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Abstract

Objective—The development of metastatic pheochromocytoma animal model provides a unique
opportunity to study the physiology of these rare tumors and to evaluate experimental treatments.
Here, we describe the use of small animal imaging techniques to detect, localize and characterize
metastatic lesions in nude mice.

Methods—Small animal positron emission tomography (PET) imaging and magnetic resonance
imaging (MRI) were used to detect metastatic lesions in nude mice following intravenous injection
of mouse pheochromocytoma cells. [*8F]-6-fluoro-dopamine ([*8F]-DA) and [8F]-L-6-fluoro-3,4-
dihydroxyphenylalanine, which are commonly used for localization of pheochromocytoma lesions
in clinical practice, were selected as radiotracers to monitor metastatic lesions by PET.

Results—MRI was able to detect liver lesions as small as 0.5mm in diameter. Small animal PET
imaging using [*8F]-DA and [18F]-DOPA detected liver, adrenal gland, and ovarian lesions.

Conclusion—We conclude that MRI is a valuable technique for tumor growth monitoring from
very early to late stages of tumor progression and that animal PET confirmed localization of
metastatic pheochromocytoma in liver with both radiotracers.
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In pre-clinical oncology, there is currently a strong focus on the development of animal
models of human cancer to study experimental treatment therapies. Before testing any kind
of experimental drugs, it is important to develop a suitable animal model that is
physiologically and pathologically similar to the human disease. Moreover in monitoring the
responses to therapy, anatomical imaging may yield non-specific findings and functional or
metabolic changes which occur without corresponding anatomical correlates may be missed
(Townsend 2008).

Subcutaneous mouse tumor models are most common in cancer research studies since the
tumors are usually visible and physically accessible. Conversely, metastatic animal tumor
models, where tumors are potentially spread throughout the body, require noninvasive
methods to localize the metastases, monitor growth, and evaluate therapeutic response.
Small animal imaging systems developed during the past few years have these
characteristics.

Small animal high-resolution magnetic resonance imaging (MRI) scanners, for example,
allow imaging of the anatomy of living mice with appreciation of soft tissue contrast.
However, its application in visualizing organs and organ lesions inside the abdominal cavity
has been hampered because of the animal’s high respiration/heart rates and increased
magnetic susceptibility and motion artifacts (Cheung et al. 2008). Small animal positron
emission tomography (PET) scanners have been developed to perform functional imaging in
small animals. Since the dimensions of mouse organs compared to humans are very small,
MRI and (particularly) PET technology have been advanced dramatically compared to
human imaging systems to achieve the required levels of performance necessary for this
task. It should also be recalled that unlike MRI studies, PET studies require administration
of an endogenous tissue-specific radio-pharmaceutical, so that each individual study requires
synthesis of a labeled compound.

In the present study, we used a clinical MRI scanner and small animal PET scanner to
localize metastatic pheochromocytoma in nude mice. Pheochromocytoma tumors are rare
neuroendocrine tumors arising from chromaffin cells (LlIoyd et al. 2004; Pacak et al. 2004).
The adrenal medulla is the primary origin of these tumors (80-85 %), with the remainder
arising from extra-adrenal chromaffin tissue (Lenders et al. 2005). It is estimated that over
25 % of pheochromocytomas are malignant (Eisenhofer et al. 2004). To date, there is no
accurate prognostic marker for malignant pheochromocytoma (Eisenhofer et al. 2004).

The biochemical properties of metastatic tumors present the possibility of targeting lesions
with different radiotracers. Animal MPC cell lines resemble human normal and neoplastic
chromaffin cells closely as they express phenylethanolamine-N-methyltransferase (PNMT),
as opposed to the rat PC12 cell line, which does not (Greene et al. 1976). PNMT is an
enzyme found in the adrenal medulla that converts norepinephrine to epinephrine. Both
pheochromocytoma cell lines, MPC and PC12, express tyrosine hydroxylase (TH), the
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enzyme responsible for catalyzing the conversion of amino acid L-tyrosine to
dihydroxyphenylalanine (DOPA). DOPA is a precursor for dopamine (DA), which in turn is
a precursor for the catecholamines secreted most often in excess in patients with
pheochromocytoma, norepinephrine and epinephrine. A specific radiopharmaceutical,
[18F]-6-fluoro-dopamine ([18F]-DA\) enters cells via the membrane norepinephrine
transporter translocated and then stored in vesicles via the vesicular monoamine transporter
where the radioactivity is concentrated (Pacak et al. 2001). Another PET agent used for
localization of pheochromocytoma is [18F]-L-6-fluoro-3,4-dihydroxyphenylalanine ([18F]-
DOPA) (Luxen et al. 1990). According to previous studies, [18F]-DOPA PET is highly
sensitive and specific for the detection of pheochromocytoma (Hoegerle et al. 2002). Both of
these agents were used in the studies described below.

Materials and Methods

Animal studies

All animal experiments were performed with the approval of the NIH Institutional Animal
Care and Use Committee. Un-anesthetized adult (six to eight weeks) female athymic nude
mice (NCr-nu, Taconic, Germantown, NY, USA) were injected by tail vein with 1x10°
mouse pheochromocytoma cells (MPC 4/30PRR) to create in vivo metastatic
pheochromocytoma (Martiniova et al. 2009a).

Magnetic resonance imaging

All tumor bearing mice (n = 5) were scanned by MRI 3—4 weeks after i.v. injection of MPC
cells. A 3 Tesla MRI clinical scanner (Intera, Philips Medical System, Best, Netherlands)
using a dedicated 40 mm solenoid coil (Philips, Best, Netherlands) and the following data
acquisition parameters: field-of-view (FOV), data matrix 512x512, 40 slices, TR/TE
5000/65 milliseconds, flip angle 90°/180°, slice thickness 0.5 mm, 0.156x0.156 mm? in-
plane resolution was used as previously described (Martiniova et al. 2009b). A respiratory
triggered To -weighted MRI technique was chosen based on its high signal-to-noise ratio
(SNR) without the need for contrast media.

Small animal PET imaging

[18F]-DA and [18F]-DOPA PET were performed 24 hours apart. Anesthetized mice were
injected with approximately 3.5-3.9 MBq of [18F]-DA and 3.4-3.8 MBq of [18F]-DOPA via
the tail vein. PET scans were performed using the Advanced Technology Laboratory Animal
Scanner, (ATLAS) PET scanner (Seidel 2003). The scanner has a computer controlled
animal bed with a transverse field-of-view of 6.8 cm, an axial FOV of two cm and acquires
data exclusively in 3-D. The reconstructed voxel size was 0.56x0.56x1.125 mm3. The
spatial resolution of this system is 1.8 mm full-width at half-maximum (FWHM) in the
central FOV. Mice were positioned in the prone position on a heated animal bed near the
center of the FOV of the ATLAS scanner, the region with the highest image resolution and
sensitivity. Dynamic data acquisition (one frame/10 min, up to 6 frames) were started about
1 min after radio-tracer injection and whole body images (2—-3 bed positions, each 15 min)
were obtained immediately after the dynamic acquisition. All acquisitions were performed
with a 100-700 keV energy window. The images were reconstructed using a 2-dimensional
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ordered-subsets expectation maximum (2D-OSEM) algorithm and no corrections were
applied for attenuation or scatter. For each scan, regions of interest (ROI) were drawn over
the tumor, normal tissue, and major organs. The maximum radioactivity accumulation within
the tumors or organs was obtained from mean pixel values within the multiple ROIs. The
results were calculated as a percentage injected dose per gram (%ID/g) and SUV
(standardized uptake value). We used also the maximal uptake within the tumor obtained
from the most active voxel cluster located within the ROI. This is equivalent to the
maximum standardized uptake value (SUVax) used in clinical PET studies (Aliaga et al.
2007) that minimize the partial volume effect (Keyes 1995).

Necropsy and histopathology

Results

Animals were sacrificed with cervical dislocation at the end of the last imaging study. An
autopsy was performed and organs and bones were carefully examined. Tumor tissue was
removed; small pieces of tumors were immediately frozen on dry ice and stored at —80 °C.
The presence of metastatic pheochromocytoma lesions was further characterized by
histopathological examination.

Magnetic resonance imaging

All animals developed liver lesions (5/5), adrenal gland metastases occurred in (2/5), ovarian
and lung metastases in (1/5) and kidney and bone metastases in (1/5). Representative MR
images are shown on Figure 1. T; (Figure 1a) and To- weighed (Figure 1b, c) images with
and without respiration triggering demonstrate liver tumor visualization. MRI with
respiratory triggering allowed more accurate detection of small liver lesions (0.5 mm in
diameter) as early as 20 days after i.v MPC cells injection. Liver lesions without respiratory
triggering were detected as small as 1mm in diameter. Finally, detection of lung and kidney
lesions was possible only using respiration triggering.

Small animal PET

Mice with metastatic lesions developed after i.v. injection were first scanned on MRI to
initially localize lesions and then imaged with PET approximately 30 days after i.v injection,
when liver lesions were larger than 4mm in diameter. Since the pharmacokinetics of [18F]-
DA and [*8F]-DOPA was unknown in pheochromocytoma lesions, dynamic scans were
performed up to 160 minutes after i.v injection of both compounds (Figure 2). The uptake of
both compounds in the liver, liver lesions, and adrenal gland lesions was evaluated. Notably,
the uptake plateau appeared after 60 minutes with both compounds. Thus, it is the best time
for characterization of liver and adrenal lesions, because the uptake ratio in tumors versus
liver was the highest. As a result, all subsequent whole-body images were acquired 60
minutes after i.v injection of both compounds.

In general, liver lesions were detected well with both radio-pharmaceuticals, as were adrenal
gland lesions. Liver lesions were evaluated from whole-body scans. [18F]-DOPA SUV/yax Of
liver was 1.2 + 0.2 (mean + SEM) and ranging 3-5 SUV max in liver lesions. [18F]-DA

SUV nax Of liver was 0.8 £ 0.18 (mean = SEM) and ranging 1.5-2 in liver lesions. Lung and
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ovarian lesions were visible only if larger than 4mm with [28F]-DOPA. [18F]-DA and [18F]-
DOPA studies were performed on subsequent days, and high uptake in liver tumors
demonstrated physiological activity of pheochromocytoma liver lesions (5/5) as well as
adrenal (2/5) and ovarian (1/5) lesions. However, [18F]-DA and [18F]-DOPA uptake also
presented in other organs surrounding liver lesions (liver, kidney, pancreas, gall bladder)
(Figure 3). The number of liver lesions was not always possible to determine. The kidney
lesions were usually too small to detect with PET. Histopathology confirmed appearance of
all lesions found on MRI and PET. An example of a comparison of anatomical and
functional imaging is presented on Figure 3, where liver lesions were localized by MRI at
day 38 after MPC cells injection.

Discussion

This study utilized multimodality imaging methods for localization of metastatic
pheochromocytoma lesions in nude mice. MRI is an appropriate technique for visualization
of mouse anatomy and organ lesions. Liver, adrenal, and ovarian metastatic lesions are
successfully confirmed and visualized by functional imaging using [*8F]-6F-DA and [18F]-
DOPA PET, demonstrating that both compounds are suitable for localizing mouse
pheochromocytoma.

MRI has been proposed as an effective alternative to computed tomography (CT). It has
even been suggested that, for characterization of human adrenal masses, MRI is superior to
CT (Honigschnabl et al. 2002). In the present study, the MRI SNR was sufficient to allow
visualization of very small lesions without use of gadolinium contrast agent. Although small
animal PET scanners can reveal biological function and the efficacy of putative therapeutic
agents, visualization of metastatic lesions by functional imaging can be very challenging due
to spatial resolution limitation. However, if the size of lesions is around 4mm (twice the
scanner resolution) in diameter, both [18F]-DA and [18F]-DOPA are able to detect liver and
adrenal gland lesions after a 60 minute uptake interval. Liver does not have a storage
mechanism for [18F]-DA and [*8F]-DOPA and thus liver activity was low at 60 minutes post
injection compared to lesions. Liver pheochromocytoma lesions are characterized by
granular vesicles where the storage of both compounds is significant.

New small animal imaging systems are now available that combine radionuclide imaging
with anatomical imaging in the same machine, e.g. PET with CT, SPECT with CT, etc. so
that the image data acquired in the same animal by both methods can be accurately
superimposed with image fusion software. This technique, which is being used increasingly
in the diagnosis and staging of human disease (Townsend 2008) will very likely also
improve evaluation of metastatic tumor models. For example, CT or MRI could provide
anatomical imaging and both could also be used for attenuation correction and thus improve
the quality of the radionuclide image data. Our study suggests that multimodality imaging
by MRI and small animal PET in animal models of metastatic pheochromocytoma may be a
particularly useful combination provided that cost and performance issues can be overcome.
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Abbreviations

PET positron emission tomography

MPC mouse pheochromocytoma cell

i.V. intravenous

SUV max the maximum standardized uptake value

2D-OSEM 2-dimensional ordered-subsets expectation maximum
[18F]-DA [18F]-6-fluoro-dopamine

[18F]-DOPA [18F]-L-6-fluoro-3,4-dihydroxyphenylalanine
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Liver tumors

Fig. 1.
Comparison of T1-weighted (a) and T,-weighted images without (b) and with respiratory

triggering (c). The T1-weighted imaging protocol is not suitable for localization of liver
lesions. T,-weighted image provides good contrast to liver tumors. Improved contrast-to-
noise ratio was achieved using respiratory triggering.
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Fig. 2.

Df/]namics of [18F]-DOPA (a) and [*8F]-DA (b) liver, liver and adrenal gland tumors uptake.
Time-activity curves start approximately 1 min after i.v injection of tracer and capture
uptake up to 160 min. The plateau in liver, liver and adrenal tumors after 60 min is the most
suitable time for monitoring tumors since the tumor-to-background ratio is the highest.
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Fig. 3.
Numerous liver lesions are visualized by MRI (a), [*8F]-DA (b) and [18F]-DOPA (c) in the

same mouse. In the MRI image, liver lesions are visible from 0.5 mm up to 5 mm, due to the
high special resolution and signal-to-noise ratio. [18F]-DA uptake is also present in the
salivary glands and kidneys. Liver lesions are observed in liver with both radiotracers.
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