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Abstract

The chemotherapy sensitive Lewis lung carcinoma (LLC) and chemotherapy resistant Lewis
lung carcinoma (CR-LLC) tumors concurrently implanted in mice, and compare these findings
with histological macroscopic observations against 3D reconstruction of Fluorescence
Molecular Tomography (FMT) preformed in vivo on the same animals. For the 3D image
reconstruction we used 32 laser source images, a flat image and 3D surface rendering that
confused for 3D Fluorescence Molecular Imaging (FMI). A minimum of ten tissue sections
were analyzed per tumor for quantification of the TUNEL-positive cells, cell-associated
Cy5.5-Annexin and vessel-associated Alexa Fluor-Lectin. These are useful apoptosis and
angiogenesis markers, and they serve as validation experiments to data obtained in vivousing a
Cy5.5-Annexin V conjugate injected intravenously in chemotherapy-treated animals carrying
the tumors studied histologically. We detected higher levels of apoptosis and corresponding
higher levels of Cy5.5 fluorescence in the LLC vs. the CR-LLC tumors according to tissue
depth and these findings confirm that in vivo staining with the Cy5.5-Annexing conjugate
correlates well with in vitro TUNEL staining and is consistent with the higher apoptotic index
expected from the LLC line. There appeared to be 1.38% more apoptosis for LLC than
CR-LLC. Consequently there is good correlation between the histology results and in vivo
fluorescence-mediated optical imaging. In conclusion the apoptotic images of 3D FMI were
validated by microscopic histological image analysis. This is a significant result for the
continuous progress of fluorescence 3D imaging research.
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Introduction

Non-invasive fluorescence imaging has emerged in recent years as an important method for in vivo
imaging in small animal research due to the development of bio-compatible fluorochromes with
molecular specificity and of appropriate imaging systems and methods [1,2]. Light has been
traditionally used for high-resolution imaging of histological slices using fluorescence microscopy
and for tissue sectioning with confocal and multi-photon microscopy. In these investigations light
in the visible spectral region is traditionally used. For probing deeper in tissue, fluorochromes that
emit in the near infrared(NIR) are employed. This is because tissue penetration of several
centimeters can be achieved in this spectral region due to low tissue absorption. Imaging in the
NIR has led to a new family of optical imaging techniques that are low resolution but lead to
significantly higher penetration depths and retain high molecular specificity [3,4]. Optical imaging
of small animals is carried out with several elegant technologies including bioluminescence
imaging [5,6], fluorescence protein imaging [7,8], enzyme upregulation imaging [9,10] and



receptor specific imaging [11]. Detection is performed either with planar imaging (photographic)
systems or more advanced technologies using tomographic principles. The latter have been
developed to overcome several limitations of planar imaging; i.e. lack of accurate quantification
and inability to resolve depth.

FMIis a particular example of a fluorescence tomographic method that was developed recently for
small animal imaging. The technology has shown the ability to image protease expression deep in
tissues in animal models in vivo [12]. An important aspect of these developments is the
establishment of appropriate methods to serve as gold standard for validating the macroscopic
appearance of fluorescent probes with the underlying biology. Of particular importance in these
investigations is that the same fluorescent agent used for in vivostaining can also be imaged
microscopically after excising the tissues of interest. This can offer a direct evaluation of imaging
results and is an important step towards the acceptance of these technologies in biomedical
practice.

In this work we focused on evaluating macroscopic FMT findings of apoptosis with the underlying
TUNEL stain microscopic appearance. Apoptosis, or programmed cell death, is a critical process
for organ development, tissue homeostasis, and removal of defective cells in vivo and plays an
important role in many diseases, including cancer [13]and it is of great importance in the study and
development of treatment strategies. To carry out this correlation we employed an in vivo marker
of apoptosis using a previously developed Annexin V [14,15] based reporter conjugated to the NIR
fluorochrome Cy5.5 with emission peak at 690nm. We analysed in parallel the histological
appearance of this marker with its in vivo appearance on 3D reconstructed FMT images and
correlated these findings with in vitro TUNEL staining of the excised tumours using the Cy3
fluorochrome.

Methods and Materials

Cell culture and animal models
LLC cells and CR-LLC cells were propagated in 10% FBS(Fetal Bovine Serum) and
DMEM(Dulbecco's Modification of Eagle's Medium). '
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Figure 1. The biohistochemical stained animal model.

LLC and CR-LLC cells were implanted in female nu-nu mice. One million (10° )cells were
injected subcutaneously and bilaterally in the upper anterior thorax of the nude mice. Animals

— 24—



were imaged 9-12 days after implantation, when tumors were 4-5 mm in diameter.
Cyclophosphamide (Mead Johnson, Princeton, NJ) was administered as an i.p. injection at
170mg/kg. The first treatment was given 72 hours prior to imaging and the second treatment was
given 24 hours prior to imaging. Cy5.5 labeled AnnexinV (at Inmol/animal) was injected i.v. via
tail vein injection two hours prior imaging (see Figure 1).

3D FMT image acquisition

FMT was performed using a parallel plate scanner previously developed [16]. The central piece of
the system is the imaging chamber designed for small animals (see Figure 2). The system employs
a constant intensity laser diode emitting at 672nm. The light source is time-shared amongst 32
fibers located at the back plate of the animal chamber and arranged into a 2cm1.5cm hexagonal
grid. The back plate is moveable so that the object can be compressed against the front glass
window if required. NIR detection is based on a NIR sensitive CCD camera (VersArray 512B,
Roper Scientific Inc., Trenton, NJ) with 35mm f1.2 lenses (Nikon Inc., Melville, NY) and
band-pass filters for emission and excitation measurements (705 nm and 671nm central
wavelengths respectively, Andover Inc., Salem, NH). The CCD chip groups 512512 individual
pixels, from which a central field of view is selected and appropriately binned each time to serve
as a virtual detector grid.

() (b)
Figure 2. (a) FMT and FRI architecture and (b) the system construction.

Imaging procedures involved placing the object or animal into the chamber and obtaining a
front-illumination "photographic” image at the excitation wavelength with the NIR camera. This
image was used to verify the subject's position and to detect four fiducial markers located on the
back plate for automatic geometry extraction and image registration. The fiducial coordinates were
also used to calculate the position of the fiber sources in relation to the object or animal. Then, the
animal was surrounded by anoptical "matching fluid" consisting of intralipid and ink at appropriate
concentrations to mimic the optical properties of the animal. Tomographic data were then obtained
by capturing 64 transillumination images, acquired for 32 sources at the excitation and emission
wavelengths respectively. Typical exposure times per source employed were 0.5 sec. at the
excitation wavelength and 5 sec. at the emission wavelength corresponding to total imaging time
of less than 5 minutes. The 3D image reconstruction was based on a normalized Born solution of
the diffusion approximation previously described [12,17]. Inversion was based on the algebraic
reconstruction technique that was run for 10 iterations on typical volumes consisting of a total of
104 source detector measurements and equal number of voxels. The three-dimensional datasets of
the measurements were combined to create an image, which is shown in Figure 3.
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Figure 3. FMI 3D fusion images. (a) A flat intrinsic image was visualisedfor LLC on the left and CR-LLC
on the right of the image, for M2. (b) The FMT fusion image. (c) 3D surface rendering. (d) The
characterised FMT in vivo images according to the tissue depth.

Histological staining

The mice were preinjected with Alexa Fluor 488 -labeled lectin (Lycopersicon Esculentum, Vector
Laboratories) at 100 g/animal ~15 min before sacrificing to reveal tumor blood vessels. Tumors
excised from euthanized animals were snap frozen, and cut into 10-m sections. We stained the
tumor sections for apoptosis using the terminal deoxynucleotidyl transferase-mediated nick end
labeling(TUNEL) assay [18,19], which is provided in the ApopTag Apoptosis Detection Kit
Manual (Serologicals Corporation, Norcross, GA). We followed the procedure for indirect staining
of unfixed tissue cryosections. The apoptotic cells were stained with Cy3 and imaged using a
fluorescence microscope. At leastminimum of ten tissue sections were analyzed per tumor for
quantification of TUNEL-positive cells, cell-associated Cy-Annexin and vessel-associated Alexa
Fluor-Lectin. TUNEL analysis performed on histology sections of the cyclophosphamide resistant
tumors showed a lower incidence of apoptotic cells and a lower density of tumor blood vessels
(lectin staining) than the sections of the tumors sensitive to chemotherapy. The in situstaining of
DNA strand breaks detected by the TUNEL assay and subsequent visualization by light
microscopy gives biologically significant data about apoptotic cells, which may be a small
percentage of the total population [20]. Apoptotic cells stained positive with ApopTag Kits are
easier to detect and their identification in more certain, as compared to the examination of simply
histochemically stained tissues.



Microscopic image acquisition

Fluorescence microscopy with 10 magnification been performed using an inverted microscope
(Zeiss Axiovert 100 TV, Wetzlar, Germany) fitted with appropriate filter sets (Omega Optical) i.e.
505 nm (490 nm~520 nm) for AF488, 560 nm (552 nm ~ 565 nm) for Cy3 and 680 nm (650 nm ~
667 nm) for Cy5.5. Images were acquired using a Photometrics CH250 CCD (Photometrics,
Tucson, AZ), with image acquisition and storage controlled by IP LabSpectrum software (Signal
Analytics). The camera resolution was 10351316 pixels at 12 bits per pixel. The total analyzed
histological images were 96. They were 51 images for the LLC and 45 images for the CR-LLC of
the three nude mice and staining Cy5.5 and Cy3 respectively. Table I shows the total experimental
and categorized images.

Table I The three nude mice of M1, M2 and M3 and each mouse of two different tumors that stained by
Cy5.5 and Cy3.

Mouse No. Ml M2 M3 Total
Stain\Carcinoma | LLC CR-LLC LLC CR-LLC LLC CR-LLC
Cy5.5 5 5 6 6 11 10 43
Cy3 .10 10 5 5 14 9 53
Total 15 15 11 11 25 19 96
Image Analysis

Image processing and analysis was performed using the Visual C++ based IMAN (IMage
ANalyzer, MedIT, Korea) run on a 2.2 GHz Pentium IV personal computer. For all histological
slices a central 512512 region of interest was selected to avoid inhomogeneous boundaries and
ensure homogeneous illumination. Images were converted to 8 bits description per pixel for
handling speed and simplicity. Figure 4 shows the representative stained categorizing.
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Figure 4. Representative fluorescence microscopic images, 512 x 512 pixels, 8§ bits per pixel. (a) LLC/Cy3
(b) CR-LLC/Cy3. (b) LLC/Cy5.5. (d) CR-LLC/CyS.5.

Segmentation Histogram equalisation was applied to all images before applying the same threshold
to convert images to binary [21].This process ensures that absolute image maxima, which vary
significantly from study to study owing to varying illumination strength and staining conditions,
do not affect the calculation. LLC images could not be segmented for any objects because of the
high threshold value. CR-LLC images were notsegmented because of the low threshold value.
Accordingly, LLC images display too few objects, and CR-LLC images display too many objects.
Consequently the threshold was determined based on a training set of TUNEL-stained images
obtained from studies performed prior to this analysis, and it was fixed to a grey-level intensity
value of 250 for Cy5.5 and Cy3 images.

Feature extraction The quantification of the segmented objects involved implementing a labeling
algorithm by selecting more than 1 pixel object and using 8-neighboring pixel clustering for
counting object numbers [22,23]. Figure 5 shows the sequence for the quantified image
processing. Two main features were summarized, i.e., the number of object and the total object
area on an image.
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Figure 5. Image normalisation between LLC and CR-LLC stained with Cy5.5. (a) LLC/CyS.5 image. (b)
The accessed histogram equalisation of image A. (c) After setting the threshold value to 250 of image B.
(d) CR-LLC/Cy5.5 image. (e) The accessed histogram equalisation of image D. (f) After setting the
threshold value to 250 of image E.

Results

Statistical analysis

Using a multi-variance analysis using the SAS program package [24] we could validate the higher
average area and object number for the LLC vs. the CR LLC tumors on all image categories
studied. The results are summarized in Table II and Table III together with corresponding
concentration values obtained from the FMT studies. Correspondingly there was 1.14%, 1.66%
more fluorescence area measured in the Cy 3 and Cy 5.5 channel respectively. In general, LLC has
more object numbers than CR-LLC. Only the object numbers of Cy3 in M1 is more CR-LLC than
LLC.

Table I1 Apoptosis quantification of Cy3 and comparison between LL.C and CR-LLC
(M1: P> 0.0001, M2: P>0.6576, M3: P>0.0001)

Carcinoma LLC CR-LLC
Features Mean No. Mean No. Mean
No. Img. ] Mean Area| No. Img. )
Mouse Ob;. Ob;. Area
M1 10 181 4,719 10 263 4,325
M2 5 191 5,775 5 34 4372
M3 14 458 4,729 9 97 4615

Table III Apoptosis quantification of CyS5.5 and comparison between LLC and CR-LLC
(M1: P> 0.0003, M2: P>0.0001, M3: P>0.0001)

Carcinoma LLC CR-LLC
Features Mean No. Mean No.| Mean
No. Img. . Mean Area | No. Img. .
Mouse Ob;. Oby;. Area
M1 5 191 5,775 5 34 4,372




M2 6 308 7,493 6 70 4,529

M3 11 341 8,701 10 70 4,295

This demonstrates that apoptosis in an LLC tumor is more spread out throughout a tissue section
and each object is generally smaller in size than in CR-LLC tumor sections. In the Tables II and
III, No. Img. means the number of images, Mean No. Obj. means mean of the number of objects
and Mean Area means mean area of the quantification on an image. The LLC normally has high
variance even though the CR-LLC has low variance.

A quantitative comparison between LLC and CR-LLC was simply visualized in graphs in Figure
6. The best discrimination case is Figure 6(a). Also Cy 5.5 is more spread apoptosis on an image
and more separable between categorization. The used Cy 5.5 and Cy 3 are sensitive for apoptotic
analysis. However their histological images, which are low intensities are not more contrast
images than FMT.

Discussion
Macroscopic fluorescence imaging of tissues has attracted significant interest lately since it can

record gene expression and molecular function in vivo in a non-invasive matter.
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Figure 6. The apoptosis comparison between LLC(-0) and CR-LLC(--*) in Cy5.5(a) and Cy3 (b).

Small animal imaging has been made possible by the development of planar imaging systems
whereas imaging deeper in tissues has been achieved using 3D FMT. As these techniques are
evolving, it is important to validate the macroscopic appearance of resolved fluorescence lesions
with the underlying microscopy serving as the good standard. In particular, the micro-distribution
of the fluorochromes injected in vivo can be directly evaluated with NIRfluorescence microscopy.
In parallel, immuno-histochemistry studies may independently confirm the targeting capacity by
evaluating the micro-distribution of the molecular targets.

In this study we independently evaluated the microscopic appearance of the AnnexinV-Cy5.5
fluorochrome by direct microscopy at the Cy5.5 channel and a corresponding TUNEL assay to
evaluate the apoptotic burden of the treated tumors. Vascularization [25] was independently
characterized too by in vivo injection of Fluor-Lectin prior to animal euthanasia. Computerized



image analysis was central to this work and an important tool to correlate the microscopic
appearance to macroscopic FMT findings. Furthermore computer image analysis would also solve
the reproducible problem generally. Galliano et al. [26] compared on the slide set with digital set
in cervicalvaginal cytology and evaluated interobserver reproducibility. However, a standardized
image analysisof the different environment captures is not easy and needs a quantity image data
set. The tested algorithm for the percentile method was not robust and oversensitive for intensity
variation on an image. And the test auto-contrast algorithm we found an unexpected result.
Namely the using histogram equalization and threshold has dared a suitable robust and stability
algorithm.

Annexin V labeled with a fluorescent tag is routinely used for histological and cell-sorting studies
to identify apoptotic cells [27]. Collingridge et. al. [19] has also synthesized the tumor uptake of
Annexin V in vivo mouse model apoptosis by PET. In conclusion, the apoptotic images of 3D
FMT were validated by histological image analyses. This is a significant result for the continuous
progress of fluorescence imaging research. '
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