succinate in 67NR tumors (Figure 12D). On the other 

hand, relative metabolite concentrations for endpoints associated with glycolysis were 

generally increased in 4T1; however, there was large intragroup variation in all tumor 

lines (Figure 13D).  
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Figure 12. All tumor types show similar mitochondrial membrane potential 

(MMP) and tricarboxylic acid cycle (TCA) metabolites, and low vascular oxygenation 

(SO2) enhances differences between tumor and normal MMP. A, TMRE uptake at 60 

minutes (TMRE60) and SO2 in non-tumor and tumor window chambers. Tumor 

regions are shown in the transmission images as areas of increased absorption 

contrast. B, Mean TMRE60 for each tissue type. * indicates p<0.05 vs. N.T. C, Mean 

distribution of TMRE60 for each tissue type for distinct levels of regional SO2. D, 

Metabolomics analysis of TCA cycle-associated metabolites. NAD+ = oxidized 

nicotinamide adenine dinucleotide. Each point represents a single sample, 

normalized to 67NR mean (B,D). n = 6 mice (B), 5 mice (D), or shown in legend (C). 

AUC = area under curve. Error bars = SE. * is p<0.05. 
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Figure 13. Glucose uptake is increased in 4T1 regardless of regional 

oxygenation, mirrored by an increase in glycolytic metabolites. A, Glucose uptake (2-

NBDG60/RD) and vascular oxygenation (SO2) in a non-tumor window chamber and 

non-metastatic (67NR and 4T07) and metastatic (4T1) tumor window chambers. 

Tumor regions are shown in the transmission images as areas of increased absorption 

contrast. B, Mean 2-NBDG60/RD for each tissue type. * indicates p<0.05 vs. 4T1. C, 

Mean distribution of 2-NBDG60/RD for each tissue type for distinct levels of regional 

SO2. D, Metabolomics analysis of glycolysis-associated metabolites. G6P = glucose 6-

phosphate; F6P = fructose 6-phosphate; F1,6BP = Fructose 1,6-bisphosphate; DHAP = 

dihydroxyacetone phosphate; (1,3 or 2,3)BPG = (1,3 or 2,3)bisphosphoglyceric acid; 

PEP = phosphoenolpyruvate; ATP/ADP = adenosine triphosphate/adenosine 
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diphosphate ratio; NADH = Reduced nicotinamide adenine dinucleotide. Each point 

represents a single sample, normalized to 67NR mean (B,D). n = 6-8 mice (B), 5 mice 

(D), or shown in legend (C). AUC = area under curve. Error bars = SE. * is p<0.05. 

3.4.3 Characterization of the metabolic and vascular landscape in the 
peritumoral area  

Previous studies have shown that vasculature can be significantly altered in 

tissue extending well beyond the tumor border [123]. We segregated each tumor image 

into two regions - the tumor and the peritumoral area (PA) - to examine the respective 

vascular features. As shown in Figure 14A, transmission images were used to hand-

mask tumor regions, and PA was automatically identified as all tissue < 5mm from the 

tumor [125] and > 1mm from the image edge, to avoid artifact. In Figure 14B, vessel 

diameter and vessel fraction in both tumor and PA were consistently differentiated from 

N.T. Mean SO2 was comparable across groups. The PAs of 4T1 and 4T07 (but not 67NR) 

showed significantly higher vessel fraction compared to the animal-matched tumors 

(p<0.05 for 4T07 and p=0.055 for 4T1). The PAs of the 4T1 tumor also showed a 

significant increase in vessel diameter compared to the animal-matched tumors (p<0.05).  

The atypical vascular phenotype of the PAs led us to compare both TMRE60 and 

2-NBDG60/RD in tumor and PA regions. In Figure 14C-D, TMRE60 was significantly 

decreased and 2-NBDG60/RD was significantly increased in the 4T1 PAs relative to the 

4T1 tumors (both p<0.05). 2-NBDG60/RD also showed a borderline increase in the 4T07 

PA relative to the 4T07 tumor (p=0.064). No differences were seen in 67NR tumor and 

67NR PA.  
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Figure 14. 4T1 tumor and peritumoral area maintain distinct metabolic and 

vascular phenotypes. Metabolic and vascular endpoints were quantified for the tumor 

and peritumoral area (PA) of all tumor types (67NR, 4T07, 4T1). A, Transmission 

images were segmented into tumor and peritumoral area (PA) regions. B, Comparison 

of mean vascular features in non-tumor (N.T.) tissue and tumor and PA regions of all 

tumor types. SO2 = vascular oxygenation. C, TMRE60 in the tumor and PA of all tumor 

types. D, 2-NBDG60/RD in the tumor and PA of all tumor types. AUC = area under 

curve. n = 11-14 mice (B) or shown in legend (C,D). * is p<0.05 vs. N.T. (B). ◊ is p<0.05 
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tumor vs. PA for same tumor line (B). * is p<0.05 tumor vs. PA for the same tumor line 

(C,D). 

3.4.4 The Effect of Forced Hypoxia on Tumor Metabolism  

We next asked whether the metabolic compartmentalization seen in 4T1 tumors 

and their PAs would correlate with improved ability to maintain mitochondrial 

metabolism during hypoxia (i.e. Reverse Warburg effect). Representative images of 

metabolic endpoints during normoxic baseline conditions (21% inspired O2) and forced 

hypoxia (10% inspired O2) are shown in Figure 15A (TMRE60), Figure 15B (2-

NBDG60/RD), and Figure 15C (SO2). The total metabolic signal for each group during 

normoxia and hypoxia is quantified in Figure 15D, where total metabolic signal is the 

sum of calibrated 2-NBDG60/RD and TMRE60 fluorescence intensities. Red and blue 

portions of the bar show contributions of TMRE and 2-NBDG, respectively, to the total 

metabolic signal, to allow for visualization of metabolic changes during hypoxia. It is 

evident that there is a shift towards increased glycolysis in N.T., 4T07 and 67NR tumors 

while there is an increase in mitochondrial metabolism in the 4T1 tumors under hypoxic 

stress. Also interesting to note is that the total metabolic signal increased under hypoxia 

only in the 4T1 tumors. 

For each endpoint, the fold-change from normoxia to hypoxia was calculated as 

MeanHYPOXIA/MeanNORMOXIA and is shown in Figure 15E. Significance was established with 

a two-sided t-test that compared the normoxic and hypoxic groups for each endpoint for 

each tissue type. N.T., 67NR, and 4T07 all experienced a decrease in TMRE60 (all p<0.05), 



 

66 

and an increase in 2-NBDG60/RD (p<0.05 for N.T.). 67NR also experienced a borderline 

decrease in SO2 (p = 0.064). On the other hand, 4T1 experienced a significant increase in 

TMRE60 and decreases in SO2 (p<0.05) and 2-NBDG60/RD (p=NS). Changes in TMRE60 and 

2-NBDG60/RD were complementary; when one endpoint decreased during hypoxia, the 

other increased without exception.  

 

Figure 15. Forced hypoxia reveals a switch toward mitochondrial metabolism 

in 4T1 tumors and toward glycolysis in 67NR and 4T07 tumors and non-tumor tissue. 

Images of 2-NBDG60/RD (A), TMRE60 (B), and SO2 (C) during normoxic (21% O2) and 

hypoxic (10% O2) conditions. D, Total metabolic signal (2-NBDG60/RD + TMRE60 

fluorescence intensities) during normoxia and hypoxia. Red and blue show 

contributions of TMRE and 2-NBDG, respectively, to the total metabolic signal. E, 

Fold-change in mean TMRE60, 2-NBDG60/RD, and SO2 during hypoxia compared to 



 

67 

normoxia (fold-change = MeanHYPOXIA/MeanNORMOXIA). n = 6 mice (TMRE60), n = 6-8 mice 

(2-NBDG60/RD), and n = 11-14 mice (SO2). Error bars = SE. Tumor outlines shown in 

white. * is p<0.05 vs. normoxia. 

3.4.5 Independent characterization of sibling tumor lines 

To further aid understanding of our imaging results, we characterized the 67NR, 

4T07, and 4T1 cell lines using an in vitro Seahorse assay (Figure 16). Oxygen 

consumption rate was significantly higher in both the 67NR and 4T1 cells than the 4T07 

cells. Extracellular acidification rate was highest in the 4T1 cells.  

We also characterized the in vivo growth characteristics of the cell lines (Figure 

17). After injecting an equal number of cells from each cell line into different cohorts of 

animals, we saw that the 4T1 had a significantly increased growth rate compared to the 

67NR or 4T07 groups.   
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Figure 16. Seahorse assay in vitro metabolic characterization of 67NR, 4T07, 

and 4T1 cell lines. A, Oxygen consumption rate (OCR) and B, extracellular 

acidification rate (ECAR) measured at baseline and after addition of oligomycin 

(Oligo) and FCCP.  C, Mean oxygen consumption rate at baseline (solid) and after 

addition of FCCP (striped). D, Mean extracellular acidification rate at baseline (solid) 

and after addition of oligomycin (striped). Each mean is an average of three time 

points: OCR or ECAR baseline (0, 10, 20 min), OCR max (60, 70, 80 mins), ECAR max 

(30, 40, 50 mins).  n = 10 wells. Error bars = SE. * is p<0.05 vs. 4T07; all other 

comparisons NS. 
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Figure 17. In vivo growth kinetics of 67NR, 4T07, and 4T1 tumors. Flank 

tumors were established following injection of 5x105 cells on Day 0. Growth rate of 

4T1 was significantly greater than 67NR or 4T07. n = 5 mice. Error bars = SE. * is 

p<0.05. 

3.5 Discussion 

Considering the attractiveness of cancer metabolism for diagnosis, prognosis, 

and treatment, there is a surprising lack of in vivo metabolic imaging strategies that can 

be easily incorporated into pre-clinical studies. FDG-PET, the gold standard for in vivo 

metabolic imaging, though improving, lacks resolution to examine local tumor 

heterogeneity [121] and misses key features related to mitochondrial metabolism and 

oxygen gradients. Metabolomics [52] and Seahorse extracellular flux analyzer [33] assays 

provide invaluable information, but are inherently destructive and therefore not 

amenable to examining the tumor landscape. There is a need for complementary tools 

that can bridge the gap between multi-parametric ex vivo analysis and single-endpoint 
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whole body imaging; in vivo reporters of mitochondrial activity are particularly needed. 

To address these gaps, we designed a metabolic imaging strategy that incorporates 

endpoints for glucose uptake (2-NBDG60/RD [122]), mitochondrial membrane potential 

(TMRE60), and vascular oxygenation (SO2 [63, 122]), all imaged using the same 

technology.  

Increased MMP in tumor relative to normal tissue was consistent with previous 

literature that indicate that hyperpolarized mitochondria are common across many 

cancers [23, 24, 126]. Our regional analysis showed that the trend was driven by tumor 

regions with low (0-20%) and intermediate (20-40%) SO2 levels, at which tumor and 

normal tissues were most easily distinguished. Based on previous studies relating 

increased MMP with aggressiveness [17, 127-129], we hypothesized that MMP would 

correlate with metastatic potential in our study (4T1>4T07>67NR), but MMP was 

comparable across tumor types. Our metabolomics data showed similar concentrations 

of most TCA cycle intermediates across tumor groups, in contrast with previous studies 

in the same cell lines that showed that TCA intermediates increased with metastatic 

potential [27]. However, our metabolomics data confirmed a build-up of succinate in 

67NR tumors previously seen and attributed to TCA flux restriction at succinate 

dehydrogenase, which was correlated with decreased oxygen consumption in 67NR in 

other studies [16, 27]. Our studies did not indicate distinct differences in overall 

OXPHOS, since MMP and SO2 were consistent across tumor groups and oxygen 
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consumption rates were equally robust in 67NR and 4T1 cells when measured by a 

Seahorse mitochondrial assay.   

A validated surrogate of glucose uptake, 2-NBDG, enabled us to test the 

hypothesis that 4T1 tumors could utilize glycolysis more readily than their non-

metastatic counterparts, as previously seen during hypoxia in vitro [16]. The 4T1 

displayed a classic Warburg effect, with increased glucose uptake at all SO2 levels while 

glucose uptake was consistently low in N.T., 67NR, and 4T07 tumors. Importantly, mean 

glucose uptake was not sufficient to distinguish between 4T1 and 67NR, but comparing 

the distributions of glucose uptake by SO2 level did allow for differentiation between 

these two groups. Multiple in vivo studies by our lab and others have shown concordant 

evidence in support of the Warburg effect in 4T1 [16, 122]. The increase in glucose 

uptake in 4T1 tumors that we observed agreed with our metabolomics data, which 

showed increased presence of glycolytic intermediates in 4T1; however, the large 

intragroup variation obscured statistical differences in these endpoints between the 

tumor subtypes. There may be several reasons for the apparent differences between 

imaging and metabolomics. We saw that parsing imaging data by SO2 was necessary to 

distinguish the three tumor groups. Since metabolomics data does not directly report on 

the oxygen status of tumors, we cannot rule out differences in oxygenation across 

tumors. Also, according to our protocol, animals were fasted prior to imaging but not 

before euthanasia and tissue harvesting for metabolomics. Further, a previous study 
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showed that at large tumor volumes (>400 mm3) 4T1 had increased necrosis that caused 

lactate production to appear decreased relative to 67NR [69]. Our metabolomics analysis 

was performed on day 21 flank tumors (mean volume ≈ 1100 mm3), which were even 

larger for 4T1 than the other groups. Both NAD+ and NADH were quite low in 4T1, 

which could be a sign of decreased tissue viability in 4T1 compared to 67NR or 4T07 

tumors. 

Previous work has highlighted the peritumoral area (PA) as the site of intensive 

angiogenesis in human head and neck cancers [123], and fibroblasts from the PA have 

been shown to promote phenotypic changes in tumor cells [125]. Assessing the PA of 

each tumor group in our study revealed that abnormal vascular features indeed 

extended well beyond the tumor boundary. Key features we observed included 

increased vessel diameter and decreased vessel length, comparable to features our group 

in observed during spontaneous carcinogenesis in a hamster cheek pouch model [130]. 

One notable difference was the increased vessel fraction that we observed, likely 

because the tumors in our study were angiogenic, yet too small to have developed 

avascular or necrotic areas [69]. Interestingly, vessels in the 4T1 PAs were even more 

abnormal than in the corresponding subject-matched tumors. 

Abnormal vascular features in the PAs prompted further comparison of 

metabolism in the PA and tumor areas, since angiogenesis has been shown to recruit 

cancer associated fibroblasts [124]. It was recently hypothesized that tumors act 
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symbiotically with such fibroblasts to compartmentalize metabolism and decrease 

competition for resources [120]. In the so-called “reverse Warburg effect”, glycolytic 

stromal cells excrete lactate, and this microenvironmental “waste” is taken in by cancer 

cells and used to fuel OXPHOS [131]. The RWE has been observed in both the primary 

tumor and lymph node metastases of metastatic breast cancer [132], and increased 

glycolytic markers in the tumor microenvironment predicted for poor patient survival in 

clinical breast cancer [133]. We observed increased metabolic compartmentalization 

consistent with the RWE in metastatic 4T1 tumors, since glucose uptake was increased in 

the PA and MMP was increased in the tumor. 

We sought to test the hypothesis that the RWE in 4T1 tumors would allow them 

to maintain mitochondrial activity during acute hypoxia, since a glycolytic PA could 

provide fuel for OXPHOS while decreasing competition for oxygen. Surprisingly, MMP 

was not only maintained, but actually increased in 4T1 tumors during an hour of forced 

hypoxia without significant change in the steep metabolic gradients between the PA and 

the tumor (not shown). MMP decreased in all other groups over the same period. 

Importantly, monitoring changes in SO2 and glucose during the hypoxic perturbation 

gave crucial context for interpreting the changes in MMP. In groups that had increased 

glucose uptake and decreased MMP during hypoxia (N.T., 67NR, and 4T07) decreases in 

SO2 were not significant, suggesting diminished oxygen consumption. On the other 

hand, the increase in MMP in 4T1 correlated with a drastic and significant decrease in 
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SO2, consistent with increased oxygen consumption. Correlation between increased 

MMP and respiration has been seen during hypoxia in cell studies [30]. If there was no 

indication of oxygen consumption in our study as reflected by SO2,  a transient increase 

in MMP could have indicated reverse proton-pumping which has been seen in the 

progression toward hypoxia-induced necrosis in colorectal cancer cells [134]. This 

underscores the importance of measuring multiple metabolic endpoints, as well as 

concomitant changes in SO2, for appropriate interpretation of metabolic behavior. 

Our finding of a unique hypoxic adaptation in 4T1 is consistent with a previous 

study that showed a loss of Bnip-3 protein expression in 4T1 cells, which enabled them 

to escape hypoxia-induced apoptosis [66]. Whereas cleaved caspase-3 (suggestive of 

apoptosis) increased after 6 hours of hypoxia in 67NR and 4T07 tumors, it decreased in 

4T1 tumors during the same time period. Since Bnip-3 can impair respiration and cause 

a loss of MMP [135], there may be a link between downregulated BNIP3 in 4T1 and 

maintenance of hypoxic mitochondrial function. A recent study found increased 

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 

expression in 4T1 cells exposed to hypoxia, and saw that PGC-1α was responsible for 

increased mitochondrial biogenesis and metabolism [136]. Optical imaging of the redox 

ratio of endogenous FAD and NADH fluorescence also detected increased 

mitochondrial metabolism in 4T1 cells after exposure to hypoxia and increased 

glycolysis in the 67NR cells, consistent with our results shown in Fig. 4 [68].  
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Distinct mitochondrial responses to hypoxia were also recently seen in a panel of 

hepatocellular carcinomas and primary hepatocytes, where particularly aggressive 

cancer cells, but not primary cells, showed an increase in MMP and oxidative enzymes 

during hypoxia [30]. In that study, however, aggressive tumors also showed stark 

hypoxia-induced increase in glycolytic enzymes. Other studies have shown that 

glutamine, and not glucose, is the major carbon source for OXPHOS-driven ATP 

production in cancer cells even during hypoxia [137]. Interestingly, an in vitro study 

showed that succinate dehydrogenase expression increased in 4T1 during hypoxia, but 

only when glutamine was available [16] This finding, along with our observation that 

4T1 tumors increased MMP yet decreased glucose uptake during hypoxia, may point to 

glutamine as an alternate fuel for mitochondrial metabolism during hypoxia in vivo, 

contrary to in vitro 4T1 behavior that was strongly glycolytic during hypoxia [16]. 

Regarding our technique, the following cautions should be considered. First, the 

use of an athymic nude mouse model cannot fully replicate the tumor 

microenvironment seen in an immune competent host. For this preliminary study, 

athymic mice were chosen so that we could phenotype a more homogeneous tumor cell 

population without confounding immune factors, while maintaining the presence of 

peri-tumoral fibroblasts [124]. Next, optical imaging represents an inherent trade-off 

between resolution and penetration depth, limiting our high-resolution technique to 

surface tumor models such as the dorsal window chamber. The window chamber has 
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proven an invaluable platform for studying metabolism and angiogenesis in vivo, and 

tumors grown in this model develop hypoxia [65] and interact with the existing host 

vasculature [138]. Further, our characterization in this study showed that the 

peritumoral area was characterized by angiogenesis and hypermetabolism, features, 

which have been seen in ex vivo studies of patient tumors [123, 133]. Lastly, for this study 

it was necessary to image endpoints in separate cohorts of mice to validate our method, 

but future work will focus on the integration of endpoints for holistic imaging on a 

single tumor. We believe that in vivo imaging of glucose uptake, MMP, and vascular 

features will prove useful as a complementary new technique for the study of tumor 

metabolism.  
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4. AIM 3: Development of a combined delivery strategy 
for simultaneous imaging of 2-NBDG and TMRE 

4.1 Preface 

Until this point, we have independently optimized 2-NBDG and TMRE for 

measurement of glucose uptake and mitochondrial membrane potential, respectively. 

However, we have yet to demonstrate simultaneous imaging of both glucose uptake by 

2-NBDG and mitochondrial membrane potential by TMRE, which is essential to assess 

the interplay of key metabolic functional endpoints in vivo. 

4.2 Introduction 

Rationale for combined imaging of glucose uptake and mitochondrial membrane 

potential is given by the commonly used Seahorse extracellular flux assay [33], which 

quantifies oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). 

Measuring these two endpoints simultaneously allows more accurate identification of a 

tumor’s phenotype, since one endpoint alone may be misleading about a tumor’s overall 

metabolic demand.  

Measuring both parameters on the same tissue site at the same time is an 

absolute necessity, since there is ample evidence for metabolic heterogeneity in tumors 

[139], both across animals and spatially within a single tumor [122]. Further, metabolic 

parameters may vary temporally in response to environmental fluctuations such as 

cycling hypoxia [140] or availability of certain nutrients.  It has been observed, for 

example, that the tumor cells which utilize glycolysis preferentially can switch from 
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aerobic glycolysis to OXPHOS under glucose-limited conditions [141]. Conversely, 

oxidative tumor cells can increase glycolysis when confronted with hypoxia [49].  Using 

separate cohorts of mice, or even imaging separate parameters in the same mouse at 

different times, may therefore lead to incorrect conclusions about metabolic behavior of 

a tumor type.  

We therefore proposed to optimize simultaneous imaging of glucose uptake (2-

NBDG) and mitochondrial membrane potential (TMRE) to integrate the work performed 

in Aims 1 and 2. However, there are a few key features of the hyperspectral microscope 

used in the previous aims [63, 122] that would prevent its use for diverse applications. 

First, the hyperspectral imaging system uses transmission imaging to acquire functional 

and structural vascular information, limiting the technique to thin samples such as the 

dorsal window chamber. Additionally, the broadband source of the hyperspectral 

imaging system prevents specific excitation of each fluorophore, making simultaneous 

imaging of endpoints challenging. 

To address these shortcomings, we proposed to optimize a combined 2-NBDG 

and TMRE imaging strategy on a high-resolution combined Structured Illumination 

Microscope [35] and Dark Field Microscope [62] (SIM-DFM) system that enables 

vascular imaging in reflectance mode and has laser sources specifically chosen for 

excitation of 2-NBDG and TMRE. The microscope has a field of view of 2.1 mm × 1.6 mm 

with a resolution of 2.2 μm, allowing for detailed interrogation of relatively large tumor 
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regions. An additional property of the SIM-DFM is the ability to effectively reject 

background fluorescence from samples [35], enabling clear visualization of thick of 

samples with cellular resolution.  

In a range of models, we investigated possible sources of “cross-talk” that would 

prevent simultaneous imaging of TMRE and 2-NBDG: 1. Chemical cross-talk, 2. Optical 

cross-talk, 3. Biological cross-talk. We demonstrate in phantom experiments that there is 

no apparent chemical nor optical interaction between the two fluorophores. 

Conveniently, 2-NBDG can be excited with a 488 nm crystal laser with no detectable 

emission contribution from TMRE at 545 nm. Similarly, TMRE can be excited with a 555 

nm laser with no detectable emission from 2-NBDG at 585 nm. 

A preclinical study in nude mice surprisingly demonstrated that there was 

strong “biological” cross talk between 2-NBDG and TMRE; particularly, simultaneous 

injection of TMRE and 2-NBDG attenuated the fluorescence of TMRE significantly. 

Sequential injection of TMRE followed by 2-NBDG with a delay as short as one minute 

eliminated this biological crosstalk and enabled visualization of both endpoints in one 

experiment. This toolbox is ready to be coupled with vascular imaging to enable 

important studies to characterize tumor metabolic plasticity in vivo, particularly in the 

context of therapy resistance, dormancy and recurrence. 
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4.3 Materials and Methods  

4.3.1 Structured illumination fluorescence microscope system 

The fluorescence microscope system was modified from an optical setup that 

was originally built by our lab for high resolution imaging of breast cancer morphology 

in ex vivo samples [35]. To ensure that sufficient fluorescence signal could be captured 

from animals during in vivo trials, more powerful laser sources and a high sensitivity 

charge-coupled device (CCD) camera were applied in our modified SIM system as 

shown in Figure 18. In the illumination channel, a 488 nm crystal laser (DL488-100-O, 

Crystal laser, Reno, NV. USA) and a 555 nm crystal laser (CL555-100-O, Crystal laser, 

Reno, NV. USA) were added to excite 2-NBDG and TMRE, respectively. The rest of the 

optical components were kept consistent with our previously reported SIM system to 

maintain similar resolution and field of view.  A 505 nm long pass dichroic mirror 

(DMLP505R, Thorlab, USA) and a 573 nm long pass dichroic mirror (FF573-Di01-25x36, 

Semrock, Rochester, New York, USA) were placed in the beam splitter wheel for 2-

NBDG and TMRE imaging, respectively.   

The key capability in the fluorescence system is a shared collection channel that 

enables spectral imaging. The channel includes a Liquid Crystal Tunable Filter (LCTF, 

VariSpec VIS-7-35, PerkinElmer, Inc. Waltham, MA, USA) covering filters from 400 nm 

to 700 nm, a tube lens and a sensitive CCD camera (ORCA flash-4.0, Hamamatsu, Japan) 
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for spectral imaging.  The LCTF has an aperture size of 35 mm in diameter and a 

bandpass of 7 nm for each individual filter.  

The single frame field of view (FOV) and lateral resolution were measured using 

a 1951 USAF resolution target. The smallest element on the target (group 7, element 6), 

was clearly resolved, corresponding to a lateral resolution of 2.2 µm, as shown in Figure 

18. The single frame FOV was measured to be 2.1 mm ×1.6 mm. The entire system was 

controlled via custom designed Labview software, thus enabling automatic and rapid 

spectral imaging.   

 

Figure 18.  Schematic of the fluorescence spectral imaging system with 

millimeter-scale field of view and cellular level resolution (~2.2 μm).  BX: beam 

expander; BS-Beam splitter; DBS: Dichroic beam splitter; LCTF: liquid crystal tunable 
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filter; CM: custom designed mirror; OBJ: Objective lens; P: polarizer; RL: Relay lens; 

SF: Spatial filter; SLM: Spatial light modulator; TL: Tube lens. 

4.3.2 Tissue mimicking phantom imaging 

Tissue-mimicking phantoms were prepared with various concentrations of 2-

NBDG or TMRE. A set of combo fluorescence phantoms containing both 2-NBDG and 

TMRE were also prepared to investigate the potential optical crosstalk of the 

fluorophores. The reduced scattering level for all fluorescence phantoms was set at μs’ = 

10 cm-1 to represent the murine window chamber tissue scattering based on previous 

published reports [142, 143]. Polystyrene spheres (07310, Polysciences, Warrington, 

Pennsylvania) were used in all phantoms to mimic tissue scattering. No absorbers were 

added in the fluorescence phantoms, since window chamber tissue absorption 

(segregated from the vascular compartment) is considered to be negligible [142, 143].  DI 

water was used to mix the scattering beads and the fluorophores for the liquid 

fluorescence phantoms.  

The first set of phantoms (fluorescence phantom set A) was imaged on the 

established hyperspectral imaging system with the same imaging settings that were 

used for all of our previous in vivo imaging studies [122]. Excitation/collection 

wavelengths were 540nm/590nm for TMRE and 470nm/525nm for 2-NBDG. The goal of 

this phantom experiment was to estimate the 2-NBDG and TMRE concentrations present 

in vivo in dorsal window chambers at 60 minutes after tail vein injection, the timepoint 

previously determined to report on metabolic demand. To allow for accurate calculation 
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of in vivo fluorophore concentrations, the phantom images from Set A were calibrated 

using the same protocol used for animal imaging. In brief, images were background-

subtracted and calibrated with a rhodamine B standard to account for variations in lamp 

intensity and integration time. The 2-NBDG and TMRE concentrations in phantom set A 

are summarized in Table 1. 

Table 1. 2-NBDG and TMRE concentrations in fluorescence phantom set A 

Set A1 2-NBDG only 

2-NBDG (μM) 0 10 25 50 

Set A2 TMRE only  

TMRE (nM) 0 50 100 200 

 

A second set of phantoms (fluorescence phantom set B) was used to test the 

spectral imaging capability of our structured illumination fluorescence microscope 

system, and to identify optical cross-talk between TMRE and 2-NBDG. The 2-NBDG and 

TMRE concentrations were chosen based on the results of phantom set A to represent 

the range of fluorophore concentrations typically seen in normal and tumor window 

chambers. The 2-NBDG and TMRE concentrations in phantom set B are summarized in  

 

 

Table 2.  
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Table 2.  2-NBDG and TMRE concentrations in fluorescence phantom set B 

 

For phantom set B, the 488 nm laser was used to excite 2-NBDG fluorescence 

while the 555 nm laser was used to excite TMRE fluorescence. Uniform illumination was 

used for fluorescence phantom imaging. The 2-NBDG (emission peak around 545 nm) 

fluorescence images were captured from 500 nm to 700 nm with a 5 nm increment. The 

TMRE (emission peak around 585 nm) fluorescence images were acquired from 565 nm 

to 700 nm with a 5 nm increment. The integration time for both TMRE and 2-NBDG 

imaging was set to 500 ms in all phantom studies. Measurements performed on a 

scattering-only phantom containing no fluorophore were used as background correction 

for the fluorescence images prior to data processing. 
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4.3.3 Dorsal skin flap window chamber murine model and imaging 
protocol 

All in vivo experiments were conducted according to a protocol approved by 

Duke University Institutional Animal Care and Use Committee (IACUC). We surgically 

implanted titanium window chambers on the back of female athymic nude mice (nu/nu, 

NCI, Frederic, Maryland) under anesthesia (i.p. administration of ketamine (100 mg/kg) 

and xylazine (10 mg/kg)) using an established procedure [92]. All animals were housed 

in an on-site housing facility with ad libitum access to food and water and standard 12-

hour light/dark cycles. Mice were fasted for 4-6 hours before imaging to minimize 

variance in metabolic demand [64]. Animals were randomly assigned to be imaged with 

one of the imaging protocols as listed in Table 3. Groups 1 and 2 were used as control 

groups, while groups 3, 4 and 5 were designed to evaluate the potential protocols for 

simultaneous imaging of 2-NBDG and TMRE in animals.   

Table 3. Animal imaging protocols 

 

Background fluorescence images of the window chamber were taken before the 

injection of any fluorescent agent. For TMRE imaging, the animals were administered a 

100 μL tail-vein injection of 75 μM TMRE in sterile saline. TMRE fluorescence imaging 
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was performed for 45 minutes with an image captured every 5 minutes.  In the 2-NBDG 

imaging, a 100 μL injection of 6 mM 2-NBDG in sterile saline was administered via tail 

vein. Fluorescence from 2-NBDG was recorded for 60 minutes with a frequency as 

follows: every 2 minutes for the first 10 minutes and then every 5 minutes in next 50 

minutes of imaging. In the combo injection (2-NBDG plus TMRE) imaging, a 100 μL of 6 

mM 2-NBDG plus 75 μM TMRE was administered via tail vein. Fluorescence for both 

TMRE and 2-NBDG was recorded for 60 minutes with a frequency as follows: every 2 

minutes for the first 10 minutes and then every 5 minutes in next 50 minutes of imaging. 

In the sequential injection groups, a 100 μL of 75 μM TMRE was injected first and then a 

100 μL of 6 mM 2-NBDG was injected second with an interval as listed in the Table 3. 

TMRE imaging and the 2-NBDG imaging were performed with the same frequency as 

that used in their control imaging.  

All animals were anesthetized under inhaled isoflurane (1-1.5% v/v) in room air 

during the imaging. Each animal was euthanized after the completion of imaging, 

according to the IACUC protocol. In order to receive sufficient signal, we did not apply 

structured illumination but only uniform illumination in all of the in vivo fluorescence 

imaging. 2-NBDG imaging was performed at its peak, i.e. 545 nm, while TMRE imaging 

was performed at 585 nm respectively. The integration time for all the animal 

fluorescence imaging was set to 5 s.  
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4.3.4 Confocal cell imaging 

Cell imaging was performed on the Duke Light Microscopy Core Facility Zeiss 

780 upright confocal microscope. Cell images were collected in the following channels: 

Green Channel (Excitation: 488 nm, Collection: 495-560 nm) and Red Channel 

(Excitation: 561 nm, Collection: 565-690 nm). Gain and integration time were optimized 

in a previous experiment and kept constant throughout imaging. The imaging was 

repeated 2 times on separate days.  

Each cell plate contained 4T1 cells plated 24 hours prior to the study, and grown 

to ~80% confluence. The control (“unstained”) group was incubated with glucose-free 

media containing no fluorophores and represents autofluorescence. The unstained 

group was imaged after the 30 minute sham incubation. The separate (2-NBDG or 

TMRE) incubation groups were incubated with either 50 nM TMRE or 200mM NBDG for 

30 minutes, followed immediately by imaging. The simultaneous (“Combo”) incubation 

group was incubated with both 50 nM TMRE and 200mM NBDG for 30 minutes and 

then imaged.  

4.3.5 Liquid chromatography- mass spectrometry of fluorophore 
samples 

Three samples were analyzed with LC-MS: 6mM 2-NBDG in PBS, 1mM TMRE in 

PBS, and an equimolar mixture of 1mM TMRE and 1mM 2-NBDG in PBS. The samples 

were run on an Agilent 6310 Ion Trap (Agilent Technologies, Santa Clara, USA) system. 

The system is comprised of an Agilent 1200 Series liquid chromatography unit, an 
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Electrospray Ionization (ESI) interface, an Agilent Ion Trap 6310 mass spectrometer, and 

data acquisition hardware. Samples were analyzed using UV detection with a diode 

array to create UV chromatograms showing intensity vs. time. The Ion Trap was 

operated in scan mode to detect analytes with a mass/charge ratio (m/z) from 200-800. 

Mass spectra for each solution were created as abundance vs. m/z, and mass spectra 

from the individual component systems were compared to those from the combined 

solution to identify the presence of new compounds. 

4.3.6 Data processing  

Prior to any quantitative imaging processing, all the images from either the 

phantom study or the animal study were background subtracted and then calibrated. To 

calibrate the fluorescence data, the fluorescence imaging was multiplied by the ratio of 

the reference spectrum of a standard lamp source (OL 220M, S/N: M-1048, Optronic 

Laboratories, USA) to the lamp spectrum measured using the emission channel of the 

microscope system wavelength by wavelength. Since the phantoms are liquid solutions 

with no structural features, the image plane was assumed to be homogeneous and 

therefore averaged for the data analysis. The average intensities of the fluorescence 

phantom images at all wavelengths were calculated to form a 2-NBDG fluorescence 

spectrum or TMRE fluorescence spectrum.  

Image processing for the animal data was approached differently due to the 

presence of blood vessels.  First, a manually traced blood vessel mask was applied to 
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each set of animal fluorescence images to obscure the blood vessel region. Only the 

tissue regions without blood vessels were analyzed to calculate fluorescence intensity of 

either the TMRE or 2-NBDG. The average intensity value of the non-blood vessel tissue 

regions at each time point was calculated to form a time course kinetic curve for each 

animal. Kinetic curves for all animals within a group were then averaged to obtain a 

mean kinetic curve for each group. Comparison of mean kinetic curves across animal 

groups was performed with a two-way Analysis of Variance (ANOVA) test using the 

MATLAB (Mathworks, USA) statistics toolbox. Comparison of normal and tumor data 

was performed with a two-sided Student’s T-test for unpaired data. R2 and p-values for 

linear fits were obtained with a Pearson’s linear correlation. 

4.4 Results 

4.4.1 TMRE and 2-NBDG do not react to form new chemical species 

Qualitative analysis of LC-MS results confirmed that both 2-NBDG and TMRE 

are present and unchanged in the mixed sample. First, UV chromatography showed 

comparable absorption features in the single-component and mixed samples (not 

shown). Mass spectra for each solution showed that the same m/z peaks were 

maintained in the single-component and mixed samples. Relative abundance peaks 

were seen for 2-NBDG at m/z = 343, 365, and 707. A single peak was seen for TMRE at 

m/z = 415. The primary peaks seen in the mixed solution were similarly seen at m/z = 

343, 365, 415, and 707. 
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Figure 19. Mass spectra of single-component and combined TMRE and 2-

NBDG solutions obtained with Liquid chromatography-mass spectrometry with 

electrospray ionization. Three solutions were tested: A, 6mM 2-NBDG in PBS. B, 

1mM TMRE in PBS. C, 1mM 2-NBDG and 1mM TMRE in PBS. The spectra for the 

combined solution showed that all spectral features from the single-component 

solutions were maintained, without the production of new peaks. 

4.4.2 Determination of in vivo concentration range 

A preliminary study relating measured TMRE or 2-NBDG fluorescence intensity 

to predicted tissue-level concentration is shown in Figure 20. Concentration curves were 

constructed from fluorescence intensity measurements of well-mixed solutions 

containing a known TMRE or 2-NBDG concentration and a known concentration of 

polystyrene scattering beads in DI water. The scattering beads were included to mimic 

light scattering caused by tissue components such as cells, nuclei, and mitochondria, 

which can be affected by processes such as proliferation and cell death [143]. The 

calculated reduced scattering coefficient used for the study was μs’ = 10 cm-1, a value 

previously shown to represent the scattering of murine tumor tissue [143, 144]. The 

samples were imaged with the same microscope system and TMRE fluorescence 

imaging settings as used in our in vivo experiments. Fluorescence signal was calibrated 

with an identical protocol used to correct all in vivo data. Figure 20A shows that 

increasing 2-NBDG concentration linearly correlated with increasing corrected 

fluorescence signal at the typical scattering level (R2 = 0.9522, p<0.02). Figure 20B shows 

that increasing TMRE concentration also linearly correlated with increasing corrected 

fluorescence signal over the range tested (R2 = 0.9966, p<0.002). 
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Figure 20. Fluorescence phantoms of 2-NBDG (A) and TMRE (B) imaged with 

the hyperspectral imaging system (Phantom Set A). Phantoms contained a known 

TMRE or 2-NBDG concentration and a known concentration of polystyrene scattering 

beads in DI water. The calculated reduced scattering coefficient of the phantoms was 

μs’ = 10 cm-1 to mimic mouse tissue. All phantom images were calibrated using the 

same procedure used to calibrate animal images. 

The equation governing the linear fit of the phantoms in Figure 20 was used to 

calculate the predicted tissue-level 2-NBDG and TMRE concentrations from images of 2-

NBDG60 and TMRE60 fluorescence of non-tumor mice injected with the standard doses of 

the compounds (6 mM and 25 μM, respectively). The in vivo fluorescence intensities 

were determined for each group, as shown in Table 4. The mean, minimum, and 

maximum values for each group were then converted to an estimated tissue-level 

concentration using the linear equations in Figure 20. The estimated in vivo 2-NBDG 

concentrations were determined to range from 0.3 μM – 7.3 μM. The estimated in vivo 

TMRE concentrations were determined to range from 3.8 nM – 13.4 nM. These 

concentration ranges were therefore used to create a new phantom set (Phantom Set B) 
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on which to optimize spectral imaging and test for optical cross-talk between 

fluorophores. 

Table 4. Estimated in vivo concentrations of 2-NBDG and TMRE at 60 minutes 

 

4.4.3 Fluorescence phantom study  

4.4.3.1 Single fluorophore phantoms 

Figure 21A-B show typical 2-NBDG (A) and TMRE (B) fluorescence spectra 

extracted from the spectral images that were measured in the phantom sets B1 (2-NBDG 

only) and B2 (TMRE only). The 2-NBDG emission peak and TMRE emission peak were 

found to be 545 nm and 585 nm respectively. A significant linear correlation between 

fluorescence intensity and fluorophore concentration was observed as expected for each 

fluorophore. The relationship between 2-NBDG concentration and fluorescence intensity 

was represented by an excellent linear fit, with an R2 = 0.993 and p-value < 0.003. 

2-NBDG in vivo fluorescence intensity 

 Mean Min Max 

N.T. 96 21 306 

67NR 67 28 120 

4T07 95 49 194 

4T1 229 80 488 

All groups 121.75 21 488 

Estimated conc. (μM) 1.8 0.3 7.3 

    

TMRE in vivo fluorescence intensity 

 Mean Min Max 

N.T. 147 111 188 

67NR 291 229 384 

4T07 239 143 392 

4T1 233 185 301 

All groups 227.5 111 392 

Estimated conc. (nM) 7.8 3.8 13.4 
 



 

94 

Similarly, the linear fit for the relationship between TMRE concentration and 

fluorescence intensity had an R2 = 0.999 and p-value < 0.0001.  

4.4.3.2 Mixed fluorophore phantoms 

Figure 21C-D showed that NBDG fluorescence signal was unchanged by even 

the highest biologically-relevant concentration of TMRE. Similarly, TMRE signal was 

unchanged by addition of 2-NBDG. For 2-NBDG, addition of the TMRE caused the 

measured fluorescence intensity to vary by less than 5% compared to 2-NBDG alone; the 

same negligible effect was seen for addition of 2-NBDG to the TMRE phantoms. This 

phantom study showed that there is negligible optical crosstalk between the TMRE and 

2-NBDG signals over the range of biologically-relevant concentrations that were tested. 
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Figure 21. Single and mixed fluorophore phantom results (Phantom Set B). (a) 

2-NBDG spectra showed an emission peak of 545 nm and peak intensity increased 

linearly with concentration; (b) TMRE spectra showed an emission peak of 585 nm 

and peak intensity increased linearly with concentration; (c) 2-NBDG intensity was 

not affected by the presence of TMRE; (d) TMRE intensity was not affected by the 

presence of 2-NBDG. The reduced scattering coefficient in all phantoms was 10 cm-1. 

4.4.4 Combined incubation of fluorophores in vitro suggests 
biological cross-talk between 2-NBDG and TMRE uptake 

As shown in Figure 22, 4T1 cells were incubated with PBS only (unstained), 2-

NBDG, TMRE, or a combination of 2-NBDG and TMRE at concentrations equal to the 

separate 2-NBDG or TMRE groups. Each incubation lasted for a total of 30 minutes. 

Again, we saw that optical cross-talk was negligible, since TMRE contributed no 
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fluorescence to the green channel, and 2-NBDG contributed no fluorescence to the red 

channel. The addition of TMRE did not affect 2-NBDG signal, since the 2-NBDG group 

and the Combo group did not have significantly different green channel fluorescence 

intensities. However, the combination incubation caused TMRE uptake to decrease 

significantly, since the red channel signal was significantly decreased in the Combo 

group relative to the TMRE group. This study confirmed the finding of the phantom 

study that there was no optical cross-talk, however, some biological cross-talk was 

suggested. 

 

Figure 22. In vitro imaging suggests biological cross-talk between TMRE and 

2-NBDG. A, Collected fluorescence intensity in the green channel. Only 2-NBDG 

contributed to green channel signal, since the TMRE-treated plates were not 

significantly brighter than the unstained plates. The combination incubation did not 

have a significant effect on 2-NBDG intensity. B, Collected fluorescence intensity in 

the red channel. Only TMRE contributed to red channel signal, since the 2-NBDG-

treated plates were not significantly brighter than the unstained plates. The 

combination caused a significant decrease in TMRE intensity. 

4.4.5 Imaging of TMRE and 2-NBDG in animals with different injection 
protocols 

Both TMRE and 2-NBDG were imaged with a series of injection protocols that 

were shown in Table 3. These groups sought to recapitulate the results of in vitro 
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imaging that showed a significant effect of combination incubation on TMRE uptake. 

Further, we proposed to avoid the biological cross-talk seen in vitro by staggering the 

injection of 2-NBDG to follow the injection of TMRE. Figure 23 shows typical results of 

2-NBDG imaging in animals with each injection protocol. The panel shows that 2-NBDG 

fluorescence was minimally attenuated by the presence of TMRE when the TMRE and 2-

NBDG were injected simultaneously, an effect not seen in vitro. If a sequential injection 

was used, 2-NBDG fluorescence uptake was restored to the level of that expected when 

2-NBDG was administered alone (i.e. “control” imaging). 

 

Figure 23. 2-NBDG animal imaging with different injection protocols. Animal 

imaging demonstrated that there was biological cross-talk between 2-NBDG and 

TMRE. Simultaneously injecting TMRE and 2-NBDG attenuated the fluorescence of 

2-NBDG (Combo vs. 2-NBDG only (control)). Sequential injection of TMRE followed 

by 2-NBDG minimized the crosstalk (Control vs. 1-5 min delay or 10-15 min delay).   

Figure 24 shows typical results of TMRE imaging in animals with each injection 

protocol. The images indicate that TMRE fluorescence was significantly attenuated by 
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the presence of 2-NBDG when the TMRE and 2-NBDG were injected simultaneously. 

However, when sequential injection was used, the TMRE fluorescence closely 

recapitulated the results that would be expected if TMRE were administered alone (i.e. 

“control” imaging). 

 

Figure 24. TMRE animal imaging with different injection protocols. Animal 

imaging demonstrated that there was a strong biological effect of 2-NBDG on TMRE. 

Simultaneously injecting TMRE and 2-NBDG attenuated the fluorescence of TMRE 

(Combo vs. TMRE only (control)). Sequential injection of TMRE followed by 2-

NBDG minimized the cross-talk to restore signal (Combo vs. 1-5 min delay or 10-15 

min delay). 

Images from each group were analyzed as described and used to create kinetic 

curves as shown in Figure 25. Figure 25A clearly demonstrates that the combination 

injection of TMRE + 2-NBDG caused a significant decrease in 2-NBDG uptake (p<0.05 for 

TMRE+NBDG vs. 2-NBDG or Delay: 10-15 mins). When the delay between TMRE and 2-

NBDG injection was longer than 10 minutes, the kinetic curves of 2-NBDG were similar 
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to that when 2-NBDG was administered alone (p= NS for NBDG vs. Delay: 10-15 mins). 

Though the short delay (1- 5 minutes) between the two injections yielded different initial 

NBDG kinetics, the final 2-NBDG intensity was comparable to that when 2-NBDG was 

administered alone and the curves were not statistically distinguishable (p= NS for 

NBDG vs. Delay: 1-5 mins). 

Figure 25B demonstrates that TMRE fluorescence was significantly attenuated by 

the presence of 2-NBDG when the two were injected simultaneously (p<0.05 for 

TMRE+NBDG vs. all other conditions). However, a sequential injection of TMRE 

followed by 2-NBDG minimizes crosstalk (p = NS for TMRE, Delay: 1-5 mins, Delay: 10-

15 mins). The benefit of this sequential approach is that even when 2-NBDG is 

administered after a 10-15minute delay, both endpoints can be simultaneously imaged 

over the remaining time course and the same time point (60 minutes after 2-NBDG 

injection) can be used to quantify 2-NBDG and TMRE fluorescence, since TMRE 

fluorescence has been shown to be stable over that period [145].  
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Figure 25. In vivo imaging of 2-NBDG and TMRE uptake in dorsal window 

chambers to optimize the fluorophore injection protocol. A, Curves show the uptake 

kinetics of 2-NBDG in normal windows after animals received one of four distinct 

injection types. B, Curves show the uptake kinetics of 2-NBDG in normal windows 

after animals received one of four distinct injection types. Injection types used were 

single-component (NBDG or TMRE, cyan line), simultaneous (TMRE+NBDG, red 

line), TMRE followed by 2-NBDG with a short delay (Delay:1-5 mins, blue line), or 

TMRE followed by 2-NBDG with a long delay (Delay:10-15 mins, black line). n = 4-6 

mice/ group. 

4.4.6 Demonstration of sequential imaging in normal windows during 
hypoxia 

The sequential imaging protocol with the 10-15 minute delay was used in a small 

cohort of normal windows during hypoxia for comparison to normal tissue at baseline 

(normoxia). Figure 26A shows representative images of 2-NBDG uptake (2-NBDG60) and 

TMRE uptake (TMRE45) during normoxic and hypoxic conditions. Figure 26B shows that 

2-NBDG60 increased in N.T. windows during hypoxia (p<0.09). Further, Figure 26C 

shows that TMRE45 decreased in N.T. windows during hypoxia (p<0.09). These results 

are consistent with the trends seen in N.T. tissue during hypoxic perturbation in Aim 2. 
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Figure 26. Imaging of non-tumor (N.T.) windows during hypoxia with the 

sequential imaging (10-15 min delay) protocol. A. Representative images of 2-NBDG 

uptake and TMRE uptake in a N.T. window during normoxia (left) and hypoxia 

(right). B. 2-NBDG60 increased during hypoxia in N.T. windows. C. TMRE45 decreased 

during hypoxia in N.T. windows. n=4-5, as shown by group name. 

4.4.7 Demonstration of sequential imaging in 4T1 tumors 

Finally, we tested the sequential imaging protocol with the 10-15 minute delay in 

a small cohort of 4T1 tumors for comparison to normal tissue. 2-NBDG uptake curves 

for N.T. and 4T1 are shown in Figure 27A. 4T1 had a later delivery peak and overall 

increased uptake of 2-NBDG. Figure 27B shows uptake curves for TMRE in N.T. and 4T1 

groups. TMRE was consistently decreased for 4T1 at all timepoints. Delivery-corrected 

2-NBDG uptake (2-NBDG60/RD) was calculated for both groups as shown in Figure 27C, 

and 2-NBDG60/RD was significantly increasd in 4T1 tumors (p<0.05). In Figure 27D, 

TMRE uptake was comparable across groups (p = NS). Calculating the ratio of 2-NBDG 

uptake to TMRE uptake [(2-NBDG60/RD)/TMRE45 x 1000] in Figure 27E further reduced 
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intra-group variation and allowed for easy identification of normal and tumor groups 

(p<0.002). 

 

Figure 27. Imaging of 4T1 tumors and non-tumor (N.T.) windows with the 

sequential imaging (10-15 min delay) protocol. A, 2-NBDG uptake kinetics. B, TMRE 

uptake kinetics. C, Delivery-corrected 2-NBDG uptake (2-NBDG60/RD) is increased in 

4T1 vs. N.T. D, TMRE uptake (TMRE45) is comparable between groups. E, The ratio of 

delivery-corrected 2-NBDG uptake to TMRE uptake reduces intragroup variation and 

allows for easy identification of N.T. vs. 4T1 groups.  n = 5 mice (N.T.) and 2 mice 

(4T1).  

4.5 Discussion 

The ultimate goal of this aim was an optimized strategy for simultaneous in vivo 

high resolution imaging of 2-NBDG and TMRE on the same tissue site to capture both 

glucose uptake and mitochondrial membrane potential. Toward this goal, we 
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investigated three sources of possible “cross-talk” that could prevent accurate 

simultaneous quantification of the fluorophores: chemical cross-talk, optical cross-talk, 

and biological cross-talk. Through a series of experiments, we were able to address each 

source of cross-talk and enable simultaneous imaging of glucose uptake and MMP in 

normal window chambers. However, further work is needed to extend the method to 

tumors, which have unique in vivo delivery considerations.  

There are several approaches for epi-fluorescence imaging of multiple 

fluorophores [146]. Most employ a series of filters in both the excitation and emission 

paths to allow for sequential excitation and collection of one fluorophore at a time. 

Alternatively, if the fluorophores have overlapping excitation spectra, they can be 

simultaneously excited with the same light source, and spectral unmixing can be used to 

separate the combined emission spectrum into its component parts. Given that the 

excitation and emission properties are quite distinct for 2-NBDG and TMRE, we 

proposed that 2-NBDG could be excited with a 488 nm laser and TMRE could be excited 

with a 555 nm laser, each without signal contribution from the other compound. By 

employing an LCTF, we could automate collection of a distinct, narrow wavelength 

band for each fluorophore without the need for an expensive color camera used by other 

techniques [146]. 

Previously, a phantom study performed by our group indicated that the 

presence of 2-NBDG did minimally affect the extracted concentration of rhodamine 
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[144], a fluorophore closely matched in properties to TMRE. Specifically, 2-NBDG 

fluorescence was absorbed by rhodamine, causing the estimated rhodamine 

concentration to exceed the actual rhodamine concentration of the phantom. However, 

the phantom study did not use biologically relevant proportions of the fluorophores, 

since it was performed before our group had used TMRE in vivo to estimate the range of 

actual tissue concentrations. Here, we first determined the range of actual tissue 

concentrations (Figure 20), and used those to create a set of phantoms. At the relevant 

concentrations used in our phantom study, the presence of 2-NBDG did not have an 

additive effect on the TMRE signal as previously seen. Further, we confirmed that TMRE 

was used in non-quenching mode due to the low concentrations that reach the tissue, so 

an increase in fluorescence could be interpreted as an increase in dye accumulation [58].  

A preclinical study in non-tumor dorsal window chambers demonstrated that 

there was strong biological cross-talk between 2-NBDG and TMRE when both 

fluorophores were injected simultaneously. Specifically, the presence of 2-NBDG 

prevented full uptake of TMRE. A similar effect was seen in vitro when cells were 

incubated with media containing both TMRE and 2-NBDG. Delaying the 2-NBDG 

injection by as little as 1 minute restored the final uptake of both fluorophores to the 

magnitude seen in the separate injections; however, the kinetics were still altered. 

Sequential injection of TMRE followed by 2-NBDG with approximately a 10 minute 

delay minimized cross-talk by restoring both the original uptake and kinetics, and 
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enabled near simultaneous high-resolution imaging of TMRE and 2-NBDG in living 

animals.  

Previous studies have seen a range of interactions that can occur when multiple 

drugs are given simultaneously [147-149], thus changing their kinetics or preventing full 

accumulation of the compounds. We investigated the possibility of chemical cross-

reaction by analyzing single-component and mixed solutions of 2-NBDG and TMRE 

with LC-MS. Analysis of LC-MS results confirmed that both 2-NBDG and TMRE are 

present and unchanged in the mixed sample, excluding the possibility of a chemical 

reaction that formed a new chemical species. 

There could also be effects on the cellular level that caused changes in 

fluorophore uptake. TMRE at high doses has previously been shown to have an 

inhibitory effect on respiration [58]. This could cause a compensatory increase in 

glycolysis, though 2-NBDG uptake did not increase in the presence of TMRE. Further, 

the TMRE concentrations that reach the tissue are much lower than those previously 

seen to cause electron transport chain inhibition [58], making this scenario unlikely. On 

the other hand, 2-NBDG can serve to inhibit glycolysis by competing with glucose [82], 

which could result in an increase in OXPHOS. In this case, we would likely expect 

TMRE uptake to increase, which was not seen. We also previously showed that multiple 

days of 2-NBDG imaging did not cause an order effect [122, 150]. We hypothesize that 

the simultaneous injection of the two compounds in a highly concentrated solution 



 

106 

instead causes a change in the clearance kinetics of the compounds, which has been seen 

in previous drug-drug interactions [151]. Since the injected concentration of TMRE (75 

μm) is so much lower than the injected concentration of 2-NBDG (6 mM), it not 

surprising that the effect of the simultaneous injection on TMRE was more noticeable 

than the effect on 2-NBDG. Nevertheless, staggering the delivery of the 2-NBDG and 

TMRE with a sequential injection protocol prevented the alterations in uptake kinetics of 

either compound. 

To validate that our sequential imaging protocol was appropriate for use during 

metabolic perturbations, we imaged a subset of N.T. window chambers during hypoxia 

with the 10-15 minute injection delay. During hypoxia, we expected to see an increase in 

2-NBDG uptake and a decrease in TMRE uptake in N.T. windows. These results were 

previously seen in Aim 2, when metabolic endpoints were imaged with the 

hyperspectral imaging system during both normoxia and hypoxia (Figure 15). Here, we 

indeed saw that during hypoxia, 2-NBDG60 increased and TMRE45 decreased in mice 

subjected to hypoxia compared to the baseline group. We concluded that our sequential 

injection protocol was appropriate for use in normal tissue during metabolic 

perturbations.  

We next demonstrated the optimized sequential injection protocol on two 

window chambers bearing 4T1 tumors. As shown in Aim 2 (Figure 12), TMRE uptake 

was significantly increased in 4T1 tumors relative to N.T. tissue. We were therefore 
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surprised to see that TMRE uptake in 4T1 was comparable to that of N.T. tissue in the 

current study. The primary difference between the present study and the study in Aim 2 

is the fluorophore delivery strategy. In Aim 2, 2-NBDG and TMRE were imaged on 

separate cohorts of animals. Though both N.T. and tumors had a stable window for 

TMRE measurement from 40-75 minutes, the initial delivery rate of TMRE was slower in 

tumors than the normal control windows (see Figure 11). This was consistent with 2-

NBDG results we obtained in Aim 1, where 4T1 tumors had lower RD (rate of delivery of 

2-NBDG) than 4T07 tumors or normal tissue. The lower RD corresponded to a longer 2-

NBDG delivery time-to-max rather, indicating impeded delivery (mean Tmax,4T1 = 10.88 

min,  mean Tmax,4T07=7.20 min, mean Tmax,norm =4.42 min). This was not surprising, since 

tumors often have impeded delivery of nutrients due to the immature and tortuous 

vessels created by angiogenesis [96].  

Alternatively, in the present study, we used a sequential delivery strategy 

(TMRE injection followed by 2-NBDG injection with a 10 minute delay), which was 

optimized using a cohort of normal animals. In normal animals, introducing a 10 minute 

delay between TMRE and 2-NBDG dosing was sufficient to recapitulate separate 

delivery of 2-NBDG or TMRE. At 10 minutes post-injection, TMRE uptake has already 

begun to plateau in normal tissues (Figure 25). However, this may not be the case in the 

4T1 tumors which we observed in the previous aims to have impeded delivery, 

consistent with published findings in other tumor types [96, 114]. Further study is 
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needed to determine the optimal delivery strategy for tumors. Specifically, we 

hypothesize that introducing a longer delay between injections would allow for TMRE 

to equilibrate at the tissue before introducing 2-NBDG, allowing us to better recapitulate 

the tumor metabolic phenotypes that we saw in Aim 2. 

A technical consideration is that the current study does not utilize the SIM 

capability of the microscope due to the limited power of the current light source to 

image TMRE or 2-NBDG at biologically relevant concentrations in window chamber 

models. Thus, an important future goal will be to refine the system to enable SIM 

spectral microscopy such that spectra and sectioned images can be obtained 

simultaneously. Employing the SIM capability of the system will allow for improved 

contrast and better visualization of sub-cellular features by rejecting background signal 

[35], which would enhance our capability to visualize heterogeneity in the tumor and 

microenvironment. 

In summary, we demonstrated that simultaneous imaging of 2-NBDG and TMRE 

can be achieved by using a sequential injection protocol of TMRE followed by 2-NBDG. 

The method will now be further optimized for use in tumors, and can be easily 

incorporated with validated vascular endpoints to more fully report on metabolic 

phenotype. Future work will focus on utilizing our method to investigate the metabolic 

changes that accompany response to novel targeted therapies, and to study the 

metabolic plasticity of breast tumors that escape therapy and enter into dormancy. 
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5. Conclusions and Future Directions 

5.1 Conclusions 

The overarching goal of this work was the development of a high-resolution 

intravital imaging technique capable of measuring key metabolic and vascular 

endpoints in a pre-clinical cancer model. The interest in a tool to measure cancer 

metabolic endpoints is demonstrated by the extreme popularity of the Seahorse 

Extracellular Flux analyzer, which measures oxygen consumption rate and extracellular 

acidification rate to report on mitochondrial and glycolytic metabolism, respectively 

[33]. Each of these axes of metabolism is well-established to go awry in cancer. 

Upregulated glycolysis regardless of oxygen availability, known as the Warburg effect, 

is the most commonly studied metabolic characteristic of cancer and has been shown to 

relate to poor therapeutic outcomes including resistance to chemotherapy [12] and 

radiation [9]. More recently, mitochondrial metabolism and MMP have been correlated 

with poor outcomes in cancer, particularly if the cells are able to maintain mitochondrial 

function during hypoxia [30]. Even cancers arising from the same organ site can rely on 

glycolysis and mitochondrial metabolism in vastly different proportions [13], 

highlighting the need to obtain both endpoints. 

The key innovation of our optical imaging technique compared to the Seahorse 

analyzer and other technologies is the ability to perform high-resolution repeated 

metabolic measurements in the context of a living tumor microenvironment that 
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includes highly aberrant vasculature and fibroblasts. Cancer-associated vasculature can 

profoundly affect the delivery of nutrients including oxygen [140]. Fluctuations in 

oxygenation availability can in turn promote a glycolytic or adaptable metabolic 

phenotype that promotes poor outcome. Fibroblasts in the microenvironment have also 

been well-characterized to work in concert with cancer cells to promote cancer cell 

proliferation and metastasis [152]. It is therefore imperative to observe a tumor’s 

metabolic behavior in the presence of a functioning microenvironment.  

We believe that a tool that can be used to image key metabolic and vascular 

endpoints in vivo would enable unprecedented studies of cancer metabolism. To address 

the unmet technological need, this work focused on optimization of an imaging strategy 

to capture glucose uptake and mitochondrial membrane potential endpoints to report on 

the two primary axes of cancer metabolism. Further, we sought to characterize the 

relationship of the metabolic endpoints to the state of the microenvironment in a 

preclinical tumor model to demonstrate the unique capabilities of our technique 

compared to existing technologies. 

The first aim of this dissertation optimized the fluorescent glucose analog 2-

NBDG to report on glucose uptake in vivo in normal and cancerous tissues. Our 

previous work with 2-NBDG established its suitability for reporting on glycolytic 

perturbations in vitro [57] and in vivo [63]. However, we also showed that the uptake of 

2-NBDG was profoundly affected by variations in delivery rate [63] and injected dose 
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[144]. We therefore proposed that normalizing 2-NBDG uptake by a delivery-correction 

factor would provide a more accurate report of tissue glucose demand. Two parameters 

were considered as important to include in the delivery-correction factor: the magnitude 

of peak delivery (to correct for variations in injected dose), and the time to peak delivery 

(to correct for the impairment of vascular delivery, which has previously been seen in 

tumors). 

We showed that the ratio 2-NBDG60/RD served as a delivery-corrected measure of 

glucose uptake in the dorsal skin flap window chamber models containing normal 

tissues and tumors. The delivery correction factor RD was shown to correlate with both 

blood velocity, and was lower in tumors than normal tissue indicating impeded 

delivery. RD also correlated with injected dose, and delivery correction minimized the 

effect of a large increase in the injected dose. Previous studies have seen that 2-NBDG is 

competitively inhibited by the presence of glucose [86]. Here, we similarly saw that 2-

NBDG60/RD showed a significant inverse correlation with blood glucose levels, 

indicating that we were indeed reporting on glucose demand. The ratio was able to 

distinguish specific uptake of 2-NBDG from accumulation of a fluorescent control, 2-

NBDLG, which is identical to 2-NBDG in molecular weight and fluorescent spectrum, 

but is unable to undergo active transport into the cell.  

The endpoint 2-NBDG60/RD was then leveraged to characterize the dependence of 

glucose uptake on vascular oxygenation within two tumor types. Our results showed 



 

112 

that 2-NBDG60/RD was an effective endpoint for comparing in vivo glucose uptake of 

metastatic 4T1 and non-metastatic 4T07 murine mammary adenocarcinomas, since 4T1 

were extremely glycolytic compared to 4T07. The addition of vascular information 

revealed metabolic heterogeneity within the tumors, and showed a mix of Warburgian 

(SO2 independent) and Pasteurian (SO2 dependent) metabolism in 4T1 compared to 

classic Pasteurian metabolism alone in 4T07. 

From Aim 1, we concluded that delivery-corrected 2-NBDG uptake (2-

NBDG60/RD) was an appropriate indicator of glucose demand in both normal and tumor 

tissues. Previous studies have shown that looking at a single metabolic endpoint under a 

single condition may lead to incorrect conclusions about the metabolic phenotype of a 

cell [26]. In our study in Aim 1, for example, 2-NBDG alone could not distinguish 4T07 

tumors from normal tissue. Therefore, in Aim 2, we optimized fluorescent tetramethyl 

rhodamine, ethyl ester (TMRE) for measurement of mitochondrial membrane potential 

(MMP) to complement 2-NBDG measurements. We expected that TMRE would provide 

better contrast between normal and tumors, since hyperpolarized mitochondria are a 

common feature across many cancer types [23, 24]. Further, we perturbed sibling tumor 

lines with hypoxia to more completely observe their metabolic adaptability. 

Using two-photon microscopy, we confirmed that TMRE localizes to 

mitochondrial-sized features in the window chamber when delivered via tail vein, with 

a staining pattern similar to our in vitro results. The kinetics of TMRE uptake were 
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robust across both normal and tumor tissues, with a stable temporal window for 

measurement from 40-75 minutes after injection. We saw that TMRE uptake decreased 

as expected in response to hypoxia in N.T., and in response to chemical inhibition with a 

mitochondrial uncoupler in both N.T. and 4T1 tissue. MMP was increased in all tumor 

types relative to N.T., giving further confirmation that TMRE was reporting on 

mitochondrial activity. 

We leveraged the relationships between the optimized endpoints of MMP (from 

Aim 2), glucose uptake (from Aim 1) and vascular endpoints (Aims 1 and 2) to 

characterize the in vivo metabolic landscapes of three distinct and extensively studied 

murine breast cancer lines: metastatic 4T1 and non-metastatic 67NR and 4T07. Imaging 

the combination of endpoints revealed a classic “Warburg effect” coupled with 

hyperpolarized mitochondria in 4T1; 4T1 maintained vastly increased glucose uptake 

and comparable MMP relative to 4T07 or 67NR across all SO2. We also showed that 

imaging trends were concordant with independent metabolomics analysis, though the 

lack of spatial and vascular data from metabolomics obscured a more detailed 

comparison of the technologies. 

We observed that vascular features in tumor peritumoral areas (PA) were 

equally or more aberrant than vessels in the tumor regions that they neighbored. This 

prompted consideration of the metabolic phenotype of the PA. Cancer-associated 

fibroblasts undergoing high rates of aerobic glycolysis have been previously seen to 
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“partner” with an oxidative tumor compartment to promote progression, coined the 

“Reverse Warburg effect” [120, 152]. Regional metabolic cooperation consistent with the 

Reverse Warburg effect was seen only in 4T1, where MMP was greater in 4T1 tumors 

and glucose uptake was greater in 4T1 PAs.  

Because of their regional metabolic coupling as well as their demonstrated 

capacity for glycolysis and mitochondrial activity, we hypothesized that the 4T1 tumors 

would have an increased ability to maintain robust MMP during hypoxia. 67NR and 

4T07 tumors showed expected shifts toward decreased MMP and increased glucose 

uptake during hypoxia, the same trends seen in N.T. window chambers. Surprisingly, 

4T1 tumors appeared to increase mitochondrial metabolism during hypoxia, since MMP 

increased and SO2 dramatically decreased. Interestingly, glucose uptake and MMP 

changed inversely in each tissue type, further suggesting that these endpoints are 

reporting on glycolysis and mitochondrial metabolism in our study. The key findings of 

Aim 2 were two-fold: 1. TMRE was a suitable marker of mitochondrial membrane 

potential in vivo in normal tissue and tumors, and 2. imaging of multiple metabolic 

endpoints including vascular oxygenation was critical for interpretation of metabolic 

behavior.  

The data in Aim 1 and Aim 2 confirmed that 2-NBDG and TMRE were well 

characterized and optimized for measurement of glucose uptake and mitochondrial 

membrane potential, respectively. However, we had not yet demonstrated simultaneous 
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imaging of both 2-NBDG and TMRE, which is essential to assess the interplay of key 

metabolic functional endpoints in vivo. Our studies and those of other groups have seen 

profound metabolic heterogeneity across tumors of the same cell type as seen in Aim 2, 

and even across regions of a single tumor as seen in Aim 1. Simultaneous quantification 

of the endpoints would therefore help prevent incorrect conclusions stemming from the 

assumption of homogeneity in xenograft models.  

In Aim 3, we enabled simultaneous imaging of 2-NBDG and TMRE by 

addressing multiple sources of potential “cross-talk”: chemical interaction, optical 

overlap, and biological effects. We first used Liquid Chromatography- Mass 

Spectrometry to confirm that the chemical properties of the two fluorophores were 

compatible for simultaneous use, and indeed found that the mixing of equimolar 2-

NBDG and TMRE did not form any new chemical species.  

We also performed a phantom study on the hyperspectral imaging system, used 

for all animal imaging in Aim 1 and Aim 2, to determine the range of approximate 2-

NBDG and TMRE concentrations that appeared at the tissue level in our in vivo studies. 

We then created a new phantom set that spanned the range of in vivo concentrations, 

and imaged them with the reflectance-mode fluorescence imaging system that we 

proposed to use for simultaneous imaging. The phantom experiments gave us two 

important findings. First, we saw that fluorescence intensity increased linearly with 

fluorophore concentration, allowing for accurate quantification of concentration changes 
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between samples. Most importantly, we found that we could prevent optical cross-talk 

by exploiting the optical properties of the fluorophores and our system’s spectral 

detection capability to excite the two fluorophores independently. Specifically, we could 

excite 2-NBDG with a 488nm laser without detectable emission from TMRE, and could 

excite TMRE with a 555nm laser without detectable emission from 2-NBDG.  The optical 

properties of the two fluorophores were then considered compatible for simultaneous 

imaging.  

We next wanted to determine whether biological or delivery interactions would 

affect cellular uptake of the two fluorophores. Surprisingly, both in vitro and in vivo 

imaging suggested that simultaneous dosing of the 2-NBDG and TMRE caused 

significant changes in uptake of both probes. Since TMRE equilibrates rapidly at the 

tissue site, we hypothesized that staggering the injections to allow delivery of TMRE to 

tissue before injecting 2-NBDG would result in full uptake of both fluorophores. Two 

sequential injection protocols were used: in the first group, TMRE was injected first 

followed by injection of 2-NBDG only 1-5 minutes later, and in the second group, TMRE 

was injected first followed by injection of 2-NBDG 10-15 minutes later. Both sequential 

injection strategies were sufficient to restore the final uptake of both fluorophores to that 

seen in the separate TMRE or 2-NBDG imaging groups, though the shorter delay caused 

changes in the initial delivery kinetics.  We concluded that sequential dosing of TMRE 

followed by 2-NBDG with a 10-15 minute delay between injections was therefore an 
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optimal imaging strategy to enable simultaneous quantification of glucose uptake and 

mitochondrial membrane potential in vivo.  

Applying the sequential imaging protocol to 4T1 tumors demonstrated a highly 

glycolytic phenotype compared to the normal animals, consistent with Aim 2 results. 

However, mitochondrial membrane potential was comparable for the normal and tumor 

groups. We saw in Aims 1 and 2 that delivery of both fluorophores was slower in 

tumors than in normal tissue. The next study will test an extended delay between the 

injections to allow more time for TMRE delivery to tumors prior to 2-NBDG injection. 

Overall, the key finding of Aim 3 was that a carefully chosen delivery strategy for 2-

NBDG and TMRE enabled simultaneous imaging of the two endpoints, since chemical 

and optical cross-talk were negligible.  

As a final word of caution, our method requires careful consideration of each 

endpoint both individually and in combination for appropriate interpretation of 

metabolic behavior. Though we observed that 2-NBDG responded as expected to 

glycolytic perturbations, its final uptake is likely influenced by non-specific 

accumulation and vascular permeability effects. The delivery factor derived from 2-

NBDG kinetics help corrects for these non-specific factors, however, in circumstances of 

very poor delivery the factor may over-estimate final glucose demand (as discussed in 

Aim 1). Similarly, large deviations in the injected dose of TMRE may cause differences in 

the final uptake of the probe.  
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Importantly, mitochondrial membrane potential cannot be used as a direct 

surrogate for respiration. Though correlation between increased MMP and respiration 

has been seen in many cases (e.g. [30]), other studies have definitively demonstrated that 

the relationship between MMP and respiration can change in response to various stimuli 

[153]. Mitochondria can also become hyperpolarized when respiration is impaired; 

when ATP synthase is inhibited, mitochondrial membrane potential increases and 

reactive oxygen species are produced [154]. For these reasons, it is advisable to observe 

multiple key endpoints and to use appropriate controls and perturbations to understand 

the complexly-controlled pathways. 

In summary, the results presented here indicate that an optical toolbox of 2-

NBDG, TMRE, and vascular endpoints is well poised to reveal interesting and distinct 

phenotypes in normal tissue and tumors. We have already shown that the relationships 

between 2-NBDG, TMRE, and SO2 vary significantly between breast cancer tumor lines, 

and demonstrated the utility of these endpoints to measure the response to 

perturbations of the tumor microenvironment. Our metabolic imaging toolbox is now 

well-poised for a host of applications in pre-clinical studies of cancer. 



 

119 

5.2 Future Directions: Utilize optical imaging and spectroscopy 
for long-term monitoring of cancer therapeutic response, 
dormancy, and recurrence 

5.2.1 Optimization of optical spectroscopy for quantification of 
metabolic endpoints 

Novel cancer therapeutics are extensively tested in pre-clinical small animal 

models. Though many therapies target metabolism directly or indirectly, there are no 

suitable technologies for monitoring in vivo metabolic changes over time in the pre-

clinical trials. Because of this, many small animal trials measure tumor growth rate to 

report on therapeutic efficacy (e.g. [155]). However, changes in tumor size may not 

reflect or may significantly lag behind changes in metabolism. For example, optical 

technologies detected transient changes in SO2 during doxorubicin treatment, even 

though growth rate did not vary between treated and control groups [143]. Other 

metabolic endpoints can be monitored with ex vivo technologies such as LC-MS or IHC 

or in vivo PET imaging, but as discussed earlier, these technologies are not practicable 

for repeated monitoring. This leads to the need for large cohorts of mice that are 

euthanized and studied at different time points. By extension, the studies are incredibly 

time and resource intensive. More importantly, intra-mouse variation could lead to 

incorrect assumptions about the therapeutic action.  

We are interested in using our model for long-term, repeated monitoring of 

metabolism following tumor treatment, allowing us to measure until outcome is well-

defined and retrospectively look for changes that foreshadow treatment resistance or 
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sensitivity. The window chamber model is excellent for examining metabolism in high 

resolution, but the study is limited to the viable lifetime of the window chamber (up to 3 

weeks).  

Optical spectroscopy (OPT-SPX) is a complementary tool for metabolic 

phenotyping which can be used repeatedly in near-real time, making the technology 

ideal for longitudinal measurements over the course of many days or weeks [143]. Our 

group has optimized a strategy to use optical spectroscopy to quantify 2-NBDG uptake 

and vascular oxygenation in vivo [64].  Using a well-characterized spectroscopy system 

and an inverse Monte Carlo model [156, 157] to extract fluorescence, we demonstrated 

that we were able to successfully extract TMRE and 2-NBDG fluorescence from tissue-

mimicking phantoms, and 2=NBDG and SO2 from in vivo tissue [144]. By coupling the 

two technologies, we can span a long time course with spectroscopy and employ high 

resolution imaging at carefully chosen time points. Optimizing optical spectroscopy 

would also set up the system for easy translation for the measurement of oxygenation 

and metabolism in clinical tumors or biopsy samples. 

In a validation of 2-NBDG OPT-SPX, we have shown that OPT-SPX is sensitive to 

changes in tissue glycolytic demand by subjecting mice to different periods of fasting. 

As we saw in the window chamber model in Aim 1, early timepoints are related to 

delivery effects and were not perturbed by fasting (Figure 28). However, the 2-NBDG 

fluorescence 60 minutes after injection increased significantly as fasting period was 
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increased from 0 to 6 to 12 hours. This effect was related to a decrease in blood glucose. 

Overall, results of 2-NBDG optical spectroscopy are in excellent agreement with results 

from hyperspectral imaging of 2-NBDG. Both show changes in 2-NBDG60 in response to 

changes in glucose demand, as assessed by blood glucose concentration and fasting 

perturbations. Optical spectroscopy was also able to differentiate normal tissue and 

tumors based on SO2 and 2-NBDG uptake.  

 

Figure 28. Optical spectroscopy is sensitive to changes in tissue glycolytic 

demand. Mice were injected with a 6 mM dose of 2-NBDG via tail vein and 

monitored for 60 minutes. A. 2-NBDG uptake at 10 minutes reports on delivery. There 

are no significant differences between the different fasting groups at this time point, 

confirming that the delivery of 2-NBDG is similar across all animal groups. B. 2-

NBDG uptake at 60 minutes reports on demand. 2-NBDG60 is significantly higher in 

mice fasted for 6 hours and 12 hours compared with mice that were not fasted (p = 

0.02). There are no significant differences between the 6 and 12 hour fasting groups. 

C. Blood glucose measurements showed that fasting for 6 hours led to a significant 

decrease in blood glucose levels. Fasting for 12 hours did not lead to any further 

decrease in blood glucose levels. n = 5-7 as indicated.  

Our group has also used the inverse Monte Carlo model of fluorescence [156] to 

extract the intrinsic fluorescence of 2-NBDG and Rhodamine (a TMRE-like fluorophore) 

from mixed phantoms [144]. Especially interesting is a method for separating 

fluorescence contributions from 2-NBDG and rhodamine in turbid media. Since there is 
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no emission contribution by rhodamine at wavelengths lower than 550 nm, 2-NBDG 

fluorescence at 540 nm was extrapolated to get the expected 2-NBDG fluorescence from 

550-620 nm. As shown in Figure 29, extracted concentrations from a mixed 2-NBDG and 

rhodamine phantom were in good agreement with expected concentrations. At high 

concentrations of rhodamine, extracted fluorescence was higher than expected, likely 

due to some reabsorption of 2-NBDG fluorescence [144]. However, we do not expect to 

see nearly this high of a rhodamine concentration for in vivo studies, based on our 

imaging results in Aim 3.  

 

Figure 29. The extracted 2-NBDG (left) and Rhodamine (right) concentrations 

for each phantom subset using the extracted fluorescence spectrum from pure 

component samples as calibration standards. The expected values are the true 

fluorophore concentration values. The dashed line indicates perfect agreement. From 

Liu, JBO 2012. 

5.2.2 Utilize optical metabolic imaging and spectroscopy to determine 
tumor response to metabolic pathway inhibition 

A small-scale preliminary trial investigated the usefulness of metabolic imaging 

and spectroscopy to measure response to a metabolic perturbation: Akt pathway 

inhibition. Well-documented drugs that block portions of the Akt pathway have been 
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shown to effect changes in both vascular and metabolic endpoints that can be measured 

by our method. One such drug, the PI3K/mTOR dual inhibitor NVP-BEZ235, has been 

shown to normalize vasculature and inhibit growth in FaDu cells and xenografts [158, 

159]. Fokas, et al. used confocal microscopy of preserved tumor samples to show that 

treatment with NVP-BEZ235 decreases hypoxia and vessel tortuosity, along with 

affecting other vascular properties [158]. We aimed to expand on this study by 

monitoring the response of individual mice over the course of treatment with 20 mg/kg 

NVP-BEZ235, as shown in Figure 30.  

 

Figure 30. Experimental design for NVP-BEZ235 treatment of FaDu flank 

tumors. FaDu flank tumors were established and mice were randomly assigned to 

treatment (BEZ235) or control (PEG) groups. Optical spectroscopy (SPX) was used to 

measure SO2 at baseline and throughout the week of treatment.  

The timeline of SO2 measurements for each mouse in the treated and control 

groups is shown in Figure 31. With two exceptions, most mice in the treated group 

showed a sharp decrease in SO2 from baseline to day 2 of treatment, which would be 

consistent with decreased glycolysis and a compensatory increase in oxygen 
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consumption by mitochondrial metabolism. The control group showed more stability in 

SO2 between day 0 and day 2. By the end of treatment, the intragroup variation is SO2 

was significant for both the control and treated groups. SO2 was generally higher by the 

end of treatment in both groups. This was surprising in the control group, since tumor 

growth was expected to promote hypoxia.  

 

Figure 31. SO2 measured with OPT-SPX over the course of NVP-BEZ235 

treatment. Each line represents data from a single mouse measured over the course of 

7 days. 

Further experiments demonstrated the feasibility of using our glucose uptake 

and MMP imaging endpoints. We used 24h of treatment with the PI3K/mTOR inhibitor 

NVP-BEZ235 to decrease Akt activation in 4T1 cells. A decrease in Akt activation by 

NVP-BEZ235 has previously been shown in 4T1 cells [155, 159]. We then measured 

treatment response using a using a Seahorse Glycolytic Stress Test and optical imaging. 

The Seahorse glycolysis assay showed that BEZ treatment changed the metabolic state of 

4T1 cells. At baseline and after addition of glucose, the 4T1+BEZ group had higher 

oxygen consumption rates than 4T1. However, the 4T1+BEZ groups had a much lower 

ECAR (lower glycolysis) than untreated 4T1 after addition of glucose. Very interestingly, 
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when oxidative phosphorylation was blocked by addition of oligomycin, the treated 

cells reverted to their original state, becoming indistinguishable from the untreated cells. 

Confocal imaging showed that TMRE uptake also increased significantly after PI3K 

inhibition (Figure 32), which corresponds well to the increased reliance on oxygen 

consuming metabolism. 

 

Figure 32. (A & B) Seahorse glycolytic assay shows metabolic changes after 

Akt inhibition in 4T1 tumor cells. Glycolysis decreases and oxygen consumption 

increases after BEZ treatment. (C & D) Optical imaging showed that inhibition of the 

PI3K pathway with NVP-BEZ235 shifted 4T1 cells toward increased TMRE uptake, 
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which correlated with a trend toward oxidative metabolism measured by Seahorse 

assay. After NVP-BEZ235 (red bar) or DMSO (blue bar) treatment, cells were 

incubated with 10nM TMRE in cell culture medium for 30 minutes, washed and 

imaged. Excitation was at 561 nm and emission was collected over the range 580-690 

nm. n= 5 cell plates/group. P<0.05. 

We next explored the feasibility of using 2-NBDG to monitor treatment response 

with hyperspectral imaging, as shown in Figure 33. The administered dose of NVP-

BEZ235 was matched to that used in the earlier OPT-SPX study.  

 

Figure 33. Experimental design for NVP-BEZ235 treatment of 4T1 window 

dorsal chamber tumors. Window chambers were implanted and 4T1 tumors were 

established. Mice were randomly assigned to treatment (BEZ235) or control (PEG) 

groups. Hyperspectral imaging (IMG) was used to measure 2-NBDG uptake and SO2 

at baseline and throughout the week of treatment. 

As we previously saw with the OPT-SPX monitoring of BEZ235, day 2 was an 

important timepoint for distinguishing the two groups. This cohort of mice did not see a 

decrease in SO2 at day 2 as seen in the OPT-SPX study; in fact, SO2 increased. However, 

2-NBDG uptake increased much less in the treated group vs. the control group over the 

same period. Both the increase in SO2 and the prevention of drastic increases in glucose 
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uptake are consistent with previously published studies that indicate decreased hypoxia 

[158] as a result of PI3K inhibition. Further, our Seahorse assay of 4T1 cells indicated 

decreased glycolysis as a result of PI3K inhibition as shown in Figure 32. It should be 

noted that though the groups were easily distinguishable at day 2, by day 7 trends 

became divergent for animals in both the treated and control groups, similar to the trend 

seen in the OPT-SPX trial. 

 

Figure 34. SO2 (A) and 2-NBDG uptake (B) measured with hyperspectral 

imaging over the course of 20 mg/kg NVP-BEZ235 treatment. By day 2, treated tumors 

had improved SO2 and lessened increase in 2-NBDG uptake compared to the control 

group. By day 7, the groups were surprisingly indistinguishable. 

Taken together, our preliminary cell and animal results at early timepoints point 

to an expected decrease in glycolysis and increase in mitochondrial metabolism that 

would result from inhibition of the PI3K pathway. However, by the end of treatment the 

response was quite variable in both animal experiments, so a larger cohort of animals is 

needed to help parse real trends from random variability. A major shortcoming of this 

study was the short (7-day) timecourse over which response was monitored. Though 
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studies have indicated that this length of time is appropriate for looking at early 

response, there is no way to parse the data into groups that ultimately responded to 

treatment vs. those that did not respond. Considering that the significant heterogeneity 

seen in both our OPT-SPX and our imaging trials could correspond to different 

treatment outcomes, long-term studies are needed to monitor response until a treatment 

response or failure is reached. This will allow for retrospective identification of 

metabolic signatures that can distinguish non-responders at early timepoints to allow for 

treatment intervention. 

5.2.3 Employ optical metabolic imaging and spectroscopy to 
characterize tumor dormancy and recurrence following treatment 
failure 

Most deaths from breast cancer result from tumor recurrence following therapy, 

and tumors can recur as long as 20 years after treatment [160].  This suggests that 

residual tumor cells can persist in a dormant state for decades prior to re-emerging as a 

recurrent tumor [161]. Understanding the metabolic alterations that allow specific tumor 

cells to evade therapy and lie dormant before recurring may enable the development of 

strategies aimed at specifically killing residual cells.  

Our collaborators in the laboratory of James Alvarez have performed 

preliminary metabolic characterization of dormant cells in a genetically engineered 

mouse (GEM) model that closely mimic therapy evasion and dormancy in HER2-

overexpressing breast cancer. In their model, Doxycycline (Dox) administration induces 
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expression of the oncogene HER2/neu, leading to mammary tumor formation. 

Subsequent withdrawal of Dox induces oncogene down-regulation and complete tumor 

regression, mimicking targeted therapies, in this case, a HER2 antagonist. A cluster of 

residual cells survives Dox withdrawal, resides in a dormant state, and eventually re-

initiates proliferation to form a recurrent tumor. The residual cells that survive oncogene 

down-regulation in the model are non-proliferative but remain viable [162].  

Preliminary characterization of these cells has been performed by imaging 

glucose uptake in in vivo models (with FDG-PET imaging) and measuring oxygen 

consumption and metabolites in in vitro models (with a Seahorse Extracellular Flux 

Assay and metabolomics). FDG-PET imaging showed a rapid decrease in glucose uptake 

following oncogene down-regulation 2 and 4 days following Dox withdrawal (Figure 

35) [163]. This suggests that cells that escape therapy undergo metabolic 

reprogramming.  

 

Figure 35. FDG uptake drops rapidly following oncogene down-regulation. 

FDG uptake was measured in 4 genetically engineered mouse models at baseline (+ 

Dox) and 2 and 4 days following oncogene down-regulation resulting from 

Doxycycline (Dox) withdrawal. From Alvarez, Cancer Res 2014. 
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The Seahorse Assay (Figure 36) and metabolomics analysis supported the FDG-

PET results. HER2 down-regulation induced a modest increase in maximal oxygen 

consumption, and an increase in fatty acid oxidation and mitochondrial metabolism as 

reflected by an increase in acyl-carnitines, a decrease in the ratio of reduced 

glutathione:oxidized glutathione, and a decrease in the ratio of reduced 

NADPH:oxidized NADP+. In light of this, we believe that the residual cells that survive 

oncogene inhibition may have rewired their metabolism to decrease dependence on 

glycolysis and increase reliance on oxidative phosphorylation.  

 

Figure 36. Seahorse analysis of mammospheres in the presence of HER2 

expression or 4 days following Her2 down-regulation. Oxygen consumption (after 

FCCP injection) was modestly increased following Her2 down-regulation. Alvarez 

lab. 

While we are beginning to unravel metabolic characteristics of cells that escape 

death from HER2 down-regulation, little is known about the metabolic switch that 

activates dormant cells into recurrent tumor cells and what role the tumor 

microenvironment (oxygen gradients in and the architecture of blood vessels) plays in 
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supporting this re-activation. Our optical imaging technique is suitable to study the 

transitions from proliferation to dormancy and from dormancy to recurrence, since 

repeated measurements can be taken on the same tumor to perform long-term 

monitoring of the tumor’s response to HER2 downregulation. Further, the interplay of 

metabolic and vascular endpoints can easily be assessed. 

A preliminary imaging session of glucose uptake (2-NBDG) and MMP (TMRE) in 

mammospheres created from cells harvested from a HER2/neu GEM tumor confirmed 

the feasibility of metabolic imaging of these tumor cells in the presence of Dox (HER2 

on) and absence of Dox (HER2 off). The HER2 positive cells had high glucose uptake 

and low MMP. HER2 down-regulation caused a drop in glucose uptake and an increase 

in MMP consistent with the notion that there is a switch from predominantly glycolytic 

to oxidative metabolism (Figure 37). We propose to extend our imaging in this novel 

model to conduct a comprehensive analysis of the temporal changes in metabolic and 

vascular endpoints during tumor regression, dormancy, and recurrence in both 

mammospheres and in vivo. 
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Figure 37. Her2 down-regulation induces a metabolic shift in vitro. Glucose 

uptake (2-NBDG, green) and MMP (TMRE, red) were imaged in mammospheres in 

the presence of Dox (left) or 3 days following Dox withdrawal (right). 

We plan to image a combination of GEM-derived mammospheres and mammary 

windows (containing tumor transplanted from the GEM model) to fully characterize the 

metabolic and vascular profiles of primary tumors, cells that escape HER2 

downregulation and become dormant, and recurrent tumors. A high-level overview of 

the proposed experimental design is seen in Figure 38. Mammospheres will be imaged 

with 2-NBDG and TMRE to assess changes in metabolic phenotype. In vivo studies in the 

orthotopic model will be performed using our full toolbox of metabolic and vascular 

endpoints (2-NBDG, TMRE, SO2, THb, and vascular morphology) to understand the 

relationships between endpoints and to characterize the timelines of both vascular and 

metabolic changes. 
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Figure 38. A combination of mammospheres and mammary window chambers 

derived from a genetically engineered mouse (GEM) model of HER2 overexpression 

allows for deeper understanding of metabolic changes that accompany therapy 

evasion, dormancy, and recurrence. Cells are extracted from spontaneously-arising 

tumors in the GEM animals and are implanted into the orthotopic site of athymic 

nude mice. Cells extracted from GEM mice are also used to form mammospheres for 

in vitro assays. 

This group of experiments will provide insight into the metabolic changes that 

are associated with oncogene down-regulation, tumor dormancy, and recurrence. We 

expect that HER2 down-regulation will lead to a drop in glucose uptake and an 

increased MMP, reflecting the change from aerobic glycolysis to oxidative metabolism as 

observed before with different technologies. HER2 down-regulation is also expected to 

cause decreased angiogenesis leading to vascular normalization. We predict that 

dormant tumors would maintain an oxidative metabolism with moderate MMP, low 
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glucose uptake, and a normalized vasculature. Further, we expect that the cells 

composing the dormant tumor will have heterogeneous MMP, which may underlie the 

propensity of these cells to recur. Finally, we expect that recurrent tumors may have a 

novel metabolic phenotype with high glucose uptake and high MMP, associated with a 

highly angiogenic vascular signature upon reactivation. 
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