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In brief

Goto et al. report a microendoscopic
technique enabling intravital, end-to-end
tumor imaging at cellular-level resolution
in tumor-bearing mice. They demonstrate
proliferative activity and nuclear
enlargement of cancer cells in response
to tumor growth and/or anticancer drugs
for several weeks. This technique can
accelerate innovation in cancer biology
and therapeutics.
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MOTIVATION The heterogeneity in cancer cell behaviors in tumor is considered the main reason for the dif-
ficulty in achieving complete remission. To determine the efficacy of anticancer treatments, the behavior of
cancer cells should be investigated at a cellular resolution in all the different micro- and macroenvironments
within each tumor. However, current intravital imaging methods do not realize that. Thus, we developed an
optical-fiber-bundle-based microendoscopy with a fluorescent ubiquitination-based cell- cycle indicator
(Fucci) system to achieve the intravital, periodic, and multicolor end-to-end tumor imaging of the proliferative
activity of cancer cells at a cellular-level resolution.

SUMMARY

The spatiotemporal heterogeneity in intratumor proliferative behavior of cancer cells deeply affects tumor
environment characteristics and the efficacy of anticancer treatments. Thus, intravital imaging with unlimited
imaging depth and cellular-level resolution is greatly desired. We developed an optical-fiber-bundle-based
microendoscope with a genetically encoded fluorescent ubiquitination-based cell-cycle indicator (Fucci)
system to achieve the intravital, periodic, and multicolor end-to-end imaging of the proliferative activity of
cancer cells at a cellular-level resolution. This technique enabled the periodic visualization of spatiotemporal
cellular responses, including cell-cycle arrest and resumption, and nuclear enlargement following the admin-
istration of anticancer drugs in living mice. It was suggested that proliferating cell ratio and nuclear enlarge-
ment in cancer cells at the surface region of tumor characterized by abundant vascular invasion contribute to
aggressive tumor regrowth after chemotherapy. The application of this technique can accelerate innovation
in cancer biology and therapeutics.

INTRODUCTION

Tumor progression is influenced by the relationship between the
proliferation rate and cell death.” However, such tumor cell behav-
iors are not homogeneous in tumor micro- and macroenviron-
ments.”~* Tumor cells show different proliferation activities in the
surface, core, and avascular regions of tumors.>® The heteroge-
neity in tumor cell behavior is considered the main reason for
the difficulty in achieving complete remission.”® To determine
the efficacy of anticancer treatments, the behavior of cancer cells
should be investigated at a cellular resolution in all the different en-

vironments within each tumor. Imaging techniques are indispens-
able for understanding tumor biology, predicting clinical prog-
nosis, and evaluating treatments. Currently, in vivo imaging
systems such as computed tomography (CT), positron emission
tomography, near-infrared fluorescence imaging, optical coher-
ence tomography, photoacoustic imaging, ultrasound imaging,
and magnetic resonance imaging are widely used to investigate
tumor progression in tumor-bearing animals. In recent technical
advances, the spatial resolution has greatly improved, such as
photon-counting CT,° second near-infrared imaging, '° super-res-
olution ultrasound imaging,'"' and ultrahigh-field magnetic
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resonance imaging.'>'* However, currently these imaging tech-
niques do not allow for imaging in vivo at a cellular resolution.
Microscopic evaluation of tumors has long been performed after
excision, fixation, and staining of the fixed tissue.'® Accordingly,
a considerable number of animals are required to examine the
cell dynamics or efficacy of anticancer agents using histological
methods. Although multiphoton microscopy has been used for
intravital imaging of tumor invasion and cancer cell behavior'®
and to determine immune responses'” at a cellular resolution in
living animals, its application is limited to the subsurface of tumors
(depth less than 1.0 mm). The three-photon fluorescence micro-
scope is a recent advance in multiphoton microscopy; it has an
imaging depth greater than 1 mm in brain imaging.'® Light-sheet
microscopy combined with second near-infrared or three-photon
fluorescence microscopy has also archived the imaging depth of
more than 1 mm."®?° However, even with these microscopies, it is
difficult to visualize deeper tissue structures reaching more than
several millimeters or 1 cm. Furthermore, periodic observations
are difficult owing to their invasiveness. Tumor progression and
anticancer therapies are known to vary the tumor environments,
including spatiotemporal cell population and behavior not only in
cancer cells but in immune cells. Thus, a new intravital imaging
method enabling repeated evaluations of cell behavior at cellular
resolution in the end-to-end tumor is desired.
Fiber-bundle-based microendoscopes allow minimally invasive
and high-resolution imaging in tissues, even at greater depths.’
Such a microendoscope was previously used to visualize neuronal
activity?'>° and blood flow®” in the mouse brain. These imaging
methods are performed at single or multiple imaging points at
the desired tissue depth. Microendoscopy is likely used to under-
stand spatiotemporal tissue information at a cellular-level resolu-
tion in the entire traveling direction of a glass fiber. Herein, we
report an improved multicolor microendoscopic technique for
application in tumor biology. The technique can provide periodic
data on cell behavior at a cellular resolution in different micro-
and macroenvironments within entire xenograft tumors for a long
period during tumor progression. To visualize the spatiotemporal
patterns of cell-cycle dynamics, a genetically encoded fluorescent
ubiquitination-based cell-cycle indicator (Fucci) system was intro-
duced into transplanted tumor cells. The Fucci system is suitable
for our microendoscopic imaging because the fluorescence
emitted from cell nuclei can be recognized at a high spatial resolu-
tion and signal/noise ratio.>>"*®* Moreover, we succeeded in recon-
structing a two-dimensional (2D) pseudo-tomographic image from
a microendoscopic imaging video during the travel of an optical fi-
ber within each tumor. This enhanced the recognition of the cell-
distribution pattern in the tract of the optical-fiber bundle in the
panoramic view. We also performed a spatiotemporal evaluation
of anticancer drug efficacy through periodic imaging during the
entire examination. Hence, this imaging technique can accelerate
innovations in tumor biology and anticancer therapeutics.

RESULTS
Settings and evaluation of fiber-bundle-based
microendoscopy for longitudinal imaging of tumors

Microendoscopy with a lens-less optical-fiber bundle (350 pm in
diameter) comprising 10,000 optical fibers (each fiber being 2 pm
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in diameter) was used in this study. The tip of the fiber bundle at
the insertion side was processed using a polishing machine to
obtain the desired angles and shapes for smooth insertion into
the living tissue with minimum invasiveness, depending on the
tissue type or application.?'"2>7 |n this study, we developed a
microendoscope for the longitudinal imaging of tumors by intro-
ducing a bamboo spear-shaped tip beveled at 60° (Figure 1A).
The spatial resolution of the developed microendoscope was
evaluated by observing test fluorescence beads with diameters
of 1,2, 5, and 10 pm. Our endoscope clearly detected at least 2-
pm beads, providing an adequate resolution for the observation
of cell somata and nuclei (Figure 1B). Figure 1C shows an illustra-
tion of the insertion of the optical-fiber-based microendoscope
in a tumor-bearing mouse. The tip of the optical fiber was in-
serted into the tumor held with a stereotaxic instrument
(Figure 1D). The wound made by the insertion of the optical fiber
was tiny and did not show any hemorrhage (Figure 1E). The
penetration site was hardly recognized after 2 days. This result
indicates that our endoscope can be used for in vivo imaging
at a resolution comparable to cellular-level resolution with mini-
mal invasiveness.

We then assessed the performance of the developed microen-
doscope in tumor-bearing mice. Human fibrosarcoma HT1080
cells expressing tFucci(SA)5°°2%?8 (HT1080/Fucci(SA)5) were
subcutaneously xenografted into BALB/c nu/nu mice. The cell-
cycle state of HT1080/Fucci(SA)5 cells was indicated through
the emission of red (G1/GO0 phase) or green (S/G2/M phase) fluo-
rescence. Microendoscopy provided a clear dynamic image of
fluorescence signals. The fluorescence pattern of the cell popu-
lation varied during the insertion of the optical fiber from one sur-
face to the other through the core of the tumor, suggesting het-
erogeneity in the tumor environment. An example of in vivo
imaging is shown in Video S1. Because the fiber proceeded at
0.069 mm/s, the inserted fiber was speculated to reach the
opposite surface of a 1-cm-diameter-tumor in approximately
2.5 min. Using the beveled face of the optical-fiber tip, objective
structures were extended in the direction of cell travel in the
endoscopic images depending on the fiber proceeding speed
and scanning frame rate (7.5 frames per second [fps] in this
study). To compensate for this image distortion, endoscopic im-
ages were corrected using confocal microscope images of 30-
pm-thick tissue sections of the same tumor, HT1080/Fucci(SA)
5, after fixation following endoscopic imaging (Figure 2A). The ra-
tios of the major and minor axes of cell nuclei in the confocal im-
ages of the fixed tissue were 1.54 + 0.06. We calibrated the
aspect ratios of nuclei in the compensated endoscopic images
to approximately 1.59 + 0.05 to achieve closer aspect ratios to
those in the confocal images. The average cell density in endo-
scopic images was 28.60 + 7.67 cells/mm?, whereas that in
the corresponding confocal images of 30-pm-thick sections
was 62.3 = 24.0 cells/mm?, indicating that the scan depth of
our imaging probe was approximately 13.8 pm. A 15-pm-thick
optical section of confocal images showed 34.5 + 17.9 cells/
mm? (data not shown), comparable to the cell density in endo-
scopic images. To confirm the correlation of proliferative activity
of cancer cells between endoscopic and confocal microscopic
images, we compared the spatial patterns of the cell population
with Fucci(SA)5 (G1/G0 or S/G2/M cells) using the same tumor.
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The endoscopic images successfully demonstrated a spatial
pattern of G1/GO or S/G2/M cell densities similar to that in the
confocal images (Figures 2B and 2C). Thus, our endoscopy
enabled the rapid acquisition of accurate longitudinal tumor tis-
sue information.

Time-course end-to-end spatiotemporal information of the
tumor, including alterations of the nuclear size and cell-cycle
phase, was obtained by tracking each cell using the ImagedJ
plugin (wrMTrck; Figures S1A and Video S2). The S/G2/M cell
ratio, referred to as the cell proliferation rate in longitudinal im-
aging of tumors, was decreased with tumor growth (Figures 2D
and 2D'). Conversely, no significant change in the nuclear size
in G1/G0 and S/G2/M cells was observed in the tracked cells
(Figure 2D"). We tested whether repetitive fiber insertions
affected tumor growth and the spatial pattern of cell prolifera-
tion activity by comparing the data on tumor size and S/G2/M
cell ratio at 4 weeks after xenograft transplantation between an-
imals that underwent single or repetitive fiber insertions twice a
week. We did not detect any significant differences in the S/G2/
M cell ratio between the two animal groups (Figures S1B-S1D).
These histological analyses after the single-fiber insertion
showed that cancer cells exist in high density at the surface re-
gion of the tumor, and immune cells infiltrated and accumulated
in the necrotic and fibrous core region (Figures S1E and S1F).
In contrast, tissue specimens after repetitive fiber insertions
also showed similar histological patterns to those after single-
fiber insertion (Figures S1E and S1F). These histological find-
ings indicated that the repetitive insertion of the optical fiber
in the tumor did not induce an obvious wound response in
this study.
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Figure 1. Outline of the fiber-bundle-based
microendoscopic imaging system

(A) Microscopic images of polished optical fibers
(high-definition image guide [HDIG] fiber) with flat-
shaped or bamboo spear-shaped tips. The
diameter of an optical fiber is 350 pm. Scale bar,
0.2 mm.

(B) Microendoscopic imaging of multicolor and
multisize beads. Fluorescence beads scattered
into circles in coagulated 0.8% agarose S.
Representative images are shown, in which fluo-
rescent beads with diameters of 1 pm (green, ex:
485 nm), 2 um (blue, ex: 660 nm), 5 pm (red, ex:
569 nm), or 10 pum (green, ex: 485 nm) are
observed using a microendoscope (upper) or
confocal microscope (lower). Scale bars, 0.1 mm
(endoscope) and 20 pm (confocal).

(C) Schematic of the microendoscopic imaging
system for cancer imaging used in this study. The
optical fiber longitudinally progressed into the tu-
mor along the dorsoventral axis.

(D) Macroscopic image showing the insertion of an
optical fiber into the tumor held with a stereotaxic
instrument.

(E) Macroscopic image of the wound made by the
insertion of an optical fiber into the tumor. Scale
bar, 5 mm.

2um /5 um /10 pm

In confocal microscopic images at 4 weeks after establishing
the xenograft, G1/G0 and necrotic cells exhibited a heteroge-
neous distribution, including the region of the maximal G1/GO0
cell density (Rmax) at the tumor core, whereas S/G2/M cells
were dominant at the tumor surface (Figures 2E and S2A). Owing
to a bipolarization pattern in histological data, to evaluate spatial
cellular information using endoscopy, the tumor surface and
center regions in this study were defined at 5% of tumor diam-
eter from bilateral surfaces (top and bottom) and 10% from the
center of tumor, respectively. The endoscopic images showed
a large number of S/G2/M cells at both surfaces (top and bot-
tom), whereas G1/GO cells mainly emerged at the center and
Rmax regions (Figure 2F). Simultaneous endoscopic imaging
of blood vessels with the proliferative activity of cancer cells re-
vealed that vascular density was higher at the surface region of
the tumor characterized by a large number of S/G2/M cells
compared with that in the central region containing numerous
G1/GO cells (Figures S2C-S2E). The endoscopic image and
scatterplot of the individual sizes of nuclei in both G1/G0 and
S/G2/M cells obtained using longitudinal endoscopic imaging
showed a large number of S/G2/M cells at the surfaces
(Figures 2G and 2H). The numbers of G1/G0 and S/G2/M cells
at the surface and central regions of the tumor were counted us-
ing endoscopy, revealing a greater number of S/G2/M cells
around the tumor surface (Figure 2I). In contrast, the numbers
of S/G2/M cells at the surface regions in endoscopic imaging
were slightly higher than in confocal imaging, but the central re-
gion showed no significant difference (Figure S2B). In contrast,
no differences were observed in the sizes of nuclei between
S/G2/M and G1/GO cells, both at the surface and center
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Figure 2. Fiber-bundle-based microendoscopic imaging system enables periodic end-to-end imaging of a longitudinal tumor

(A) Flowchart of image adjustment in a microendoscopic image for equivalency to conventional confocal microscopic images of tissue sections from the fixed
tumor. The distortion in microendoscopic images after their resizing was compensated to achieve a comparable ratio between the long and short axes of elliptic
fits of cell nuclei to those obtained from confocal microscopic images. The ratios of the major and minor axes, cell density, and thickness in microendoscopic and
confocal images are shown (n = 4 tumors). Yellow circles indicate the imaging field of view of the optical fiber. Scale bar, 0.1 mm. Arrow (F.D.) indicates the
traveling direction of the optical fiber.

(B) Alterations in the cell number and microendoscopic images of HT1080/Fucci(SA)5 cells in the fixed tumor. Yellow circles indicate the imaging field of view of
the optical fiber. The red and green plots indicate the number of G1/G0 and S/G2/M cells in each frame, respectively. Scale bar, 0.1 mm. Arrow (F.D.) indicates the
traveling direction of the optical fiber.

(C) Alterations in the cell number and confocal microscopic images of HT1080/Fucci(SA)5 cells in the fixed tumor section around the track of the microendoscope.
The red and green graphs indicate the number of G1/G0 and S/G2/M cells, respectively. Scale bar, 1 mm.

(D) BALB/c (nu/nu) nude mice were subcutaneously injected with 1 x 108 HT1080/Fucci(SA)5 cells. Tumor volume was measured twice per week after the in-
jection (week 0). (D) Endoscopic analysis of periodic alterations in the ratio of S/G2/M cells. (D”) Endoscopic analysis of periodic alterations in the average nuclear
size of tracked cells in HT1080/Fucci(SA)5 cancer cell-bearing nude mice. Red and green boxes indicate the number of G1/G0 and S/G2/M cells, respectively.
Data are presented as the mean + SEM, n = 4 mice. *p = 0.085, based on one-way ANOVA followed by the Tukey-Kramer test.

(E) Confocal image of HT1080/Fucci(SA)5 cells in the xenograft tumor in a nude mouse. The numbers of G1/G0 and S/G2/M cells in the surface (5% of tumor
diameter from bilateral edges) or central (total 10% from the center) region, are shown. Cell ratio indicates the ratio of S/G2/M phase cells to total cells. Red arrow
indicates the region of the maximum fluorescence intensity emitted from G1/GO cells (Rmax). Scale bar, 0.5 mm

(F) Representative microendoscopic images in the surface, center, and Rmax regions. Red and green fluorescence indicates G1/G0 and S/G2/M cells,
respectively. Scale bar, 0.1 mm. Arrow (F.D.) indicates the traveling direction of the optical fiber.

(G) Endoscopic analysis of alterations in nuclear size of G1/G0 or S/G2/M cells. Red and green plots indicate G1/G0 and S/G2/M cells, respectively. The x axis
indicates relative location in the longitudinal tumor (top = 0, bottom = 1).

(H) Representative microendoscopic image, with a frame extracted from arrow positions in (G), is shown. Arrowheads indicate abnormally large nuclei. Scale bar,
0.1 mm. Arrow (F.D.) indicates the traveling direction of the optical fiber.

(l) Endoscopic analysis of S/G2/M cell ratio in the surface and central regions. Data are presented as the mean + SEM, n = 4 mice. “p < 0.01, based on Student’s t
test. (I') Endoscopic analysis of nuclear size of cells in the surface and central regions. Data are presented as the mean + SEM, n = 4 mice.

See also Videos S1 and S2.
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Figure 3. Pseudo-tomographic image synthesized from optical-fiber imaging video

(A) All data were obtained from one microendoscopic video of HT1080/Fucci(SA)5 cells in the xenograft tumor of cancer-bearing mice. Captured image showing
the proceedings of the pseudo-tomographic image synthesis. The pseudo-tomographic image synthesis was running (left), and G1/GO (red) and S/G2/M (green)
cells were tracked into the bounding boxes in imaging window (right). Image in the small white rectangle shows enlarged image in the region indicated by
arrowhead. Imaging window shows the image at the same region in the video. The horizontal and vertical axes are shown. Vertical axis corresponds to processing
direction. Scale bars, 0.5 mm (pseudo-tomographic image) and 0.1 mm (imaging window).

(B) Schematic of the procedure of pseudo-tomographic image synthesis. Rectangles and arrows in the schematic of the endoscopic view indicate detected cells
and cellular vectors, respectively. Extracted cells with (white) or without (red) the desired size and vector are indicated by color.

(C) Synthesized pseudo-tomographic image. The pseudo-tomographic image expanded with a constant vector (upper) and a confocal microscopic image of the
fixed tissue section near the optical-fiber track (lower) are shown. The dotted lines show the border line of the area in which the cellular population correlates
between the pseudo-tomographic and confocal images. The horizontal and vertical axes are shown. Vertical axis corresponds to processing direction. Scale bar,
0.5 mm

(D) Pseudo-tomographic image expanded with an integrated vector. The horizontal and vertical axes are shown. Vertical axis corresponds to processing di-
rection. Scale bar, 0.5 mm

(E) Parameters obtained with pseudo-tomographic image synthesis. These parameters were calculated per frame and are shown with frame axis. The total cell
number and S/G2/M cell ratio are shown. The red or green plots of nuclear size indicate G1/G0 and S/G2/M cells, respectively. The angle indicates arctan of
tracked cells. Relative values with an average of all frames were calculated, and the absolute value is shown. The velocity indicates the number of tracked cells
that migrate among frames. The relative values with an average of all frames were calculated.

(Figure 2 I'). Remarkably, G1/GO cells with abnormal nuclear
sizes were observed at the surface and center (Figure 2G, arrow-
heads in 2H). Thus, endoscopy enabled the repetitive spatiotem-
poral evaluation of the tumor tissue at the cellular level.

Generation of a pseudo-tomographic image from a
microendoscopic video

We then tried to reconstruct the 2D pseudo-tomographic image
from an endoscopic imaging video. This facilitated the recognition
of cell-distribution patterns in entire tumors using the panoramic
view. However, generating a 2D image using common panoramic
image-generation procedures such as image mosaicing is difficult
because the fluorescence intensity, relative position, and shape of

objects among frames are slightly changed during the travel of the
endomicroscopic probe. To generate the pseudo-tomographic
image, we thus developed a program involving four steps
(Figure 3A): (1) objects comparable in shape to the cell were ex-
tracted using the Laplacian of Gaussian filter (Figure 3B; cell
detection), (2) extracted cells with the desired size and vector
were tracked to distinguish them from cells adhered to the fiber
and debris (Figure 3B; tracking and correction), (3) collected cell
images during tracking were averaged (Figure 3B; tracking and
correction), and (4) averaged cell images were arranged to coordi-
nates based on the initial tracking point following aspect-ratio
correction (Figure 3B; expanded pseudo-tomographic image).
Coordinates of the initial tracking point were determined by the
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Figure 4. Fiber-bundle-based microendoscopic imaging system enables detailed assessment of anticancer drug efficacy

(A-D) BALB/c (nu/nu) nude mice were subcutaneously injected with 1.5 x 10 HT1080/Fucci(SA)5 cells. Tumor volume was measured twice per week. When the
tumor size reached approximately 200-300 mm?, microendoscopic imaging was initiated (week 0). Mice were administered (A) saline, (B) pazopanib (25 mg/kg)
mixed with valproate (50 mg/kg) (PAZ + VAL), (C) bleomycin (20 mg/kg BLM), and (D) doxorubicin (3.8 mg/kg DXR) every 2 days for 8 days since week 0. Colored
and black plots in each graph indicate the alterations in tumor volume and S/G2/M cell ratio analyzed using microendoscopy, respectively. Colored and black
arrows indicate the y axis of colored and black plots, respectively. Color bars show the anticancer drug treatment period.

(E and F) Representative microendoscope images in the surface (upper) and central (lower) regions of a tumor treated with (E) BLM or (F) DXR in various time
points in (C) and (D) (0 weeks, at the firstimaging day of the first week; 1.5 weeks, at the second imaging day of the second week; 2.5 weeks, at the second imaging
day of the third week). Red and green fluorescence indicates G1/G0 and S/G2/M cells, respectively. Arrowheads indicate the representative nuclear enlargement
in the surface region. Scale bars, 0.1 mm. Arrow (F.D.) indicates the traveling direction of the optical fiber.

(legend continued on next page)
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constant vector comprising a constant velocity (e.g., settings of
the actuator) and an angle. The tomographic image showed sim-
ilarities in the cell-distribution pattern with that of the confocal im-
age; however, the relative positions of cell populations within each
image were slightly different (Figure 3C). We attempted to
generate the pseudo-tomographic image obtained by microendo-
scopy and confocal image from the close region in the same
tumor. Nonetheless, it is technically challenging to obtain cryo-
sectioned samples from the exact same tissue region in which mi-
croendoscopic imaging was performed. Subsequently, we devel-
oped an image based on the actual fiber tract that was corrected
further because the direction and velocity of the fiber movement
were slightly unstable owing to heterogeneous tissue stiffness.
Thus, cells in the pseudo-tomographic image were arranged to
the coordinates based on the integrated vector calculated from
each tracking cell (Figure 3D). This allowed us to visualize the
actual fiber tract. Moreover, our program could output parameters
such as cell number and nuclear size, as well as direction and ve-
locity, correlated with tissue stiffness (Figure 3E). Thus, our system
can be utilized to analyze cell behavior more easily and tomo-
graphically by generating pseudo-tomographic images, further al-
lowing us to analyze a mechanical parameter such as tissue
stiffness.

Fiber-bundle-based microendoscopy enables detailed
assessment of anticancer drug efficacy

We used a combination of HT1080/Fucci(SA)5 and our microen-
doscopy to evaluate the efficacy of the classical anticancer drugs,
bleomycin and doxorubicin, which kill cancer cells by arresting
cell-cycle progression followed by inflicting DNA double-strand
breaks.?>° We also used the multikinase inhibitor pazopanib
and histone deacetylase inhibitor valproate as representative mo-
lecular-targeting drugs. These two drugs were used together to
inhibit tumor angiogenesis and induce sarcoma cell death without
cell-cycle arrest.®' Each drug was administered to the HT1080/
Fucci(SA)5 mouse model every 2 days for 8 days from the point
of first optical-fiber imaging when the tumor size reached approx-
imately 200-300 mm? (Figures 4A-4D). Administration of bleomy-
cin or doxorubicin resulted in tumor growth arrest, whereas pazo-
panib and valproate treatment only slightly inhibited tumor growth
(Figures 4B-4D). One week after the final administration of bleo-
mycin, the tumors started to grow again (Figure 4C). Of note,
the regrowth of doxorubicin-treated tumors was slower than
that of bleomycin-treated tumors (Figure 4D). Microendoscopic
analysis showed that the S/G2/M cell ratios were closely corre-
lated with these changes in tumor growth (Figures 4C—4F). In
particular, the S/G2/M cell ratio was decreased after doxorubicin
or bleomycin administration. Notably, the S/G2/M cell ratio in
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doxorubicin-treated tumors was slightly lower than that in bleo-
mycin-treated tumors (Figures 4C—4F). In contrast, although treat-
ment with pazopanib and valproate slightly reduced tumor
growth, the S/G2/M cell ratio was not significantly different than
that in the control group (Figures 4A and 4B). Because the endo-
scopic analysis of a tumor involves the evaluation of an individual
tumor over a time course, the fold changes of each parameter can
be calculated. During the administration of each drug, the fold
changes in the S/G2/M cell ratio were decreased in the surface
and central regions (Figures 4G, 4H, S3C, and S3D). After both
doxorubicin and bleomycin administration, the increase in the
S/G2/M cell ratio preceded tumor regrowth (Figures 4C and
4D). This increase in the S/G2/M cell ratio was observed at the
surface and central regions. Remarkably, the S/G2/M cell ratio
in bleomycin-treated tumors was higher than that in doxoru-
bicin-treated tumors (Figures 4G, 4H S3C, and S3D). Additionally,
these changes in the S/G2/M cell ratio in the doxorubicin-treated
tumor were also observed in the tomographic image (Figure S3E).
These results suggested that the efficacy of anticancer drugs,
evaluated as tumor growth arrest, was positively correlated with
changes in the cell-cycle state, which could be evaluated using
microendoscopy in vivo. Microendoscopic images before, during,
and after the administration of bleomycin or doxorubicin revealed
an increase in the proportion of enlarged cell nuclei after drug
administration (Figures 4E and 4F). The fold changes in the nu-
clear size in the bleomycin- or doxorubicin-administered tumors
at a week after the final administration were significantly
increased compared with those before administration; however,
those in the control or pazopanib- and valproate-treated groups
were not significantly changed (Figures 4l1-4L and S3A-S3D).
The analysis of fold changes showed that the nuclear enlarge-
ment of S/G2/M and G1/GO0 cells was predominantly observed
in bleomycin- and doxorubicin-treated tumors, respectively
(Figures 4K, 4L, S3C, and S3D). Furthermore, the spatiotemporal
analysis showed that the nuclear enlargement at the surface pre-
ceded that at the central region (Figures 4K, 4IL, S3C, and S3D).
Two weeks after the final administration, enlarged nuclei emerged
uniformly in both surface and central regions (Figures 4K, 4L, S3C,
and S3D).

Finally, we attempted to provide insights into the correlations
between the tumor growth speed, a kind of indicator for tumor
malignancy, and the parameters including S/G2/M cell ratios or
nuclear sizes in cancer cells obtained by the microendoscopic
imaging following the withdrawal of anticancer drugs. Increased
tumor regrowth speed showed a good correlation with the S/G2/
M cell ratio in the surface region of the tumor after the final
administration of doxorubicin or bleomycin (Figures S3F, S3G,
S3J, and S3K). The nuclear enlargement in the surface region

(G and H) Endoscopic analysis of periodic alterations in the S/G2/M cell ratio of tumors treated with anticancer drugs. The average values of relative changes
against those at the start of anticancer drug administration (T, value at each time point; Ty, value at the start of drug administration) in an individual tumor are
shown. The graphs in (G) and (H) indicate values at the surface and central regions, respectively. Color bars show the anticancer drug treatment period.

(I-L) Endoscopic analysis of nuclear size in the surface (solid line) and central (dotted line) regions. The average values of relative changes against those at the start
of anticancer drug administration (T, value at each time point; Ty, value at the start of drug administration) in an individual tumor treated with (l) Veh, (J) P + V, (K)
BLM, and (L) DXR are shown. Color bars show the anticancer drug treatment period. Data are presented as the mean + SEM, n = 6 mice (Veh), 6 mice (BLM), 7
mice (DXR), or four mice (PAZ + VAL). Notably, the numbers of used animals were reduced at certain time points (see Figures S3A-S3D) owing to death or lack of
tumor solidity attributed to cachexia or anticancer drug treatment, thus interrupting endoscopic imaging. “p < 0.05, based on one-way ANOVA followed by the

Tukey-Kramer test.
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also showed the positive correlation only in G1/GO cells in doxo-
rubicin treatment, while this was shown in both G1/G0 cells and
S/G2/M cells in bleomycin treatment (Figures S3F, S3H-S3J,
S3l, and S3M). Those findings suggested that S/G2/M cell ratio
and nuclear enlargement at the surface region of tumor could
be indicators for malignancy in chemotherapy. These results
indicate that microendoscopic imaging allows us to obtain
extensive knowledge in medical and pharmaceutical research
as well as biological research.

DISCUSSION

Existing imaging devices have limitations in terms of resolution,
invasiveness, and imaging depth, hindering the observation of
spatiotemporal cellular dynamics in tumors. Although multi-
photon microscopy has been used to examine the tumor envi-
ronment and efficacy of anticancer drugs in vivo, its depth range
is limited to approximately 1.0 mm from the tumor surface, and
visualization of deeper areas remains challenging. Therefore,
we developed a new imaging technique that allows for a greater
visualization depth. We combined a fiber-bundle-based micro-
endoscope with a sharpened tip and genetically encoded
Fucci. The introduction of a bamboo spear-shaped imaging
probe allowed for the analysis of microscopic objects without
complicated optical corrections (Figure 1A). Moreover, the mi-
croendoscope was equipped with a multicolor laser system
and provided cellular resolution, enabling the clear observation
of beads with a diameter of 2 pm (Figure 1B). The spatial reso-
lution in our system is limited by core diameter of single-mode
optical fiber composed of optical-fiber bundle. The use of opti-
cal fiber with a core diameter of 2 pm is thought to archive visu-
alization of the 2-pm beads in this study. The substantial field of
view is defined by the diameter of the optical-fiber bundle.
Although we applied a 350-pm diameter of the optical-fiber
bundle in the present study, it can be more than twice the size
of the field of view for commercial purposes. However, there
is a trade-off between field of view and invasiveness. The frame
rate and image resolution depend on the number of scanning
vertical lines; in this study, the frame rate was 7.5 fps owing
to the acquisition of line numbers for image resolution. Thus,
the frame rate can also be increased by reducing the number
of scanning vertical lines. The scan depth of our imaging probe
was calculated at approximately 13.8 um (Figure 2A). This limi-
tation of scan depth is considered to be due to the optical prop-
erties of imaging tissue and diverging of exciting light. The
acquisition of end-to-end imaging data took 2-3 min even in a
tumor of 1 cm in diameter using an optical-fiber bundle running
at 0.069 mm/s (Video S1), indicating that the imaging system
achieved high-throughput performance with minimal invasive-
ness (Figures 1D and 1E). The cell-distribution pattern in longi-
tudinal imaging using endoscopy is closely correlated with that
in the histological image obtained from confocal microscopic
imaging (Figures 2B and 2C). Cellular information such as the
nuclear size and proliferating activity could be obtained not
only over the desired time course but also at the desired imag-
ing depth (Figures 2D-2I'). Such endoscopic performance can
largely contribute to experimental animal ethics. High-
throughput performance and low invasiveness are expected
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to reduce animal suffering. Moreover, periodic intravital imag-
ing can significantly reduce the number of experimental animals
used.

In its original form, microendoscopy provided an imaging
video. Here, we succeeded in reconstructing a 2D pseudo-
tomographic image from this imaging video (Figures 3, S3E,
and S5C). This pseudo-tomographic image allowed us to
comprehensively and easily recognize the cell-distribution
pattern in the panoramic view. It showed similarities in the cell-
distribution pattern with that of the confocal image in the same
tumor (Figure 3C). However, the relative positions of cell popula-
tions were slightly different between the pseudo-tomographic
image and the confocal image. In addition, microendoscopic
analysis of the S/G2/M cell ratio in the surface region was slightly
higher than the confocal image (Figure S2B). These inconsis-
tencies might be due to the technical difficulty of obtaining
cryo-sectioned samples from the same tissue region in which
microendoscopic imaging was performed. The tract of fiber
and insertion point were hardly recognized because of low inva-
siveness. Moreover, the process of specimen preparation,
including resection, chemical fixation, and cryo-sectioning,
causes various artificial effects such as tissue folding, shrinkage,
and changes in autofluorescence. Thus, it is suggested that the
difference in S/G2/M cell ratio between microendoscopy and
confocal microscopy occurred in association with various artifi-
cial effects during specimen preparation. Thereby, it is thought
that intravital monitoring of cellular and molecular dynamics is
important for a clear understanding of pathophysiology. In addi-
tion, mechanical parameters could be concurrently obtained
with the localization pattern of the cell population (Figure 3E).
Recent studies reported that mechanical parameters surround-
ing cells affect cellular behavior, including cancer malig-
nancy.*?*® Other biological information regarding blood vessels,
extracellular matrix, and cellular architecture can be also ob-
tained using genetically encoded and fluorescent probes. The
microendoscopic system will facilitate the visualization of this
critical biological information, thereby aiding in the disclosure
of the mechanism of cancer malignancy.

Using microendoscopy, we successfully visualized the effi-
cacy of anticancer drugs at a cellular-level resolution in tumors
(Figure 4). In this study, three types of anticancer drugs, pazo-
panib, bleomycin, and doxorubicin, were tested. Doxorubicin
and bleomycin are cell-cycle-specific drugs that induce DNA
double-strand damage.?**° Pazopanib is an angiogenesis in-
hibitor that starves cancer cells and ultimately inhibits their pro-
liferation.®" In our experiments, tumor growth was significantly
inhibited by doxorubicin or bleomycin but not by pazopanib at
the doses used (Figures 4A-4D). The proliferating cancer cell
ratio (S/G2/M cell ratio) was consistently decreased following
treatment with doxorubicin or bleomycin (Figures 4C and 4D)
but not after treatment with pazopanib (Figure 4B). Further-
more, tumor regrowth speed correlated with the cell-prolifera-
tion ratio after chemotherapy (Figures 4C and 4D). Anticancer
drug treatment led to an increase in the number of enlarged
nuclei (Figures 4E, 4F, 4K, and 4L). Different anticancer drugs
resulted in the emergence of different spatiotemporal patterns
of enlarged nuclei and cell-cycle states. For instance, many
enlarged nuclei were observed in proliferating cells in



(2025), https://doi.org/10.1016/j.crmeth.2025.101056

Please cite this article in press as: Goto et al., Microendoscopy for periodic intravital end-to-end tumor imaging of cancer cells, Cell Reports Methods

Cell Reports Methods

bleomycin-treated tumors and in nonproliferating cells in doxo-
rubicin-treated tumors (Figures 4K and 4L). Confocal laser
microscopic images consistently showed enlargement of can-
cer cell nuclei as visualized by DNA staining with each Fucci
signal in the doxorubicin-treated tumor (Figure S4). In some
in vitro studies, emergence of nuclear enlargement of cancer
cells under the doxorubicin and bleomycin treatments has
been also reported.®*~*° In addition, evaluating severe cellular
conditions, such as hypoxia (low oxygen supply or CoCl, treat-
ment)®”*® or anticancer drug treatment,***' have demon-
strated similar nuclear enlargement through cell-cycle arrest,
cell fusion, or endoreplication. Pathological studies have also
shown that enlarged nuclei are frequently observed in high-
grade or postchemotherapeutic tumors.*>**> Thus, nuclear
enlargement of cancer cells has been discussed to be involved
in cancer malignancy; however, a limited number of studies
have been reported in animal models in vivo. Our findings
regarding nuclear enlargement are expected to contribute to
the understanding of cellular response in vivo to anticancer
drugs. Nuclear enlargement in our study was observed to occur
preferentially on the surface of tumors treated with either bleo-
mycin or doxorubicin. Microendoscopy also revealed that the
tumor surface was predominantly occupied by proliferating
cells (Figure 2I), suggesting that many enlarged nuclei were
induced by mitotic interference following impaired DNA replica-
tion. Vascular density was higher at the surface region of the tu-
mor than at the central region (Figures S2C-S2E). The distribu-
tion of doxorubicin within the tumor has shown a gradual
pattern according to the distance to blood vessels.***® Thus,
previous studies support our findings that polyploid cancer
cells arise with spatiotemporal heterogeneity in tumors after
doxorubicin or bleomycin administration. Furthermore, tumor
regrowth speed after anticancer drug treatment showed a cor-
relation with nuclear enlargement in cancer cells (Figures S3F-
S3M). This suggests that cancer cells with enlarged nuclei have
the potential of reproliferation after anticancer treatments re-
sulting in drug resistance and cancer recurrence. Meanwhile,
we showed that the S/G2/M cell ratio changed with the increase
in tumor volume (Figures 2D and 2D’). These data indicate that a
heterogeneous tumor environment is formed along with the tu-
mor growth and/or the time after tumor cell transplant. There-
fore, the administration of anticancer drugs at an appropriate
time can be evaluated for effect on the more heterogeneous tu-
mor environment. Simultaneously, we should carefully examine
the experimental endpoint (i.e., tumor expansion and loss of
body weight related to the cachexia and anticancer drug).
Thus, the assessment of anticancer drug effects in a more het-
erogeneous tumor environment will be addressed in the next
study.

Although we have shown important oncological and cell bio-
logical findings in this study, our technique can be expected in
clinical applications such as the evaluation of cancer therapies
(e.g., chemotherapy, radiotherapy, and immunotherapy), diag-
nosis of cancer cell genotype and phenotype, and intraoperative
diagnosis. With the development of next-generation se-
quencers, genetic diagnosis is more advanced and enables
advanced cancer therapies such as precision medicine. Geno-
type and phenotype of cancer cells alter spatiotemporally in
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the tumor.”®° In addition, some cancer therapies are well
known to trigger the genomic mutation in cancer cells.>*’
This genotypic and phenotypic heterogeneity is a crucial factor
in cancer recurrence and drug resistance. There is a possibility
that our technique can spatiotemporally assess the phenotype
of cancer cells even before and after cancer therapies. In addi-
tion, degrees of infiltration and accumulation of immune cells
into tumors are effective indicators for immunotherapeutic ef-
fect,®%°% which our technique may also assess because it allows
for visualization spatiotemporally at cellular resolution. There-
fore, our technique has potential for medical applications and
can make advanced cancer therapies more effective. Moreover,
our technique combined with other clinical modalities such as
sonography and conventional endoscopy can be a strong clin-
ical tool because of realizable macro- and microscopic diag-
nosis. Currently, clinical and intravital imaging devices have
advanced in many technological aspects, including field of
view, spatial resolution, and functional imaging.®'"'%°*5% How-
ever, these remain difficult to visualize at the single-cell resolu-
tion. Our technique combined with existing clinical devices is ex-
pected to innovate novel clinical technologies such as novel
intraoperative diagnosis methods.

Clinical application of our technique is challenging and there
are some subijects including fluorescence labeling and imaging
in the internal organ. Owing to progress of biochemistry and syn-
thetic chemistry, various fluorescence dyes have been devel-
oped for the fluorescence labeling of cells. Currently, some of
them are being studied in clinical trials.>® Moreover, several anti-
body drugs have been developed, and some radioisotope or
photosensitizer-labeled antibody drugs have been approved
by the United States Food and Drug Administration.®”->® Thus,
there is a possibility that fluorescence-labeled antibody drugs
will spread as diagnostic drugs, which would support the clinical
application of our technique. In addition, demonstrating that mi-
croendoscopic imaging can be performed within the internal or-
gans is essential for clinical applications. Our technique will
require an evaluation in the orthotopic transplant and sponta-
neous carcinogenesis models. Our preliminary study showed
that the microendoscopic system successfully visualized the gli-
oma cells in the glioma mouse model as the orthotopic trans-
plant model (Figure S5 and Video S3). These preliminary data
suggest that our technique can be applied to the in vivo cellular
imaging in the orthotopic transplant model in deeper internal or-
gans than subcutaneous tissue.

In conclusion, this imaging system contributes greatly to the
development of tumor biology and anticancer therapies by
enabling a better understanding of the precise mechanism by
which tumors respond to or resist anticancer therapies.

Limitations of the study

Our microendoscopic system successfully achieved the spatio-
temporal analysis of the proliferative behavior of cancer cells
through less invasive, repetitive, and end-to-end tumor imaging
in vivo. The time required to obtain the images in each tumor was
only 2-3 min, highlighting the super-high-throughput imaging ca-
pabilities of the microendoscopic system. The system enabled
the visualization of the efficacy of anticancer drugs in heteroge-
neous cancer micro- and macroenvironments, indicating its
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usefulness in optimizing anticancer strategies and assessing
drug efficacy. However, our system was limited in its observation
of 2-um beads because of the diameter of each optical-fiber
core. Therefore, applying our system for imaging that requires
a high resolution, such as imaging of chromatin patterns and
organelle dynamics, is difficult. In this study, Fucci(SA)5 was
applied to microendoscopic imaging and succeeded in clear im-
aging of cell-cycle state in G1/G0 and S/G2/M phase in vivo.
Furthermore, Fucci(CA)5 can clearly visualize the S and G2
phases separately.”® A future challenge is to obtain precise
cell-cycle information in vivo through imaging of Fucci(CA)5
and combination with other indicators. Moreover, distance to
blood vessels and hypoxia are crucial factors for understanding
of tumor environment and response to anticancer drugs. Our
technique will visualize the hypoxic area by using hypoxia-sensi-
tive fluorescence probes in the future.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Doxorubicin Sigma-Aldrich D1515; CAS: 25316-40-9
Bleomycin Sigma-Aldrich BP97; CAS: 19041-93-4
Pazopanib Sigma-Aldrich SML3076; CAS:

Sodium valproate

FUJIFILM Wako Pure Chemical
Corporation

1149669-28-2
193-18352; CAS: 1069-66-5

DyLight 649 Lycopersicon esculentum Vector Laboratories DL-1178
(Tomato) lectin
Experimental models: Cell lines
HT1080/Fucci(SA)5 (clone #2) RIKEN BioResource Research RCB 4698
Center (BRC)
Cc6 RIKEN BRC RCB2854
Experimental models: Organisms/strains
BALB/c (nu/nu) mice CLEA Japan BALB/cAJcl-nu/nu
Software and algorithms
Pseudo-tomographic image synthesis This paper https://osf.io/8345y/files/osfstorage?view_

program only=4d6af5e5bc054582a7ad369147e62e19
and https://doi.org/10.6084/m9.figshare.
29035784

NIH ImageJ Fiji Schindelin, J. et al.* https:/fiji.sc/

wrMTrck plugin Nussbaum-Krammer, C. I. et al.®° https://www.phage.dk/plugins/wrmtrck.html

Other

Optical fiber bundle
Optical fiber bundle
475 nm laser light source
561 nm laser light source
638 nm laser light source

Photomultipliers

ORIEL Dual Controller
Nonstandard analog framegrabber
Dichroic mirror

Dichroic mirror

Emission filter

Emission filter

SUMITA OPTICAL GLASS, Inc.
Fujikura

Coherent

Coherent

CiviLasers

Hamamatsu Photonics
Newport Corporation
Matrox

IDEX Health&Science
IDEX Health&Science
IDEX Health&Science
IDEX Health&Science

HDIG
FIGH-10-350S
OBIS 473-75 LX
OBIS 561-50 LS

180 mW Red Semiconductor Laser system
Solid state laser

R3896

Model 18009

Solios eA

Semrock Di01-R488/561
Semrock FF561-Di01
Semrock FF01-525/32
Semrock FF01-600/35

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

For the generation of HT1080 human fibrosarcoma cells (ATCC, VA, USA) and C6 rat glioma cells (RIKEN BRC, Ibaragi, Japan) stably
expressing tFucci(SA)5, the PiggyBac transposon system was employed.?® The pPBbsr-based tFucci(SA)5 and pCMV-mPBase
(neo-) encoding the piggyBac transposase were cotransfected into HT1080 cells or C6 using Lipofectamine 3000 or PEI MAX,
respectively. The transfected cells were selected using blasticidin S (InvivoGen, CA, USA) (50 pg/mL for 3 days and subsequently
10 pg/mL for 7-10 days). tFucci-expressing single cell clones were further isolated by limited dilution.
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Tumor xenograft models

Briefly, 4-week-old BALB/c (nu/nu) male mice (CLEA Japan, Inc., Tokyo, Japan) were used. All experimental protocols were
approved by the Ethics Committee on Animal Care and Use of the RIKEN Center for Biosystems Dynamics Research (MAH 21-
17-15) and performed in accordance with the Principles of Laboratory Animal Care. Animal care and use complied with the
ARRIVE 2.0 guidelines. Mice were housed (2-3 animals in each cage) at a constant temperature (22°C-23°C) and humidity (50—
60%) and were maintained under a 12 h light/dark cycle (lights off at 8:00 p.m.) with free access to food and water.

For the subcutaneous injection of tumor cells, mice were anesthetized with isoflurane (Pfizer, Groton, CT, USA) and then injected
with 1.0-2.0 x 10® HT1080/Fucci(SA)5 cells in a 2:1 mixture of Hank’s balanced salt solution and Matrigel Growth Factor Reduced
Basement Membrane Matrix (Corning, Inc., Corning, NY, USA). Tumor volume was measured twice per week, and tumor size was
calculated using the following formula®’:

Tumor size = length x width® / 2

For the brain ventricular injection of tumor cells, mice were anesthetized with isoflurane (Pfizer), and a head was fixed with a ste-
reotaxic instrument (Narishige, Tokyo, Japan). The cannula was stereotaxically positioned in the left lateral ventricle after the skull
was carefully removed. Next, 1.0 x 106 C6/Fucci(SA)5 cells in 5 pL of Hank’s balanced salt solution were injected into the lateral
ventricle. After closing the incision, penicillin G potassium (6000 U/day, Meiji Seika Pharma Co., Ltd., Tokyo, Japan) was injected
intramuscularly for infection control.

METHOD DETAILS

Cell culture

HT1080 cells were cultured in Dulbecco’s modified Eagle’s medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% fetal
bovine serum (FBS) (BIOSERA, Nuaille, France), 100 pg/mL penicillin (Nacalai Tesque), and 100 U/mL streptomycin (Nacalai Tesque)
in an atmosphere containing 5% CO, at 37°C C6 cells were cultured in Roswell Park Memorial institute medium-1640 (Nacalai Tes-
que) supplemented with 10% FBS (BIOSERA), 100 pg/mL penicillin (Nacalai Tesque), and 100 U/mL streptomycin (Nacalai Tesque) in
an atmosphere containing 5% CO, at 37°C.

Animal study

After tumors had reached a median size of 180-230 mm?, the mice were divided into groups of eight animals based on similar median
tumor sizes. Mice were injected with saline (vehicle; intraperitoneally), doxorubicin (DXR; 3.8 mg/kg; intravenously) (Sigma-Aldrich,
St. Louis, MO, USA), or bleomycin (BLM; 20 mg/kg; intraperitoneally) (Sigma-Aldrich) every 2 days for 8 days. Furthermore, a mixture
of pazopanib (PAZ; 25 mg/kg) (Sigma-Aldrich) and sodium valproate (Val; 50 mg/mL) (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) was administered via oral gavage. The dosage of these anticancer drugs was determined based on previous in vivo
studies.®"%?

In vivo microendoscopic imaging

In vivo microendoscopic imaging was performed as previously described.?' >’ Fluorescence signals were detected using a fiber
bundle (350 pm in diameter, high-definition image guide; HDIG, SUMITA OPTICAL GLASS, Inc., Saitama, Japan; or FIGH-10-350S,
Fujikura, Tokyo, Japan). For tumor insertion, one tip of the bundle was placed in a 22G needle and polished at a 60° angle (Figure 1).
The other end was flat and scanned using a custom-built laser scanning microscope equipped with a 475 nm laser light source (OBIS
473-75 LX, Coherent, Inc., CA, USA), 561 nm laser light source (OBIS 561-50 LS, Coherent, Inc.), 638 nm laser light source (638 nm
180 mW Red Semiconductor Laser, CiviLasers, China), and photomultipliers (R3896, Hamamatsu Photonics, Shizuoka, Japan). For
confocal microscopy, the following dichroic mirrors and filters were used: Semrock Di01-R488/561 for excitation laser/emitted fluo-
rescence, Semrock FF561-Di01 for two-color separation, and Semrock FF01-525/32 and FF01-600/35 as emission filters. Fluores-
cence signals were digitized using a nonstandard analog framegrabber (Solios eA, Matrox, Canada), and the data were stored on a
PC using a custom-written Windows program (Neuro Programming Research, Osaka, Japan). The resolution of each image was set
to 1200 (H) x 1000 (V) pixels. The frame rate depends on the number of scanning vertical lines; here, the frame rate was 7.5 fps owing
to the acquisition of line numbers for image resolution. To confirm the spatial resolution and detection of multiple fluorescence sig-
nals, 1 pm (Ex: 485 nm, Em: 510 nm) (42-01-103, Micromod Partikeltechnologie GmbH, Rostock-Wamemunde, Germany), 2 pm (Ex:
660 nm, Em: 700 nm) (FP-2070-2, Spherotech, Inc., IL, USA), 5 pm (Ex: 569 nm, Em: 585 nm) (40-01-503, Micromod Partikeltechno-
logie GmbH), or 10 pm (Ex: 485 nm, Em: 510 nm) (42-01-104, Micromod Partikeltechnologie GmbH) fluorescence beads embedded
in agarose gel were used.

HT1080/Fucci(SA)5 tumor-bearing mice were anesthetized with isoflurane. The tumor was held with a stereotaxic instrument (Nar-
ishige), and an optical fiber bundle was automatically inserted at a rate of 0.069 mm/s using the ORIEL Dual Controller Model 18009
(Newport Corporation, Irvine, CA, USA). During insertion, endoscopic images were continuously recorded. After recording, the op-
tical fiber bundle was removed from the tumor, and the stab wound was disinfected with a povidone-iodine 7.5% w/w surgical scrub
(Meiji Seika Pharma Co., Ltd., Tokyo, Japan). In some cases, animal death or lack of tumor solidity due to cachexia or anticancer drug
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treatment interrupted periodic endoscopic imaging. C6/Fucci(SA)5 glioma model mice were anesthetized with isoflurane and a head
was fixed with a stereotaxic instrument (Narishige). After exposing the brain, an optical fiber was inserted, and endoscopic imaging
was performed in accordance with the procedure described above.

For vascular endoscopic imaging, HT1080/Fucci(SA)5 tumor-bearing mice were intravenously injected with DyLight 649 Lycoper-
sicon esculentum (Tomato) lectin (5.0 mg/kg) (Vector Laboratories, Inc., CA, USA) before being anesthetized with isoflurane.

Image processing

The fluorescence intensity, size, and number of cells in the endoscopic images were analyzed using a cell tracking macro developed
by NIH ImageJ Fiji.>® For the cell tracking analysis, the background value was subtracted from the value of the averaged stacked
images. A running Z-projector plugin was used to increase the signal/noise ratio in the subtracted images. The images were then
rotated depending on the flow of cells and resized so that the ratio between the long and short axes of the elliptic fits of cells became
close to that obtained using conventional confocal microscopic images. The contrast of the images was determined based on a his-
togram of stacked images. Threshold levels were determined using an autothreshold plugin. Small noises in the processed images
were removed using the despeckle filter. Cell tracking was performed using the wrMTrck plugin.®® The S/G2/M cell ratio was calcu-
lated as the ratio of tracked S/G2/M cells to the total number of cells (S/G2/M and G1/GO0 cells). Nuclear sizes were obtained by
running the wrMTrck plugin.

Pseudo-tomographic image synthesis

All steps in the synthesis program were built in C++. The input optical fiber imaging movie was subjected to a Laplacian of Gaussian
filter. Background subtraction and binarization were performed for each channel. Objects were detected to obtain the desired size
and velocity. The objects were tracked, and bounding boxes were drawn using a tracking program in OpenCV. The vectors of each
tracking object were obtained at the same times as those of the tracking phase and averaged as an integrated vector. In addition, the
tracking images collected from each frame were averaged, and the aspect ratios of the averaged images were then corrected. Virtual
(constant vector) and actual fiber tracts were generated from the desired and integrated vectors, respectively. The corrected images
were arranged for coordination based on the initial tracking points located in each fiber tract. In cases where the tissue contained
necrotic areas, the constant vector was used to obtain the pseudo-tomographic image.

Histological analysis

HT1080/Fucci(SA)5 tumor-bearing mice were deeply anesthetized with isoflurane. The tumors were collected, postfixed overnight
with 4% paraformaldehyde (MilliporeSigma, Burlington, MA, USA) in 10 mM phosphate-buffered saline at 4°C, and sequentially
immersed in 15% and 30% (w/v) sucrose solutions. Tumor sections (30 pm-thick) were prepared using a cryostat (Microm HM
560, Microedge Instrument, Inc., BC, Canada). The tumor sections were mounted with a solution containing Hoechst (5 mg/mL; Do-
jindo Laboratories, Tokyo, Japan) and observed under a confocal laser microscope (Digital Eclipse C1; Nikon, Tokyo, Japan). For
conventional hematoxylin-eosin staining, the tumor sections were stained by Weigert's Iron Hematoxylin (FUJIFILM Wako Pure
Chemical Corporation) and diluted pure eosin solutions (Muto Pure Chemicals Co., Ltd., Tokyo, Japan). The hematoxylin-eosin stain-
ing tumors were mounted with Entellan new (Merck Millipore, MA, USA) and observed under a phase contrast microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as the mean + standard error of mean (SEM) of representative experiments unless otherwise stated. Each
experiment was repeated at least thrice and involved at least triplicate measurements. Statistical significance was calculated using

Student’s t t-test or one-way analysis of variance (ANOVA), followed by the Tukey—Kramer test. Statistical significance was setatap
value <0.05.
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