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Abstract 

Extrahepatic bile duct cancer (cholangiocarcinoma) has a poor prognosis. Since surgical resection 

is the only way to prolong the patient's life, it is of critical importance to correctly determine the extent 

of lesions. However, conventional pre-operative assessments have insufficient spatial resolution for 

determining the surgical margin. A fluorescent contrast agent might provide a more precise measure to 

identify anomalies in biliary surface, when combined with probe-based confocal laser endomicroscopy 

(pCLE). 

We have previously shown that 

2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-L-glucose (2-NBDLG), a fluorescent 

derivative of L-glucose (fLG), is specifically taken up into spheroids consisting of cells showing 

heterogeneous nuclear-cytoplasm ratio, a feature of malignant cells in clinical settings. In addition, a 

combined use of 2-TRLG, a membrane-impermeable fLG, with 2-NBDLG visualized membrane 

integrity as well. 

We therefore explored in the present study the availability of the fLGs in vivo as a contrast agent 

for pCLE by using a hamster model of cholangiocarcinoma. Extrahepatic cholangiocarcinoma 

developed in mid common duct in ~ 20% of the animals subjected to cholecystoduodenostomy with 

the ligation at the distal end of the common duct followed by injection of a carcinogen 

N-nitrosobis(2-oxopropyl)amine. After infusing bile duct with a solution containing 2-NBDLG and 

2-TRLG, the luminal surface was surgically exposed and examined by pCLE. Fluorescence pattern 
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characterized by bright spots and dark clumps was detected in the areas where cholangiocarcinoma 

was detected in later histopathology, whereas no such pattern was detected in control animals. These 

findings may form a basis for elucidating a potential availability of fLGs in imaging 

cholangiocarcinoma by pCLE. 

 

 

 

 

 

 

 

  



3 
 

INTRODUCTION 

For extrahepatic cholangiocarcinoma, the only potential curative treatment currently is complete 

resection [1]. However, pre-operative assessments of cholangiocarcinoma tend to be associated with 

low sensitivity. Indeed, thin-section spiral computed tomography, magnetic resonance 

cholangiopancreatography (MRCP), and positron emission tomography with 

2-[18F]fluoro-2-deoxy-Dglucose (FDG-PET) provide only limited information on surgical margin 

where the anomaly often spreads superficially along with the longitudinal axis of the lumen [2]. 

Endoscopic retrograde cholangiopancreatography (ERCP) using conventional endoscope does not 

greatly improve situation even with brush cytology/forceps biopsy. 

As such, surgical margin is determined practically based on the intraoperative rapid 

histopathologic diagnosis of the dissected tissue, which is processed in frozen sections, although such 

sections provide far less information compared to that produced by later paraffin-embedded sections. 

Recent progress in optical imaging represented by probe-based confocal laser endomicroscopy 

(pCLE) might well provide more detailed information on luminal anomalies [3-7]. One of key issues 

to be discussed when applying pCLE technique to diagnosis of cholangiocarcinoma is fluorescent 

contrast agents to be used [7-9]. Indeed, since fluorescein, which is widely used in most pCLE studies, 

does not enter into cells, precise identification of biliary lesions with fluorescein remains somewhat 

obscure [7, 10]. 

Numbers of trials have been made to improve such situation. Of these, a green 
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fluorescence-emitting, D-glucose derivative 2-NBDG [11] is a unique tracer, which is taken up into 

living mammalian cells through glucose transporters (GLUTs) in a time, concentration and 

temperature-dependent manner [12, 13]. 2-NBDG has been successfully applied to a wide variety of 

cells such as pancreatic cells [12, 14], brain cells [15-18], as well as tumor cells both in vitro and in 

vivo [19-21]. Ex vivo studies using human biopsy specimens have further shown that 2-NBDG is 

effective for imaging oral, breast, and Barrett’s-associated neoplasia, where the tissue samples were 

incubated with 2-NBDG post excision to allow the uptake of the agent [22-24]. When applying such 

derivatives of naturally occurring D-glucose to cancer diagnosis in vivo, some issues still remain to be 

solved; how to avoid their potential toxicity to normal cells, and how to discriminate fluorescence due 

to uptake by non-cancerous cells and that originated from cancerous/precancerous cells [10, 24]. 

A fluorescent derivative of L-glucose (fLG) 

2-[N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-L-glucose (2-NBDLG) was originally 

developed as a negative control substrate for monitoring the stereoselectivity of glucose uptake [25]. 

Surprisingly, a portion of mouse insulinoma (MIN6) [26] cells took up abundant 2-NBDLG, when 

they formed three-dimensional spheroids consisting of cells with various nuclear-cytoplasm ratio 

(N/C), a major cytological criterion for cells suspected of high grade of malignancy in clinical settings 

[27]. 

However, in vivo availability of the fLG for cancer detection has yet to be fully investigated. 

Using derivatives of GLUT-unrecognizable L-glucose as functional probes for pCLE might well 
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reduce background uptake into normal cells while minimizing the potential toxicity. In addition, a 

simultaneous use of 2-TRLG, Texas Red-bearing, membrane-impermeable fLG [28], with 2-NBDLG 

may help assess specific uptake and that by loss of membrane integrity often associated with 

cancerous lesions [27]. 

A hamster model of bile duct cancer has been well established by Tajima and colleagues [29]. 

Thus, we explored in the present study the way to apply the fLG mixture to bile duct of the hamster 

and to image cholangiocarcinoma by using the fLG as a contrast agent for pCLE. 
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MATERIALS AND METHODS 

Animals 

A total of 37 (body weight, 136.4 ± 20.3 g) female Syrian golden hamsters (SLC, Shizuoka, 

Japan) were used in the present study. The animals were housed singly and allowed to feed and drink 

ad libitum. All animal studies were performed in accordance with and approved by the Animal Care 

and Use Committee of Hirosaki University Graduate School of Medicine. 

Reagents 

Krebs-Ringer buffer (KRB) solution containing 2-NBDLG and 2-TRLG (2-NBDLG : 2-TRLG = 

5 : 1, the fLG mixture) was prepared as reported previously [27]. In brief, 2-NBDLG (23003-v, 

Peptide Institute Inc. Osaka, Japan) was dissolved at a final concentration of 100 μM in KRB solution 

containing NaCl 129 mM, KCl 4.75 mM, KH2PO4 1.2 mM, MgSO4 1.2 mM, CaCl2 1.0 mM, 

NaHCO3 5.0 mM, D-Glucose 5.6 mM, HEPES 10 mM (pH 7.35) just before experiments. A 

membrane-impermeable fLG bearing Texas Red (2-TRLG) was added for monitoring membrane 

integrity at a final concentration of 20 μM to the 2-NBDLG solution. 2-NBDLG and 2-TRLG were 

provided by Peptide Institute Inc. Carbenoxolone (100 μM, C4790, Sigma) was routinely added to 

block hemichannel/gap junction. 

Induction of bile duct tumors 

Abdominal surgery was conducted for 27 animals at seven weeks old under sodium pentobarbital 

anesthesia (i.p., 60 mg/kg body weight) according to the method reported by Tajima and colleagues 



7 
 

[29]. Briefly, animals were subjected to cholecystoduodenostomy (surgical anastomosis of the 

gallbladder and the duodenum) with the ligation of the extrahepatic bile duct in the distal end of the 

common duct (CDDB) (see also Fig. 2a). Four weeks later, a carcinogen 

N-nitrosobis(2-oxopropyl)amine (BOP, Toronto Research Chemicals Inc., North York, ON, Canada) 

was subcutaneously administered weekly at a dose of 10 mg/kg body weight for nine weeks to induce 

bile duct cancer (CDDB/BOP procedure). 

Anesthesia for the imaging 

For fLG imaging, an original general anesthesia method was conducted to hamsters in the 

experimental group at 17-23 weeks after the beginning of BOP administration. Since hamsters 

particularly those subjected to CDDB/BOP procedure were extremely vulnerable to general anesthesia 

possibly due to hepatic lesions induced by CDDB/BOP procedure [29, 30], we used urethane (i.p. 680 

mg/kg body weight) in combination with sodium pentobarbital. Practically, after the urethane 

treatment, a small quantity of sodium pentobarbital was repeatedly injected intraperitoneally so as not 

to depress respiration until a stable anesthesia was obtained (final concentration, 36 mg/kg body 

weight). This anesthesia procedure was completed within an hour. 

Throughout the operation and imaging, the rectal temperature was kept at 36 ± 1ºC with the 

assistance of a heating plate (DC-MP10DM, Kitazato, Japan) and a heating lamp. During the period of 

infusing solution (see Main Text), the animal was covered by a box equipped with an infrared heating 

film on the ceiling to ensure dark environment and to prevent lowering of the body temperature. 
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Successful infusion of the fLG mixture was confirmed by illuminating the suction line with a UV 

lamp. 

A probe-based confocal laser endomicroscopy (pCLE) 

Imaging with pCLE (Cellvizio system, Mauna Kea Technologies, Paris) was successfully 

conducted for totally 27 animals. No difference in the body weight was detected between animals 

subjected to CDDB/BOP procedure (mean = 136.2 ± 19.5 g, n = 17, at 19 to 23 weeks after the 

beginning of BOP administration except for one at 17 weeks) and that of control animals (mean = 

136.3 ± 18.3 g, n = 10, either 16-23 week old or 49-61 week old). Of 17 animals in CDDB/BOP group, 

3 animals were used for assessing autofluorescence of the biliary epithelia in a condition with no fLG 

administration. 

The pCLE probe used had a lateral resolution of 3.5 μm (moving single tumor cells could be 

resolved), a confocal depth of 0-50 μm, a field of view of 600 μm in diameter, 2.4 mm in the outer 

diameter at the probe end, and 1m in length (Demo probe, Mauna Kea). In some experiments, images 

were taken in addition by a clinical probe (Alveoflex, Mauna Kea) as well, which has optical 

properties identical to those of Demo probe except for a thinner outer diameter (1.4 mm) and longer 

length (3 m). The calibration process of the probe automatically adjusted both the dynamic range and 

the absolute intensity so that highest contrast was obtained. As such, only qualitative evaluation of 

fluorescence pattern was possible in the present study. 

Macro zoom microscopy 
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During image acquisition, the position of pCLE probe attached to the bile duct lumen was 

monitored by a CCD camera (2048 x 2048 pixels, Retiga 4000R, QImaging, BC, Canada) mounted on 

a modified multi-purpose, upright macro zoom fluorescence microscope (AZ100, Nikon, Tokyo) 

equipped with a xyz motorized stage (Prior Scientific, MA). A commercially available software 

(NIS-Elements, Nikon) was used for image acquisition. The lens used was CFI SFluor x4 (NA 0.20, 

working distance 15.5 mm). Excitation, emission, and cutoff wavelength used for detecting 2-NBDLG 

(green) fluorescence were 470/40, 545/55, and 500 nm, respectively. Similarly, 567/15, 641/75, and 

593 nm, were used for detecting 2-TRLG (red) fluorescence, respectively. The color lookup tables 

were adjusted to fixed values, 128 and 2048 for 2- NBDLG and 2-TRLG, respectively, to evaluate 

membrane damage adequately. 

Histology 

After imaging, the bile duct was surgically removed, fixed with 20% neutral-buffered 

formaldehyde, and cut into 3 to 6 pieces at right angles to the longitudinal axis with intervals of 

approximately 2 mm. The fixed pieces were sectioned at every 4 m, subjected to the st  

hematoxylin and eosin (H&E) staining, and were diagnosed by two expert pathologists for bile duct 

cancer. In one case in CDDB/BOP, and 7 cases in control group, the bile duct was cut into 

4-micron-thick sections in parallel with the luminal surface. 

Statistics 

The Freeman-Hamilton extension of Fisher’s exact test was conducted for analyzing the 
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relationship between heterogeneity in fLG fluorescence pattern and histopathological diagnosis of 

fLG-administered animals in CDDB/BOP group (n = 14). The diagnosis was categorized into 

carcinoma including invasive one and carcinoma in situ, hyperplasia including reactive one and mild 

dysplasia, and dysplasia for all remaining cases. The heterogeneity in the fLG fluorescence was 

classified into marked, moderate, and mild (or homogeneous) by two independent raters. Values are 

expressed as mean ± S.D. 
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RESULTS 

Extrahepatic cholangiocarcinoma observed in hamsters of CDDB/BOP group 

Of 27 animals subjected to CDDB/BOP procedure, 14 animals were successfully imaged, 

histologically processed, and analyzed as the experimental group. Remaining 13 animals were used for 

preliminary experiments to establish methods of anesthesia, histology, and imaging including 

assessment of autofluorescence. 10 animals, which had no CDDB/BOP procedure, were used as a 

control group. 

In preliminary series of experiments, two out of 13 animals subjected to CDDB/BOP procedure 

developed invasive extrahepatic cholangiocarcinoma in mid common duct (Fig. 1). This was caused 

by repeated BOP administration after CDDB procedure, which produced regurgitation of pancreatic 

juice upward the biliary tract and its flowing into the duodenum through the gallbladder (Fig. 2a, light 

blue arrows. See Materials and Methods). 

Interestingly, epithelium showing severe invasive carcinoma was restricted to a particular surface 

of the bile duct (Fig. 1a). The cytoarchitecture gradually changed from simple epithelia, hyperplasia, 

dysplasia, carcinoma in situ, to invasive carcinoma in this order (Fig. 1b-d) along with the luminal 

surface of the bile duct. No apparent infiltration was detected in the bile duct of other 11 animals in 

CDDB/BOP group except two, which were diagnosed with atypia of suspicious for malignancy. 

Intra-bile duct infusion with fLG mixture 

The site of cholecystoduodenostomy was surgically separated to expose the extrahepatic bile duct 
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(Fig. 2a, b). For infusing the bile duct, blunt ended 30 G needle was carefully inserted into the lumen 

close to the ligation site at the distal end of the bile duct (Fig. 2b). A small incision was then made at 

the proximal end of the duct to aspirate the infused solution with a suction pipette connected to 

vacuum lines (Fig. 2b). 

After initial flushing out of bile duct contents with warm KRB for 5 minutes, the fLG mixture 

was infused for 5 minutes at a rate of 0.3 ml/min with the assistance of a syringe pump (KDS100, KD 

Scientific, MA). Then, the fLG mixture remained in the lumen was washed out with KRB with no 

added fLG for 5 min. 

Imaging biliary surface by pCLE in vivo 

After washout of the fLG mixture, lumen of the bile duct was exposed by a careful incision made 

longitudinally throughout the duct (Fig. 2c) followed by pulling the wall of the duct carefully in a 

crosswise direction with suture threads (7-0 nylon). The animal was then moved to the motorized xyz 

stage of an upright macro zoom fluorescence microscope while being warmed on the heating plate, 

then the luminal surface of the bile duct was quickly inspected (Online Resource 1). 

The pCLE probe was then attached tightly and perpendicularly to the luminal surface of the bile 

duct (Fig. 2c, d). The epithelium of the common duct was carefully inspected from the liver side to the 

duodenum side with the assistance of a micromanipulator having multiple degrees of freedom. The 

average period required for completing survey of whole mid duct approachable with the pCLE probe 

was 21.1 ± 8.9 minutes (n = 24). The probe position in the bile duct was continuously monitored by a 
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CCD camera mounted on the macro zoom microscope. Comparison of the CCD images of the probe 

end and individual timematched images by pCLE was helpful to determine the region of interest (ROI) 

in histological sections (Fig. 3, see also Online Resource 2 and 3). 

The fLG imaging and following histopathological identification of the ROI were successfully 

conducted in totally 14 animals subjected to CDDB/BOP procedure in the experimental group. Of 

these, extrahepatic cholangiocarcinoma was developed in three animals in mid common duct (Fig. 3c, 

d, Online Resource 2 and 4). In these animals, the biliary surface imaged by pCLE showed a 

fluorescence pattern consisting of characteristic bright spots and rounded or irregularly-shaped dark 

clumps of various sizes (Fig. 3b, Online Resource 2 and 4). According to the position of the pCLE 

probe monitored by a macro zoom microscope, histopathological sections corresponding to the area 

imaged by pCLE were determined, demonstrating carcinoma in situ with highly disorganized papillary 

cytoarchitecture in the area where the characteristic fLG fluorescence pattern was detected (Fig. 3a-d, 

Online Resource 2). A similar fluorescence pattern was detected in the specimen showing invasive 

carcinoma as well (Online Resource 4). 

In two animals in the CDDB/BOP group, only hyperplastic atypia was detected throughout the 

extrahepatic bile duct. In these animals, relatively uniform fluorescence pattern was detected by pCLE 

in all biliary epithelia inspected. However, all remaining 12 animals in CDDB/BOP group showed 

more or less clear heterogeneity in the fLG fluorescence in the epithelia. The extent of heterogeneity 

in the fLG fluorescence pattern seemed to be correlated with histopathological grade in CDDB/BOP 
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group (Fisher’s exact probability = 0.015 and 0.002 by two independent raters. Online Resource 5), 

although larger scale analysis should be required. 

In one of the 12 animals, cholangiocarcinoma was detected only at the distal end of the bile duct 

(duodenum side), the pCLE probe therefore could not approach the lesion. In this animal, the epithelia 

in mid common duct exhibited relatively dark, large clumps in the pCLE image (Fig. 4f, Online 

Resource 2). These clumps corresponded well with rounded papillary protrusions in the epithelia 

composed of cells with well-maintained cell polarity (Fig. 3e-h, Online Resource 3). Contrasted to the 

CDDB/BOP group, all animals in the control group (n = 10) exhibited uniform fluorescence pattern 

(Fig. 3i, j), where relatively simple epithelia was seen in histology (Fig. 3k, l), although large and dark 

single ellipse surrounded by homogeneous fluorescence [31] was occasionally seen in fLG imaging 

(data not shown). 

To assess an involvement of autofluorescence in fLG imaging, the bile duct of three animals 

subjected to CDDB/BOP procedure was imaged in a condition with no fLG infusion in the preliminary 

experiment (Fig. 4). As depicted, ambiguous (Fig. 4a-d) or almost no (Fig. 4i-l) fluorescence was 

detected in the epithelia corresponding to hyperplastic lesions. Although somewhat irregular 

autofluorescence pattern was detected in dysplastic lesions of the same animal, the characteristic 

fluorescence pattern typically seen in biliary epithelia after the fLG infusion has not been detected (Fig. 

4e-h, 4i-l). 
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DISCUSSION 

In the present study, we introduced a fluorescence imaging of a hamster model of extrahepatic 

cholangiocarcinoma by using fLG mixture composed of 2-NBDLG and 2-TRLG as the contrast agent 

for pCLE. Heterogeneous fluorescence patterns consisting of characteristic bright spots and dark 

clumps were detected from the biliary surface that was diagnosed with carcinoma in situ and with 

invasive adenocarcinoma, whereas no such fluorescence pattern was detected in control animals. Our 

findings may provide a basis to develop a method for real time imaging of cancerous/precancerous 

anomalies in extrahepatic bile duct by using the fLG mixture. 

Histopathology of hamster bile duct cancer model 

In a pioneering study by Tajima and colleagues [29, 30], extrahepatic cholangiocarcinoma in mid 

common duct developed in 5/22 (22.7%) of hamsters tested at 20 weeks after the beginning of BOP 

administration. Similar results were obtained in the present study; the extrahepatic 

cholangiocarcinoma developed in 3/14 (21.4%) and 2/13 (15.4%) of hamsters for the experimental and 

preliminary group, respectively, tested at 17-29 weeks after the beginning of BOP administration. 

Although making cholangiocarcinoma in the mid common duct approachable by pCLE probe took 

over several months, this hamster model might provide valuable information on understanding of 

cholangiocarcinoma [32]. For example, cytoarchitectonical changes along with the biliary surface 

detected in the present study from simple epithelia, hyperplastic to dysplastic papillary protrusion, 

carcinoma in situ, to invasive carcinoma (Fig. 1b-d) might be consistent to a recent proposal wherein 
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the intraductal papillary neoplasm represents a precursor region of invasive carcinoma [33]. 

Correlation between fLG fluorescence and histopathology in the hamster bile duct 

The large and dark clumps (or island pattern) in vague background detected in fLG images most 

probably reflect round-shaped papillary protrusions, composed of cells with well-maintained cell 

polarity (Fig. 3f-h, Online Resource 3) [31]. In contrast, the fluorescence pattern consisting of small 

bright spots associated with irregular dark clumps with various sizes appeared to correspond to highly 

disorganized epithelia including cells showing loss of polarity and coarse granular chromatin (Fig. 

3b-d, Online Resource 2). 

Dark clump-like structures in the pCLE image obtained in CDDB/BOP group resembled those 

reported in bile duct of human patients where fluorescein was used as a contrast agent for pCLE [3-7, 

10]. However, careful investigation should be required for the comparison, since 2-NBDLG is taken 

up into tumor cells, whereas fluorescein is not taken up into cells [3-7, 10, 27]. 

Contrasted to CDDB/BOP group, only uniform fluorescence pattern was obtained in fLG 

imaging in normal control group, implying that fLG is a unique candidate tracer reflecting cellular 

architecture. The present proposal for identifying cholangiocarcinoma by pCLE in vivo somewhat 

resembles the fluorescence intensity criteria using 2-NBDG for detecting Barrett’s dysplasia ex vivo 

[34]. It could well be speculated, however, use of 2-NBDLG provides more specific information on 

neoplastic anomalies while minimizing background uptake compared to the case when using 2-NBDG 

[27]. Further study should be conducted for obtaining more precise correspondence between the 
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fluorescence images and histological architectures. Indeed, we could not identify the detection area of 

the pCLE probes used (0.6 mm in diameter, one fourth of the outer diameter of Demo probe and one 

third of Alveoflex probe) precisely from the information obtained by the macro zoom microscope. To 

correlate the ROI in the fLG fluorescence image with later histopathology at the single cell level, 

development of a special pCLE probe and/or some positioning devices would be needed. 

Identification of 2-NBDLG and 2-TRLG fluorescence 

Since the clinical pCLE apparatus used in the present study can detect fluorescence only in a 

single channel, 2-NBDLG and 2-TRLG fluorescence could not be separately visualized by the 

endoscope. Although we have tried to evaluate 2-NBDLG and 2-TRLG fluorescence by the macro 

zoom microscope, low magnification macro lens used in the present study failed to distinguish 

individual cellular states in the mucosa due to its limited horizontal and depth resolution. As such, it is 

not excluded that fluorescence signals detected might include not only 2-NBDLG uptake into tumor 

cells but also 2-TRLG permeation to damaged and/or inflammatory cells. 

Another important issue to be discussed is how to discriminate 2-NBDLG fluorescence and 

autofluorescence originated from such as elastin, collagen, and flavoprotein [35, 36]. Indeed, it has 

been reported that bile duct ligation causes many proliferating myofibroblasts secreting high amount 

of elastin in the vicinity of the epithelial layer [37]. Although autofluorescence appears to provide 

relatively coarse spatial information distinct from those detected in fLG imaging (Fig 4), one of more 

essential strategies for discriminating the fLG fluorescence from autofluorescence would be to take 
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images before and after application of the fLG mixture in two separate wavelength ranges optimized 

for 2-NBDLG and 2-TRLG fluorescence [27]. Development of such system is currently underway in 

our laboratory. It is generally a difficult task to separately identify the fluorescence signal derived 

from cancerous/precancerous lesions and that originated from inflammation [10, 38]. Imaging of 

inflammatory mucosa with no infiltration of carcinoma will be required as a control using a dual 

wavelengths endoscope system with fine spatial resolution. 

The molecular mechanism underlying the 2-NBDLG uptake into tumor cells has yet to be 

clarified. Although uptake of 2-NBDG into mammalian cells can occur through GLUTs [12, 13], an 

involvement of non-GLUT-mediated mechanism has been suggested for the uptake of 2-NBDLG into 

tumor cells [27]. 2- NBDLG uptake into cultured tumor cells occurred in three-dimensionally 

accumulating spheroids consisting of heterogeneous cells having nuclei of varying N/C ratio [27]. It 

may be therefore interesting to further investigate if 2-NBDLG is taken up into not only cancerous but 

also pre-cancerous cells in the bile duct. 

A highly disorganized fluorescence pattern obtained from CDDB/BOP group was very different 

from that in normal group. Using the derivatives of GLUT-unrecognizable L-glucose as contrast 

agents for pCLE might well detect extrahepatic cholangiocarcinoma while minimizing the potential 

toxicity and the background uptake into normal cells. Bacterial reverse mutation tests and extended 

single oral dose toxicity studies for 2-NBDLG and 2-TRLG have been successfully conducted in our 

laboratory according to Good Laboratory Practice regulations, making expectations towards their use 
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in humans to grow. Further studies are required to fully elucidate the potential of the fLG mixture for 

visualizing bile duct cancer in vivo. 

 

 

 

 

 

 

  



20 
 

REFERENCES AND NOTES 

1. Neumann UP, Schmeding M. Role of surgery in cholangiocarcinoma: From resection to 

transplantation.Best Pract Res Clin Gastroenterol. 2015; 29:295-308. 

2. Blechacz B, Komuta M, Roskams T, Gores GJ. Clinical diagnosis and staging of 

cholangiocarcinoma. Nat Rev Gastroenterol Hepatol. 2011; 8:512-22. 

3. Meining A, Frimberger E, Becker V, et al. Detection of cholangiocarcinoma in vivo using 

miniprobebased confocal fluorescence microscopy. Clin Gastroenterol Hepatol. 2008; 6:1057-60. 

4. Chen YK, Pleskow DK, Chuttani R, et al. Miami classification (MC) of probe-based confocal 

laser endomicroscopy (pCLE) findings in the pancreaticobiliary (PB) system for evaluation of 

indeterminate strictures: interim results from an international multicenter registry. Gastrointest 

Endosc 2010; 71:AB134. 

5. Chennat J, Konda VJ, Madrigal-Hoyos E, et al. Biliary confocal laser endomicroscopy real-time 

detection of cholangiocarcinoma. Dig Dis Sci. 2011; 56:3701-6. 

6. Giovannini M, Bories E, Moges G, Pesenti C, Caillol F, Delpero J.R. Results of a phase I-II study 

on intraductal confocal microscopy (IDCM) in patients with common bile duct (CBD) stenosis. 

Surg Endosc 2011; 25:2247-53. 

7. Wang KK, Carr-Locke DL, Singh SK, et al. Use of probe-based confocal laser endomicroscopy 

(pCLE) in gastrointestinal applications. A consensus report based on clinical evidence. United 

European Gastroenterol J. 2015; 3:230-54. 



21 
 

8. Thekkek N, Richards-Kortum R. Optical imaging for cervical cancer detection: solutions for a 

continuing global problem. Nat Rev Cancer. 2008; 8:725-31. 

9. Carns J, Keahey P, Quang T, Anandasabapathy S, Richards-Kortum R. Optical molecular 

imaging in the gastrointestinal tract. Gastrointest Endosc Clin N Am. 2013; 23:707-23. 

10. Caillol F, Bories E, Poizat F, et al. Endomicroscopy in bile duct: Inflammation interferes with 

pCLE applied in the bile duct: A prospective study of 54 patients. United European Gastroenterol 

J. 2013; 1:120-7. 

11. Yoshioka K, Takahashi H, Homma T, et al. A novel fluorescent derivative of glucose applicable 

to the assessment of glucose uptake activity of Escherichia coli. Biochim Biophys Acta. 1996; 

1289:5- 9. 

12. Yamada K, Nakata M, Horimoto N, Saito M, Matsuoka H, Inagaki N. Measurement of glucose 

uptake and intracellular calcium concentration in single, living pancreatic beta-cells. J Biol Chem. 

2000; 275:22278-83. 

13. Yamada K, Saito M, Matsuoka H, Inagaki N. A real-time method of imaging glucose uptake in 

single, living mammalian cells. Nat Protoc. 2007; 2:753-62. 

14. Ohtsubo K, Takamatsu S, Minowa MT, Yoshida A, Takeuchi M, Marth JD. Dietary and genetic 

control of glucose transporter 2 glycosylation promotes insulin secretion in suppressing diabetes. 

Cell. 2005; 123:1307-21. 

15. Bernardinelli Y, Magistretti PJ, Chatton JY. Astrocytes generate Na+-mediated metabolic waves. 



22 
 

Proc Natl Acad Sci U S A. 2004; 101:14937-42. 

16. Rouach N, Koulakoff A, Abudara V, Willecke K, Giaume C. Astroglial metabolic networks 

sustain hippocampal synaptic transmission. Science. 2008; 322:1551-5. 

17. Gandhi GK, Cruz NF, Ball KK, Theus SA, Dienel GA. Selective astrocytic gap junctional 

trafficking of molecules involved in the glycolytic pathway: impact on cellular brain imaging. J 

Neurochem. 2009; 110:857-69. 

18. Barros LF, Courjaret R, Jakoby P, Loaiza A, Lohr C, Deitmer JW. Preferential transport and 

metabolism of glucose in Bergmann glia over Purkinje cells: a multiphoton study of cerebellar 

slices. Glia. 2009; 57:962-70. 

19. O'Neil RG, Wu L, Mullani N. Uptake of a fluorescent deoxyglucose analog (2-NBDG) in tumor 

cells. Mol Imaging Biol. 2005; 7:388-92. 

20. Sheth RA, Josephson L, Mahmood U. Evaluation and clinically relevant applications of a 

fluorescent imaging analog to fluorodeoxyglucose positron emission tomography. J Biomed Opt. 

2009; 14:064014. 

21. Viale A, Pettazzoni P, Lyssiotis CA, et al. Oncogene ablation-resistant pancreatic cancer cells 

depend on mitochondrial function. Nature. 2014; 514:628-32. 

22. Nitin N, Carlson AL, Muldoon T, El-Naggar AK, Gillenwater A, Richards-Kortum R. Molecular 

imaging of glucose uptake in oral neoplasia following topical application of fluorescently labeled 

deoxy-glucose. Int J Cancer. 2009; 124:2634-42. 



23 
 

23. Langsner RJ, Middleton LP, Sun J, et al. Wide-field imaging of fluorescent deoxy-glucose in ex 

vivo malignant and normal breast tissue. Biomed Opt Express. 2011; 2:1514-23. 

24. Thekkek N, Maru DM, Polydorides AD, Bhutani MS, Anandasabapathy S, Richards-Kortum R. 

Preclinical evaluation of fluorescent deoxyglucose as a topical contrast agent for the detection of 

Barrett's-associated neoplasia during confocal imaging. Technol Cancer Res Treat. 2011; 

10:431-41. 

25. Yamamoto T, Nishiuchi Y, Teshima T, Matsuoka H, Yamada K. Synthesis of 2-NBDLG, a 

fluorescent derivative of L-glucosamine; the antipode of D-glucose tracer 2-NBDG. Tetrahedron 

Lett. 2008; 49:6876-8. 

26. Miyazaki J, Araki K, Yamato E, et al. Establishment of a pancreatic beta cell line that retains 

glucoseinducible insulin secretion: special reference to expression of glucose transporter isoforms. 

Endocrinology. 1990; 127:126-32. 

27. Sasaki A, Nagatomo K, Ono K, et al. Uptake of a fluorescent L-glucose derivative 2-NBDLG into 

three-dimensionally accumulating insulinoma cells in a phloretin-sensitive manner. Human Cell. 

2015. doi:10.1007/s1357701501253. 

28. Yamamoto T, Tanaka S, Suga S, et al. Syntheses of 2-NBDG analogues for monitoring 

stereoselective uptake of D-glucose. Bioorg Med Chem Lett. 2011; 21:4088-96. 

29. Tajima Y, Eto T, Tsunoda T, et al. Induction of extrahepatic biliary carcinoma by N-nitrosobis(2- 

oxopropyl)amine in hamsters given cholecystoduodenostomy with dissection of the common duct. 



24 
 

Jpn J Cancer Res. 1994; 85:780-8. 

30. Tajima Y, Kitajima T, Tomomioka T, et al. Hamster Models of Biliary Carcinoma. In: Tajima Y, 

Kuroki T, Kanematsu T, eds. Hepatobiliary and Pancreatic Carcinogenesis in the Hamster: 

Springer Japan, 2009. 

31. Yoshikawa T, Hakamada K, Ogasawara H, et al. Ex vivo application of endocytoscopy for 

determining the longitudinal extent of bile duct cancer: a pathological analysis of 28 resected 

cases. J Hepatobiliary Pancreat Sci. 2015; 22:58-67. 

32. Ogura Y, Matsuda S, Usui M, Hanamura N, Kawarada Y. Effect of pancreatic juice reflux into 

biliary tract on N-nitrosobis(2-oxopropyl)amine (BOP)-induced biliary carcinogenesis in Syrian 

hamsters. Dig Dis Sci. 1999; 44:79-86. 

33. Nakanuma Y, Sato Y, Ojima H, et al. Clinicopathological characterization of so-called 

"cholangiocarcinoma with intraductal papillary growth" with respect to "intraductal papillary 

neoplasm of bile duct (IPNB)". Int J Clin Exp Pathol. 2014; 7:3112-22. 

34. Gorospe EC, Leggett CL, Sun G, et al. Diagnostic performance of two confocal endomicroscopy 

systems in detecting Barrett’s dysplasia: a pilot study using a novel bioprobe in ex vivo tissue. 

Gastrointest Endosc. 2012; 76:933-8. 

35. Thiberville L, Salaun M, Lachkar S, et al. Confocal fluorescence endomicroscopy of the human 

airways. Proc Am Thorac Soc. 2009; 6:444-9. 

36. Newton RC, Kemp SV, Yang GZ, Elson DS, Darzi A, Shah PL. Imaging parenchymal lung 



25 
 

diseases with confocal endomicroscopy. Respir Med. 2012; 106:127-37. 

37. Guyot C, Combe C, Desmouliere A. The common bile duct ligation in rat: A relevant in vivo 

model to study the role of mechanical stress on cell and matrix behaviour. Histochem Cell Biol. 

2006; 126:517- 23. 

38. Bedard N, Schwarz RA, Hu A, et al. Multimodal snapshot spectral imaging for oral cancer 

diagnostics: a pilot study. Biomed Opt Express. 2013; 4:938-49. 

 

 

 

 

 

 

 

 

 

  



26 
 

FIGURE LEGENDS 

Fig. 1 Histopathological features of bile duct cancer established in a hamster. a A hematoxylin and 

eosin (H&E)-stained cross section of the mid bile duct of a 39-week-old hamster, which was subjected 

to cholecystoduodenostomy with the ligation of the extrahepatic bile duct in the distal end of the 

common duct (CDDB) followed by administration of N-nitrosobis(2-oxopropyl)amine (BOP) 

procedure. The animal was sacrificed, fixed, and processed 29 weeks after the beginning of BOP 

administration. Demarcated areas are shown below in magnified views. b Area b indicated in (a) in a 

magnified view, showing relatively simple epithelium with some indication of hyperplasia developed 

in the areas adjacent to the area b. c Area c indicated in (a), showing dysplasia with highly 

disorganized papillary cytoarchitecture to carcinoma in situ (lower part). Anomalies characterized by 

such as loss of polarity and heterogeneously enlarged nuclei are seen (arrow). d Area d indicated in (a), 

showing invasive adenocarcinoma. 

Fig. 2 Schematic illustration of CDDB, infusion of the fLG mixture, and imaging with a probe-based 

confocal laser endomicroscopy (pCLE). a CDDB procedure. b Intra-bile duct infusion of the fLG. c 

Imaging excised bile duct of hamster with pCLE. d and a photograph of the excised bile duct being 

approached by the pCLE probe. 

Fig. 3 The fLG imaging of hamster bile duct by pCLE and the corresponding histological specimens. a 

A macro zoom microscopic image taken during fLG imaging of the biliary surface of a hamster in 

CDDB/BOP group. b A representative fLG image taken with pCLE at the site shown in (a) after 
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topical administration of fLG into the bile duct. c A H&E section processed from the area 

corresponding to the site imaged in (a), showing carcinoma in situ exhibiting highly disorganized 

papillary cytoarchitecture. d Similar to (c), but in a reduced view. Demarcated area was magnified in 

(c). A more reduced view is shown in Online Resource 2. e-h Similar to (a-d), but of another animal in 

CDDB/BOP group. Reactive hyperplasia with round-shaped papillary protrusions (g) corresponded to 

dark clumps in (f). For more details, see Online Resource 3. i-l Similar to (e-h), but of an animal in 

normal control group. Simple epithelium is seen. 

Fig. 4 Autofluorescence images of the bile duct surface of a hamster in CDDB/BOP group taken in a 

condition with no fLG infusion, and the corresponding histological specimens. a A macro zoom 

microscopic image taken during autofluorescence imaging of the biliary surface. b A representative 

autofluorescence image taken with pCLE at the site shown in (a). c H&E section processed from the 

area corresponding to the site imaged in (a). The cytoarchitecture changes gradually from the right to 

the left side, non-neoplastic simple epithelium, hyperplasia with angular-shaped small papillary 

protrusion, to hyperplasia composed of thinner papillary structures. d A reduced view of (c). 

Demarcated area was magnified. e-h Similar to (a-d), but taken at a different site in the bile duct of the 

same animal. A heterogeneous but coarse fluorescence pattern was detected (f). Classified as dysplasia 

characterized by thin papillary protrusions composed of cells bearing heterogeneously enlarged nuclei 

with coarse granular chromatin (g). i-l Similar to (e-h), but taken at a site much closer to duodenum 

side. Only dim homogeneous fluorescence is seen (j) for lesions diagnosed with hyperplasia composed 
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of uniform angular-shaped papillary structures (k, l). 
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Online  Resource 1. Macroscopic views of hamster bile 

duct depicted in Fig.3a-d.  Fluorescent images taken by a 

macro zoom microscope expressed in the green (a, 545 

nm) and the red (b, 641 nm) pseudcolor, reflecting 2-

NBDLG and 2-TRLG, respectively. c Bright-field image. d

Overlay of the green (a), red (b) and  bright-filed (c) 

images. A macro lens (x4, NA 0.2) was used at x2 zoom 

ratio. 2-TRLG fluorescence suggested an occurrence of 

non-specific entry of the agent in the area. However, such 

area was not excluded from the present analysis, since 

precise identification of 2-TRLG-positive cells was 

difficult by low magnification, high depth of field lens used. 

Scale bar is common to all panels.



Online  Resource 2. The fLG imaging by pCLE, the corresponding histological sections, 

and excised tissues of hamster bile duct depicted in Fig. 3a-d. a A macro zoom 

microscopic image of the bile duct taken during fLG imaging by pCLE. b A representative 

fLG image by pCLE taken at the site shown in (a) after topical administration of fLG into 

the bile duct. c H&E section processed from the area corresponding to the site imaged in 

(a), showing carcinoma in situ exhibiting highly disorganized papillary cytoarchitecture. d

Similar to (c), but in a reduced view. Demarcated area was magnified in (c). e Similar to 

(d), but in a more reduced view. f Excised bile duct in Krebs-Ringer buffer. g Bile duct 

being cut into four pieces in formaldehyde for making histological sections shown above. 

500 mm

ba c

d

e

gf
2 mm 2 mm

A B C D

2 mm 50 mm 50 mm

200 mm



Online  Resource 3. The fLG imaging by pCLE, the corresponding histological sections, 

and excised tissues of hamster bile duct depicted in Fig. 3e-h. a A macro zoom 

microscopic image of the bile duct taken during fLG imaging by pCLE. b A representative 

fLG image by pCLE taken at the site shown in (a) after topical administration of fLG into 

the bile duct. c H&E section processed from the area corresponding to the site imaged in 

(a), showing reactive hyperplasia with round-shaped papillary protrusions corresponded to 

dark clumps in (b). d Similar to (c), but in a reduced view. Demarcated area was 

magnified in (c). e Similar to (d), but in a more reduced view. Angular-shaped small 

papillary structures consisting of mildly dysplastic cells are seen as well. f Excised bile 

duct in Krebs-Ringer buffer. g Similar to (f), but in a more magnified view. 
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Online  Resource 4. The fLG imaging by pCLE and the corresponding horizontal sections 

of the bile duct of a  hamster in CDDB/BOP group. a A macro zoom microscopic image of 

the bile duct taken during fLG imaging by pCLE. b A representative fLG image by pCLE 

taken at the site shown in (a) after topical administration of fLG into the bile duct. Similar 

to Online Resource 2b, fluorescence pattern consisting of bright spots and irregular dark 

clumps of various sizes is seen. c H&E section processed from the area corresponding to 

the site imaged in (a), showing invasive adenocarcinoma with highly disorganized 

cytoarchitecture. d Similar to (c), but in a reduced view. Demarcated area was magnified 

in (c). e Similar to (d), but in a more reduced view.
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Online  Resource 5. The Freeman-Hamilton extension of Fisher’s exact test was 

conducted for analyzing the relationship between heterogeneity in fLG fluorescence 

pattern and histopathological diagnosis of fLG-administered animals in CDDB/BOP group 

(n = 14). For this purpose, the diagnosis was categorized into three groups; carcinoma 

including invasive one and carcinoma in situ, dysplasia, hyperplasia including reactive one 

and mild dysplasia. The heterogeneity in the fLG fluorescence was classified into three 

groups; marked, moderate, and mild (or homogeneous).  Two raters independently 

categorized the same fLG images into the three heterogeneity groups.

Marked Moderate Mild/Homogeneous

Heterogeneity in the fLG fluorescence

Diagnosis

Carcinoma

Dysplasia

Hyperplasia

Relationship between histopathological diagnosis and heterogeneity in the fLG fluorescence

3 0 0

5 4 0

0 0 2

Summation 8 4 2

Rater 1

Marked Moderate Mild/Homogeneous

Heterogeneity in the fLG fluorescence

Diagnosis

Carcinoma

Dysplasia

Hyperplasia

Relationship between histopathological diagnosis and heterogeneity in the fLG fluorescence

3 0 0

3 6 0

0 0 2

Summation 6 6 2

Rater 2

Fisher’s exact probability = 0.015 (< 0.05)

Fisher’s exact probability = 0.002 (< 0.01)
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