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Abstract

Pancreas-specific deletion of PTEN in mice revealed progressive premalignant lesions such as
ductal metaplasia with infrequent malignant transformation. In this study, we aimed at evaluating
the mitochondrial redox state of the metaplastic pancreas in a pancreas-specific PTEN null
transgenic mouse model. The two intrinsic fluorophores, reduced nicotinamide adenine
dinucleotide (NADH) and oxidized flavoproteins (Fp) such as flavin adenine dinucleotide (FAD),
in the respiratory chain in mitochondria are sensitive indicators of mitochondrial redox states and
have been applied to the studies of mitochondrial function with energy-linked processes. The
redox ratio, Fp/(Fp+NADH) provides a sensitive index of mitochondrial redox state. We have
obtained optical images of the /n vivo mitochondrial redox states of the snap-frozen pancreases
from pancreas-specific PTEN null mice (Pdx1-Cre;PTEN/¥/0X N=3) and the controls
(PTEN/¥lox N=3) using the redox scanner at low temperature. The results showed high spatial
heterogeneity of mitochondrial redox state in the mutated pancreases with hot spots of much
higher Fp redox ratios whereas the normal ones, were relatively homogenous. The cystic dilation

regions in the metaplastic pancreases showed little to no NADH or Fp signal. Histological analysis

confirmed no cells existed in these regions. It is the first time that the /n vivo mitochondrial redox
states of the metaplastic mouse pancreas were optically imaged. Our previous results on human
melanoma and breast cancer mouse xenografts have shown that mitochondrial redox state

quantitatively correlates with cancer metastatic potential. The more oxidative mitochondrial redox

state (higher Fp redox ratio) corresponded to the higher metastatic potential of the tumors. As
mitochondrial redox state imbalance is associated with abnormal mitochondrial function, and
redox state mediates the generation of reactive oxygen species and many signal transduction
pathways, this research may provide insights for studying basic biology and developing early
diagnostic imaging biomarkers for pancreatic cancer.
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28.1 Introduction

Early detection of pancreatic cancer demands reproducible imaging biomarkers. Pancreas-
specific deletion of PTEN in mouse revealed progressive premalignant lesions such as ductal
metaplasia with infrequent malignant transformation [1]. PTEN is a tumor suppressor gene
inhibiting the activity of PI3K/Akt signaling pathway, which plays a key role in cancer
progression. This premalignant pancreatic cancer model provides an excellent tool for
searching for biomarkers in early pancreatic cancer detection. In mitochondria, the two
intrinsic fluorophores, reduced nicotinamide adenine dinucleotide (NADH) and oxidized
flavoproteins (Fp) such as flavin adenine dinucleotide (FAD), in the respiratory chain are
sensitive indicators of mitochondrial redox states and have been applied to the studies of
mitochondrial function with energy-linked processes. The redox ratio, Fp/(Fp+NADH)
provides a sensitive index of mitochondrial redox [2-6].

Previously, by using the low-temperature redox scanning technique [6-9] we discovered that
in vivo mitochondrial redox state is a sensitive marker distinguishing between normal tissue
and human melanoma xenografted in mice [10] and differentiating tumor aggressiveness
among five human melanoma tumor lines spanning a wide range of metastatic potential in
mouse xenografts [11]. In the present investigation, we report the preliminary results of
quantitative mitochondrial redox imaging of mouse pancreases using the pancreas-specific
PTEN knockout mice as the model system. The possible link between the premalignant
lesions in the pancreas and the /n vivo mitochondrial redox state, provides insights for basic
biology studies and may aid the development of early diagnostic imaging biomarkers for
pancreatic cancer.

28.2 Methods

Three PTEN null mice (Pdx-1-Cre;PTEN/2¥/0X) and three control mice (PTEN/0X/0X) were
prepared in the Stanger laboratory [1]. All mice were about 8 months old. The pancreases of
the anesthetized mice were quickly resected and dipped into liquid nitrogen within 2 seconds
after removal. The samples for redox scan were prepared as previously described [12, 13].
Briefly, a snap-frozen pancreas was carefully placed into the chilled mounting medium
composed of ethanol-glycerol-water (10:30:60) contained in a plastic screw closure of 24
mm diameter. Frozen reference standards (one NADH and one Fp with known
concentrations) were quickly mounted adjacent to the tissue. The screw closure containing
the tissue and reference standards was then maintained in liquid nitrogen awaiting redox
scanning.

The above prepared samples were redox-imaged under liquid nitrogen temperature using the
redox scanner [6-9]. Briefly, the sample surface was first milled flat under liquid nitrogen by
the grinder equipped with the scanner for redox scanning. A bifurcated fiberoptic probe
driven by a stepper motor transmits the excitation photons from a mercury lamp and collects
the emission photons from samples. The Fp excitation and emission filters are 430 + 25 nm
and 525 + 32 nm, respectively; and those of NADH are 360 + 26 nm and 430 = 25 nm,
respectively. The emission signals were transmitted to the photomultiplier tube and further
processed by a personal computer to construct the NADH and Fp fluorescence images. The
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scanning matrix was 128 x 128 with a step size of 100 pm. Multiple sections at different
milling depths spacing 100-400 um were scanned for each pancreas (9 and 14 sections from
the control group and the PTEN null group, respectively).

The acquired raw data were analyzed using MatLab® software to generate NADH and Fp
and concentration-based Fp redox ratio (Fp/(Fp+NADH)) images. The inner area of each
reference tube section was selected as the region of interest (ROI) for reference standards.
The NADH signal from the Fp standard serves as the background signal for NADH channel
and vice versa. The mean value of the signal intensities from each standard’s image was
computed with background signal subtraction. For tissue samples, ROls were carefully
drawn along the pancreas tissue rim. The NADH and Fp nominal concentrations in the tissue
samples were obtained by comparing the fluorescence from tissue with that from the
reference standards. Pixels having signals within 3-fold standard variations of the
background signals were excluded from the analysis.

The mean value of Fp redox ratio, the standard deviation (SD) of the Fp redox ratio, the
nominal concentrations of NADH and Fp, and the SD of these concentrations were obtained
for the tissue ROI for each section subjected to redox scan, and then averaged across
multiple sections for each pancreas to obtain the Fp redox ratio, SD of Fp redox ratio,
NADH, Fp, SD of NADH, and SD of Fp for each individual pancreas. The group average
values of these parameters from 3 pancreases in each group were also calculated to obtain
the 9Fp redox ratio, 9SD of Fp redox ratio, INADH, 9Fp, 9SD of NADH, and 9SD of Fp. The
statistical significance of the difference of these parameters between the two mouse groups
was analyzed using unpaired t-tests.

28.3 Results

Figure 28.1 shows the typical images and their corresponding histograms of Fp redox ratio,
Fp/(Fp+NADH), nominal concentration of Fp and NADH of two PTEN null pancreases in
coronal and transversal section, respectively. Figure 28.2 shows the typical images and their
corresponding histograms of Fp redox ratio, Fp/(Fp+NADH), nominal concentration of Fp
and NADH of a normal pancreas. As clearly seen in Figure 28.1, the PTEN null pancreases
are highly heterogeneous in their mitochondrial redox ratios. The cystic dilation area showed
no fluorescent signal, indicating few or no cells in the regions. H&E staining of the adjacent
sections revealed no cells in these regions (data not shown).

The average Fp redox ratio is 0.35 and 0.38 for the control and pre-malignant group,
respectively (Table 28.1). The unpaired t-test shows that there is no significant difference in
Fp redox ratio between the two groups. However, the average standard deviations of the Fp
redox ratios are significantly different between the two groups (p=0.02) with the control
group having 0.06 and the pre-malignant group having 0.11, almost twice as large. The
higher SD in the premalignant group is consistent with the wider peaks in the histograms of
Fp redox ratio, indicating much higher heterogeneity in the distribution of mitochondrial
redox states. Significant difference also exists in nominal concentration of NADH with the
pre-malignant group having much lower NADH level. Additionally, a marginal difference
(p=0.07) is seen in nominal concentration of Fp with the premalignant group having lower
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Fp level. The differences in the standard deviations of the fluorophore concentrations
between the two groups are not significant.

28.4 Discussion

The redox images obtained in the present study revealed that significantly higher
heterogeneity in the mitochondrial redox state was observed in PTEN knockout mice
pancreases which were presumably undergoing metaplastic process. Studies suggested that
the cellular basis of tumor progression was variability among subpopulations of tumor cells
and such heterogeneity was associated with malignancy [14, 15]. Our previous studies on
human melanoma and breast cancer mouse xenografts indicated that higher intratumor
heterogeneity and higher Fp redox ratio were associated with more metastatic tumors as
compared with indolent tumors [11, 16]. However, we did not observe a significant
difference in the average value of Fp redox ratio between the PTEN null group and the
control group. This may be partially explained by the fact that pancreas specific PTEN
knockout only caused infrequent malignancy and premalignant lesions may only occupy a
relatively small portion of the tissue distribution [1].

Therefore, the low average of Fp redox ratio of PTEN null pancreas may indicate that most
of the cells were not yet cancerous, the “hot” spots of much higher Fp redox ratio might
indicate premalignant transformation. The in-plane resolution in the redox images is 100
um, not capable of fully resolving the pancreas premalignant lesions involving the ductal
formations (size ~200 um or more). ldeally, if we could co-register our redox scanned
section with the histology of the section, we may be able to tell if the hot spots correspond to
premalignant lesions such as ductal metaplasia. However, such co-registration is practically
difficult because the snap-frozen sample preparation has frozen the tissue at such a low
temperature using liquid nitrogen, that it is not possible to slice the tissue, whereas raising
the temperature for the tissue to melt distorts the tissue shape and histology. It may be worth
developing tissue redox imaging ex vivo at a higher resolution so that morphological
information on premalignant lesions might be obtained and correlated with mitochondrial
redox state.

28.5 Conclusions

In this paper we reported our current progress in imaging the mitochondrial redox state in
premalignant pancreas in the PTEN null transgenic mouse model. Compared to the control
group, characteristically wider distribution of the mitochondrial redox states in the
premalignant pancreases was delineated by the standard deviation of Fp redox ratio and by
the wide peaks in the histograms of Fp redox ratio, indicating higher heterogeneity in their
mitochondrial redox states. Our preliminary results suggested possible roles of
mitochondrial redox states in pancreatic cancer transformation.
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Fig. 28.1.

Typical pseudo-color redox images (top row) and their corresponding histograms (bottom
row) of PTEN null pancreases (left panel: coronal section, milling depth 1340 um; right
panel: transversal section, milling depth 100 um). From left to right: Fp redox ratio (0-1); Fp
nominal concentration (UM); NADH nominal concentration (uM). The color bar of Fp redox

ratio image indicates the ratio range from 0-1. The color bars of Fp and NADH images
indicate the nominal concentrations in uM. The x axes of the corresponding histograms

represent the Fp or NADH concentration or redox ratio. The y axes represent the number of

pixels in the tissue section having a specific value of redox ratio or fluorophore

concentration. The round spots outside the tissue area are Fp or NADH reference standards;

image matrix: 128 x 128 (left panel) and 64 x 128 (right panel); resolution: 100 pum.
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Typical pseudo-color redox images (top row) and their corresponding histograms (bottom
row) of the control group (coronal section, milling depth 0 um). Image matrix: 128 x 128,

resolution: 100 pym.
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