1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nucl Med Biol. Author manuscript; available in PMC 2016 January 14.

-, HHS Public Access
«

Published in final edited form as:
Nucl Med Biol. 2012 February ; 39(2): 215-226. d0i:10.1016/j.nucmedbio.2011.07.007.

Usefulness of [18F]-DA and [:8F]-DOPA for PET imaging in a
mouse model of pheochromocytoma

Lucia Martiniova®i, Susannah Clearyb, Edwin W. Lai?, Dale O. Kiesewetter®, Jurgen Seideld,
Linda F. Dawson¢, Jacqueline K. Phillips®f, David Thomasson9, Xiaoyuan Chen®, Graeme
Eisenhoferh, James F. Powers!, Richard Kvetnanskyl, and Karel Pacak®"

aprogram in Reproductive and Adult Endocrinology, Eunice Kennedy Shriver National Institute of
Child Health and Human Development, NIH, Bethesda, MD 20892, USA

bClinical Neurocardiology Section, National Institute of Neurological Disorders and Stroke, NIH,
Bethesda, MD 20892, USA

¢Laboratory for Molecular Imaging and Nanomedicine, National Institute of Biomedical Imaging
and Bioengineering, NIH, Bethesda, MD 20892, USA

dMolecular Imaging Program, National Cancer Institute, NIH, Bethesda, MD 20892, USA
eFaculty of Health Sciences, Murdoch University, South St. Murdoch, Perth, WA 6150, Australia
fAustralian School of Advanced Medicine, Macquarie University, Sydney, NSW 2109, Australia

9Laboratory of Diagnostic Radiology, Warren Grant Magnuson Clinical Center, National Institutes
of Health, Bethesda, MD 20892, USA

hInstitute of Clinical Chemistry and Laboratory Medicine and the Department of Medicine,
University of Dresden, Dresden, 01307 Germany

iDepartment of Pathology, Tufts Medical Center, Boston, MA 02111, USA

IInstitute of Experimental Endocrinology, Slovak Academy of Sciences, Bratislava, 83306
Slovakia

Abstract

Purpose—To evaluate the usefulness of [18F]-6-fluorodopamine ([18F]-DA) and [18F]-L-6-
fluoro-3,4-dihydroxyphenylalanine ([18F]-DOPA) positron emission tomography (PET) in the
detection of subcutaneous (s.c.) and metastatic pheochromocytoma in mice; to assess the
expression of the norepinephrine transporter (NET) and vesicular monoamine transporters 1 and 2
(VMAT1 and VMAT?), all important for [18F]-DA and [18F]-DOPA uptake. Furthermore, to
compare tumor detection by micro-computed tomography (microCT) to magnetic resonance
imaging (MRI) in individual mouse.

Methods—SUV,,x values were calculated from [18F]-DA and [18F]-DOPA PET, tumor-to-liver
ratios (TLR) were obtained and expression of NET, VMAT1 and VMAT2 was evaluated.
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Results—[18F]-DA detected less metastatic lesions compared to [18F]-DOPA. TLR values for
liver metastases were 2.26-2.71 for [18F]-DOPA and 1.83-2.83 for [18F]-DA. A limited uptake of
[18F]-DA was found in s.c. tumors (TLR=0.22-0.27) compared to [18F]-DOPA (TLR=1.56-2.24).
Overall, NET and VMAT2 were expressed in all organ and s.c. tumors. However, s.c. tumors
lacked expression of VMAT1. We confirmed [18F]-DA’s high affinity for the NET for its uptake
and VMAT1 and VMAT?2 for its storage and retention in pheochromocytoma cell vesicles. In
contrast, [18F]-DOPA was found to utilize only VMAT2.

Conclusion—MRI was superior in the detection of all organ tumors compared to microCT and
PET. [*8F]-DOPA had overall better sensitivity than [18F]-DA for the detection of metastases.
Subcutaneous tumors were localized only with [18F]-DOPA, a finding that may reflect differences
in expression of VMAT1 and VMAT2, perhaps similar to some patients with pheochromocytoma
where [18F]-DOPA provides better visualization of lesions than [18F]-DA.
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1. Introduction

In clinical practice, various imaging techniques are used to localize pheochromocytoma, a
rare neuroendocrine tumor arising from chromaffin cells [1]. These tumors are characterized
by the synthesis, storage, metabolism and release of catecholamines [2]. Even though
metastatic pheochromocytoma is generally slow growing, the prognosis of patients with
disseminated disease is often poor, with a 5-year survival rate of usually less than 50% [3,4].
This is due to the fact that, currently, there is no effective chemotherapeutic regimen [5].
Therefore, the development of animal models for testing new imaging methods and probes
to visualize and monitor tumor growth, as well as other tumor characteristics, is crucial for
new drug development.

In recent years, positron emission tomography (PET) has rapidly become a valuable
diagnostic tool in the study of pheochromocytomas, particularly with the development of
new targeted PET radiopharmaceuticals such as [18F]-6-fluorodopamine ([18F]-DA) [6,7]
and [8F]-.-6-fluoro-3,4-dihydroxyphenylalanine ([18F]-DOPA) [8]. Functional imaging
studies with [18F]-DA and [18F]-DOPA have the advantage over anatomical imaging of
superior specificity for identification of pheochromocytomas [9,10]. Uptake of [18F]-DA, a
dopamine analogue, occurs via the cell membrane norepinephrine transporter (NET) [11].
Desipramine, a tricyclic anti-depressant, functions as an inhibitor of the uptake-1 mechanism
involved in amine transport into cells [12] and has been used to evaluate the specificity of
the NET transporter for [18F]-DA uptake [13,14]. [*8F]-DOPA, an analogue of the dopamine
precursor, DOPA, is incorporated into tumor cells via the aromatic amino acid transporter
[15]. Upon entering the cells, [18F]-DOPA is decarboxylated by the aromatic amino acid
decarboxylase to [18F]-DA and sequestered by vesicular monoamine transporters (VMAT1
and VMAT?2) into catecholamine storage vesicles. The aromatic amino acid transporters,
NET, VMATL1 and VMAT2 are specifically expressed in chromaffin cells and
pheochromocytomas [16]. In this study, VMAT inhibitors, such as reserpine (VMAT1/
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VMAT?2 inhibitor) and tetrabenazine (VMAT?2 inhibitor) [17], have been used to evaluate
the importance of [18F]-DA and [*8F]-DOPA uptake in mouse pheochromocytoma (MPC)
cells.

Recently, we have described an animal model of metastatic pheochromocytoma and
introduced [18F]-DA PET for the localization of liver lesions [18]. The aims of the present
study were to compare the feasibility of a potentially more practical subcutaneous (s.c.)
pheochromocytoma model against our previously established metastatic model, to evaluate
[18F]-DOPA PET as an alternative modality for localization of lesions compared to micro-
computed tomography (microCT) and magnetic resonance imaging (MRI) and to assess the
importance of NET and VMATS in entry and storage of [18F]-DOPA and [18F]-DA in cells
and tumors. These findings were aimed to determine whether these pheochromocytoma
models are comparable to clinical imaging scenarios and, thus, appropriate for potential
experiment drug treatments. The metastatic model involved diffuse spread of tumors after
tail vein injection of MPC cells and the s.c. model represented by s.c. tumors after s.c.
implantation of MPC cells.

2. Materials and methods

2.1. Cell culture and in vitro assays of [18F]-DA and [18F]-DOPA uptake and storage

MPC cells were kindly provided by Dr. A.S. Tischler [19] and were maintained in
Dulbecco’s Modified Minimum Essential Medium (GIBCO, Grand Island, NY, USA)
supplemented with 10% (v/v) fetal calf serum, 5% fetal bovine serum and 1% (v/v)
penicillin/streptomycin and maintained at 37°C and 5% CO,.

To confirm the ability of MPC cells to incorporate [18F]-DA or [18F]-DOPA, in vitro
radionuclide assays were conducted. MPC cells were seeded onto collagen-coated 12-well
plates at a density of 2x10° cells per well and incubated for 24 h. At the commencement of
uptake assays, cells were washed three times with phosphate-buffered saline (PBS, pH 7.4).
Cells were then incubated for 30 min with the non-selective monoamine transporter
antagonists: desipramine (1 uM, Sigma Chemical, St. Louis, MO, USA); tetrabenazine (10
UM, Sigma Chemical), an inhibitor of VMAT 2 [20,21] and reserpine (10 pM, Serpasil,
Siba, Summit, NJ) an inhibitor of both VMAT1 and VMAT?2 [22]. Uptake studies involved
incubation of cells with 0.024 MBg/ml of [18F]-DA or 0.029 MBg/ml of [18F]-DOPA. Cells
were harvested after incubation periods of either 10 (to assess “uptake”) or 120 min (to
assess “storage and retention”).

At the termination of the radionuclide assays, cells were counted, and the radioactivity was
measured on a Packard gamma counter (United Technologies). The uptake of [18F]-DA and
[18F]-DOPA was described as counts per minute per number of cells per sample and
expressed as “% normalized ratio of controls”. The uptake was calculated by subtracting
uptake in treated cells from control (untreated) cells. All experiments were performed in
triplicate and repeated twice.
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2.2. Animal model of pheochromocytoma

All animal studies were conducted in accordance with the principles and procedures outlined
in the National Institutes of Health Guide for the Care and Use of Animals and approved by
the Institutional Animal Care and Use Committee. Animals were housed in a pathogen-free
facility under a 12-hour day/night cycle and had ad libitum access to food and water.

Our in vivo tumor model involved injections of MPC cells (suspended in 100 pl of sterile
PBS) into two separate cohorts of 8-10 weeks old female athymic nude mice (NCr-nu,
Taconic, Germantown, NY, USA). The first cohort of mice (n=9) received injection of
1x10°% cells into the tail vein. A control group of mice (n=5) received intravenous injection
of 100 ul PBS alone. The second cohort consisted of mice (n=4) that received s.c. injection
of 5x106 cells. Mice were observed three times per week for evidence of distress, ascites,
paralysis or excessive weight loss.

2.3. Anatomical imaging: microCT and MRI

Initial anatomical scans were conducted at 4 weeks post MPC implantation to determine the
location and size of metastatic lesions. For both microCT and MRI, mice were anesthetized
with isoflurane during scanning. For microCT, mice were imaged using a MicroCAT-II
scanner (Siemens, Knoxville, TN, USA) [23]. The hepatobiliary contrast agent Fenestra
Liver Contrast (LC) (Advanced Research Technologies) was injected intravenously (13 pl of
Fenestra LC per gram of body weight of animal), and microCT scans were acquired 3 h post
injection [24]. The utility of Fenestra LC in this study has been described in detail
previously [25,26]. Reconstructions were performed using a cone-beam filtered back
projection algorithm. The axial field of view (FOV) was set to 4.6 cm with an in-plane
spatial resolution and slice thickness of 91 um.

MRI was carried out using a 3 T MRI clinical scanner (Intera, Philips Medical System, Best,
Netherlands) and a dedicated 40-mm inner diameter solenoid coil (Intera). For longitudinal
monitoring of lesions, a To-weighted MRI technique was chosen based on previously
established parameters [24]. Mice were anesthetized with isoflurane and respiratory
triggered To-weighted images were acquired with the following parameters: FOV
8.0x8.0x2.0 cm?3, data matrix 512x512, 30—40 slices, TE/TR 65/4500 ms, flip angle 90°,
slice thickness 0.5 mm, 0.156x0.156 mm? reconstructed resolution. No contrast agent was
used for MRI.

Follow-up microCT or MRI scans were conducted again at week 5 after injection of MPC
cells, wherein liver lesions were approximately 3-5 mm in diameter and thus, suitable for
PET scanning. Anatomical imaging was not conducted on mice receiving cells s.c., as these
tumors were detected visually and measured with digital calipers. Mice with s.c. tumors
were imaged with PET approximately 2 weeks after injection of MPC cells or when tumor
diameter reached 3-5 mm. All nine animals with metastatic lesions were imaged using all
modalities, microCT, MRI and PET. [18F]-DOPA and [18F]-DA PET was performed in the
same animals for uptake comparison and in all cohorts. [18F]-DA PET was carried out
within 24 h after MRI/CT imaging. [18F]-DOPA followed [*8F]-DA PET imaging, also
within 24 h.
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2.4. Small animal PET imaging

Mice were anesthetized with isoflurane and received, via the tail vein, injection of 100 pl of
3.4 to 4.3 MBq of [18F]-DA or 3.5-4.2 MBq of [18F]-DOPA. PET scanning was performed
using the Advanced Technology Laboratory Animal Scanner (ATLAS) PET scanner [27],
which has a transverse field-of-view of 6.8 cm and an axial FOV of 2 cm. PET images were
reconstructed by 2D-ordered-subset expectation maximization algorithm (five iterations and
16 subsets), achieving a 1.5 mm full width at half maximum resolution at the center [28].
The reconstructed voxel size was 0.56x0.56x1.125 mm?3, No correction was applied for
attenuation or scatter. Mice were positioned in the prone position on a heated animal bed
near the center of FOV of the ATLAS scanner, where the highest image resolution and
sensitivity was available. Dynamic data acquisitions (10 min frame duration, up to six
frames) were started about 1 min after radiotracer injection and followed by whole body
scans (two to three bed positions, 10 min each) immediately after the dynamic acquisition.
To detect possible lung lesions, the whole body scans were set up to cover the mouse body
from the salivary glands to the urinary bladder. All acquisitions were recorded with a 100-
700 keV energy window.

2.5. Quantification of [18F]-DA and [18F]-DOPA accumulation in organ and subcutaneous
pheochromocytoma lesions

To assess the [18F]-DA and [18F]-DOPA radiopharmaceuticals quantitatively, regions of
interest (ROI) were placed over the location of the tumors and major organs (liver, kidneys,
heart and muscles) in the dynamic and whole body decay-corrected images. Radiotracer
uptake in samples was reported as the maximum accumulation within tumors or organs and
was obtained from mean pixel values within the multiple ROIs. The results were calculated
as standardized uptake values (SUVs) [29]. We also used 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 (SUVyax) used in clinical PET studies [30].

Quantitative analyses were carried out for all identified tumors and calculated as a liver
tumor-to-background ratio (TBR) and a liver tumor-to-liver ratio (TLR). TBR is equal to the
SUV nax in tumors divided into SUV 55 in muscle as non-target structures (background). At
the end of the study, an 18F-filled syringe with known activity concentration was imaged to
obtain the calibration factor, expressed in MBq of 18F per counts per second (CPS), for the
imaging system. All ROI values, given in CPS/ml, were multiplied by this factor and
divided by injected activity per mouse body weight to yield SUV values. SUVpax in tumors
was evaluated from nine mice. The size of liver tumors was calculated from MRI as
described previously [24]. Subcutaneous tumors were measured externally by calipers from
week 2 onwards. At week 4, tumor size measurements were carried out. Lesions were
described as ‘small” if less than 5 mm in diameter and as ‘big’ if larger than 5 mm.

No additional efforts were undertaken for the correction of partial-volume effects and
recovery. Three-dimensional ROI of tumors were determined using ATLAS software for the
subsequent data analysis. The maximum standardized uptake value (SUV 5x) Was used to
minimize errors due to the partial volume effect [31].
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2.6. Necropsy, histopathology and catecholamine measurements

At the end of imaging, mice were sacrificed by cervical dislocation. Tumor tissues and
normal organs (from control mice n=5) were removed and small pieces were snap frozen
and stored at —80°C for catecholamine assays. The remainder was stored in 10% formalin.
Tumor catecholamine levels were measured by high-pressure liquid chromatography after
batch alumina extraction [32]. The presence of organ or s.c. pheochromocytoma lesions was
further characterized by histopathological examination.

2.7. Immunohistochemistry

Staining was performed on formalin-fixed paraffin embedded tissue sections obtained from
lesions located across multiple sites (liver, bone, ovary, adrenal glands). Sections stained for
VMATS were processed according to previously described methods [33] using the primary
antibodies rabbit anti-VMATL1 (1:100; Chemicon, Temecula, CA, USA) and goat anti-
VMAT2 (1:500; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Sections were also
stained for NET using a rabbit anti-NET primary antibody (1:50; kindly provided by Dr.
Christie, University of Auckland New Zealand [34]) and sheep anti-tyrosine hydroxylase
(TH, 1:4000, kindly provided by Prof. P. Pilowsky, Macquarie University, Sydney
Australia). For NET/TH staining, methods were identical with the exception of the blocking
solution, which contained 20% donkey and 20% rat serum (Jackson Immuno, Westgrove,
PA, USA) in place of 10% donkey serum. For all sections, primary antibodies were detected
with species-specific secondary antibodies consisting of donkey anti-rabbit Cy3, anti-goat
FITC and anti-sheep DyL.ight. 488 (1:500; Jackson ImmunoResearch Laboratories, West
Grove, PA, USA). Negative control sections were processed concurrently according to the
same methods, with omission of the primary antibody. Sections were examined using a
BioRad MRC-1024 confocal microscope at excitation wavelengths of 488 and 568 nm and
emission filters consisting of 522/35 and 585LP, respectively. The measurement of
importance in the review of immunohistochemical slides was the presence of positive tumor
cell staining. For each antibody, this was graded semiquantitatively on a five-tiered scale
where 0=less than 10% of tumor cells positive; 1+=10-25% positive cells; 2+=25-50%
positive cells, presented as moderate staining; 3+=50-75% positive cells, moderate to strong
staining; and 4+=more than 75% of tumor cells positive, strong staining [35].

2.8. Statistical methods

Quantitative data for the in vitro and PET experiments were presented as means+S.E.M. To
determine whether the two radiotracers concentrations observed in the same tumors vs.
background tissues like liver and muscles differed significantly, we applied one-way
analysis of variance followed by Neuman—Keuls test for group comparisons. P<.05 was
considered to be statistically significant.

3. Results

3.1. Anatomical imaging

Hepatic contrast agent allowed microCT-based visualization of liver lesions as small as 0.35
mm in diameter, usually at the fourth week after tail vein injection of MPC cells. However,
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adrenal, lung and ovarian lesions remained undetected by microCT in all animals, even at
week 5 (Table 1). Liver and lung lesions were localized using To-weighted MRI acquisitions
with respiratory triggering if larger than 0.5 mm in diameter, usually by week 4. MRI
detected numerous tumors in the livers of all animals. Multiple tumors in lungs of two of the
nine animals were detected by MRI and confirmed at necropsy (Table 1). Enlarged adrenal
glands and ovaries larger than 2.7 mm in diameter on MRI were considered as potential
tumors as it was closely described before [24]. The same adrenal gland tumors were visible
by PET. However, those smaller than 2.7 mm in diameter were also confirmed with
microscopic pheochromocytomas. MRI detected additional four metastases in the ovaries of
four of nine mice and nine metastases in adrenal glands in five of nine mice. Necropsy
confirmed the evidence of tumors at these sites (Table 1). Outcome from microCT and MRI
confirmed that sizes of metastases were suitable for PET imaging at week 5 after MPC cells
were injected.

3.2. Quantification of [18F]-DA and [18F]-DOPA accumulation in organ and subcutaneous
pheochromocytoma lesions

Dynamic PET scans were recorded for up to 70 min after injection of both
radiopharmaceuticals. Time—activity curves with [18F]-DA (Fig. 1A) showed that the
SUVnax for liver lesions varied depending on a tumor size. Liver tumors larger than 3 mm
showed a decrease in SUV s OVer time, while lesions smaller than 3 mm remained
relatively stable. In comparison, the SUV y,x for [18F]-DOPA (Fig. 1B) in liver lesions
remained stable over time regardless of tumor size. [18F]-DA and [18F]-DOPA uptake in
liver lesions smaller than 3 mm was not significantly different from the uptake in the liver
up to 50 min after their administration. Therefore, for both radiopharmaceuticals, the
optimal time for lesion detection was 60—70 min after their administration, at which time
TLR and SUV a4 Were the highest in both small and larger lesions, compared to liver
background (P<.001; Fig. 1A and B). The TLR for liver lesions with [18F]-DA was 1.83-
2.83 depending on tumor size, whereas the TLR with [18F]-DOPA was 2.26-2.71 (Table 2).

Uptake of both radiopharmaceuticals by the kidneys and liver (Table 2) was observed in
both control mice and tumor bearing mice, but a significantly higher uptake was clearly
apparent within metastatic lesions compared to normal unaffected tissue regions
(representative coronal images shown in Fig. 2 and longitudinal images in Fig. 3). There was
additional uptake apparent for [18F]-DOPA in stomach wall, pancreas and spleen. Liver
lesions imaged once a week for two weeks, showed a time dependent lowering of [18F]-DA
uptake (the first week 1.85+0.199 SUV ax; the second week 1.16+0.07 SUV a«; P<.05),
whereas uptake of [18F]-DOPA revealed similar uptake over the same time period (the first
week 3.023+0.22 SUV ax; the second week 2.88+0.12 SUV yax; NOt significant).

Uptake of [18F]-DA by s.c. tumors differed significantly from that observed in organ lesions
(Fig. 3G). [*8F]-DA showed very low accumulation in both smaller and larger s.c. tumors
(0.31£0.02 SUV yax for tumors <5 mm and 0.35+£0.12 SUV yax for tumors >5 mm), almost
at the level of background within muscle (0.31+0.02 SUV ). However, the uptake of
[18F]-DOPA within the same tumors was much higher [2.88+0.88 SUV ax for tumors <5
mm and 2.0+0.06 SUV pax for tumors >5 mm, (P<.001) than the uptake for [18F]-DA
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(TLR=1.56-2.24 vs. 0.22-0.27; Table 2)]. For both the organ metastatic and s.c. tumor
cohorts, the uptake observed in major organs and tumors was correlated with biodistribution
studies (data not presented).

Thirty to forty liver lesions were localized using [18F]-DA PET in eight out of nine animals,
while [18F]-DOPA PET localized more than 50 liver lesions in nine animals (Table 1). Eight
adrenal lesions were detected with [18F]-DA in four out of nine animals compared to nine
detected in five out of nine with [18F]-DOPA. Four ovarian lesions were visible in four of
nine animals with both radioligands, and single lung lesion was only visualized with [18F]-
DOPA.

3.3. Assays of [18F]-DA and [18F]-DOPA uptake and retention in vitro

Desipramine had a stronger inhibiting effect compared to reserpine on accumulation of
[18F]-DA during the initial 10-min uptake phase (P<.05; Fig. 4A). This indicates a strong
dependence of NET for [18F]-DA uptake. Desipramine decreased [18F]-DA uptake to 14.3%
relative to untreated cells (P<.001), whereas reserpine decreased [18F]-DA uptake to 18.7%
(P<.001) and tetrabenazine 20.07% (P<.001). The combination of desipramine and reserpine
further decreased [18F]-DA uptake to 2.75% (P<.0001). In contrast, reserpine had a stronger
inhibiting effect than desipramine on the accumulation of [18F]-DA after the 120 min
retention phase of incubations (P<.001; Fig. 4B). Accumulation of [18F]-DA relative to
control was decreased (P<.001) to 40.15% after desipramine, 21.45% after reserpine,
33.83% after tetrabenazine and 25.85% after combination of desipramine and reserpine.

Relative to control cells, uptake of [18F]-DOPA after the 10-min incubation period was
decreased (P<.001) to 67.37% after desipramine, 14.03% after reserpine, 17.87% after
tetrabenazine and 13.47% after the combination of desipramine and reserpine (Fig. 4C). In
contrast, after the 120-min incubation period, there was no significant difference in retention
of [18F]-DOPA between desipramine treated and control cells (Fig. 4D). The uptake of
[18F]-DOPA was, however, decreased (P<.001) to 11.8% of control values after reserpine,
to 12.1% after tetrabenazine (P<.001) and to 7.97% after the combination of desipramine
and reserpine (P<.001). These results indicate strong importance of VMAT2 in
accumulation and retention of [18F]-DOPA in MPC cells. Statistical differences between
treatments with reserpine, tetrabenazine and combination of desipramine and reserpine,
compared to desipramine alone, are presented in Fig. 4.

3.4. Histopathology and immunohistochemistry: expression of monoamine transporters
and tyrosine hydroxylase

Histopathology confirmed all lesions to be pheochromocytomas. Furthermore, all lesions
contained high levels of catecholamines, relative to normal tissues (Table 3). The lowest
ranges for expression of NE were found in s.c. lesions. All analyzed samples (2x adrenal
gland lesions, 1x bone lesion, 3% liver lesions, 1x lung lesions, 1x ovarian lesion, 3 s.c.
lesions) were positive for TH staining (Table 4), ranging from 2+-4+ positive staining on a
five-tier scale. Ten of 11 samples showed NET staining (1+-4+). Expression of VMAT was
more variable, 9 of 11 samples showing VMAT2 (2+-4+) and only 4 of 11 samples showing
VMAT1 expression (1+). Furthermore, when VMAT1 was expressed (Fig. 5), it was only
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present in isolated clusters of cells throughout the section, in contrast to the other markers
where expression was generally more widespread in their distribution pattern. Interestingly,
all s.c. lesions expressed VMAT?2 but lacked expression of VMAT1. All markers were
localized to the cytoplasm.

4. Discussion

The present study compared metastatic and s.c. pheochromocytoma models and established
differences in the utility of PET imaging with [18F]-DA and [18F]-DOPA and anatomical
imaging with microCT and MRI. While [18F]-DA and [*8F]-DOPA PET performed equally
well for the detection of ovarian metastatic tumors, [18F]-DOPA PET showed superiority to
[18F]-DA PET in the detection of liver, lung and s.c. tumors. In particular, s.c. tumors were
detected only with [18F]-DOPA PET. Furthermore, comparisons of the in vitro uptake of
both radiocompounds by MPC cells confirmed the importance of the NET for uptake of
[8F]-DA and also confirmed that VMAT?2 and, to a lesser extent, VMAT1 is important for
its retention in catecholamine storage vesicles. The VMAT?2 role for the [18F]-DA entry into
catecholamine storage vesicles was also well demonstrated from [18F]-DOPA results. It is
known that [18F]-DOPA is converted to [18F]-DA in cytoplasm and indeed our experiments
using tetrabenazine and [18F]-DOPA showed the most diminished uptake of [18F]-DOPA,
actually [*8F]-DA and its storage and retention in catecholamine vesicles.

As supported by several clinical studies [36-38] functional imaging using [*8F]-DA and
[18F]-DOPA PET is a useful tool for diagnostic localization of pheochromocytomas and
paragangliomas (extra-adrenal pheochromocytomas). Surgical resection of metastatic
lesions is usually impaossible, and biopsies are dangerous due to profound catecholamine
release and a possibility of hypertensive crisis and lethal tachyarrhythmia. Our metastatic
animal model provides a valuable resource for a better understanding of tumor
characteristics related to experimental imaging and future targeted therapeutic interventions.
We found a visibly lower accumulation of [18F]-DA compared to [18F]-DOPA in large liver
lesions, presumably due to the decrease in the NET expression secondary to tumor
dedifferentiation. [18F]-DA uptake in liver lesions also decreased over longitudinal imaging,
whereas for [18F]-DOPA there was no decrease in the same tumors imaged over time. The
differences in uptake of these two radiopharmaceuticals may be relevant to recent clinical
findings of differences in functional imaging characteristics of various pheochromocytomas
depending on their underlying mutations and nature [38,39]. For example, in patients with
malignant paragangliomas due to succinate dehydrogenase subunit B mutations, [18F]-DA is
superior to [18F]-DOPA for localization of metastases (reverse to the present animal model
of pheochromocytoma), whereas in other patients with so called ‘head-and-neck’
paragangliomas, [18F]-DOPA is superior to [18F]-DA [37]. These tumor differences in PET
imaging characteristics are suggested to reflect variations in the expression of NET, VMATS
and perhaps amino acid transporter and are crucial in a current view of the choice of
pheochromocytoma imaging modality.

Comparing the uptake of both radiopharmaceuticals in s.c. tumors revealed also differences.
For example, s.c. tumors showed a high uptake of [18F]-DOPA but no uptake of [18F]-DA
above the level of background. Three possibilities could explain these findings (1)

Nucl Med Biol. Author manuscript; available in PMC 2016 January 14.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martiniova et al.

Page 10

differences of blood delivery of [18F]-DA and [18F]-DOPA into organ metastatic and s.c.
tumors; (2) the expression of cell membrane, vesicular, and amino acid transporters and their
function and (3) the conversion of [18F]-DOPA to [18F]-DA in tumor cytoplasm and their
intracellular storage or retention mechanisms. The half-life of dopamine in circulation is
about 1 minute, and the half-life of .-DOPA is about 40-60 min [40]. If s.c. tumors would
not have enough blood supply comparing to organ metastases, taking into a consideration a
different half-life of dopamine and .-DOPA in plasma, this could be an important
component for a lower uptake of [18F]-DA to [18F]-DOPA in these tumors. Another possible
explanation would be the expression and function of NET. Even though the expression of
NET was present in s.c. tumors and organ metastases, its function could be diminished to a
greater extent in s.c. than in organ lesions. In the present animal model, the expression of
NET and VMATSs among excised organ and s.c. tumors was highly variable, a finding
similar to previous results about NET expression in various human pheochromocytoma
tissue samples based on their genetic background, location and perhaps metastatic potential
[33]. Even though clusters of the NET showed different patterns of expression throughout
organ and s.c. tumor samples, there was no distinct feature that could clearly explain the
different [18F]-DOPA and [18F]-DA PET results for these lesions based on the presence of
the NET. Interestingly, catecholamine measurements revealed lower values of
norepinephrine (NE) in s.c. tumors comparing to organ metastases. Furthermore, VMAT1
exhibited limited expression compared to VMAT?2, particularly in s.c. tumors when
compared with organ metastatic lesions. In normal adrenal chromaffin and enterochromaffin
cell, VMATL is the predominant isoform, whereas VMAT?2 is typically the predominant
isoform expressed in neurons of central autonomic nervous system [21,41]. This is well
documented from previous studies where the uptake of [18F]-DOPA in the central nervous
dopaminergic system depended on the presence VMAT2 [42,43]. The present results
suggest that VMAT? is more important that VMAT1 in the accumulation of [18F]-DA and
[18F]-DOPA (converted in cytoplasm to [18F]-DA) in both organ metastatic and s.c. tumors.

There are several limitations to the present study. First, the proper function of the VMAT1
has not been investigated. Second, we did not study any presence and function of the cell
membrane amino acid transporter system that is known to allow .-DOPA to enter a
pheochromocytoma cell; lastly, the absence of in vivo experiments manipulating (e.g.,
inhibiting) NET, VMAT1 and VMAT2, and amino acid transporters. However, in our
preliminary experiments, the administration of desipramine, reserpine and tetrabenazine in
pheochromocytoma animal model with extensive liver and other organ lesions was difficult,
and side effects were in most cases fatal.

5. Conclusion

In summary, this is the first study to compare multi-imaging modalities with [18F]-DOPA
and [*8F]-DA PET, microCT and MRI for detection of organ metastatic and s.c. lesions in
nude mice model of pheochromocytoma. The present data has potential relevance for
explaining differences in imaging characteristics in patients with various
pheochromocytomas and perhaps other neuroendocrine tumors. Subcutaneous xenografts, as
in vivo tumor model, remains the most popular method for testing new imaging or treatment
approaches [44]. Our data suggests that the radiotracer tumor uptake in pheochromocytomas
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is different when using s.c. models, as opposed to organ metastatic models, to study the
efficacy of new imaging agents.

The data should also prove useful to other studies utilizing animal models of metastatic
disease in which it is desirable, if not essential, to obtain longitudinal information about the
tumor development and tumor responses to treatment.
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Pharmacokinetics of uptake and retention of [18F]-DA (A) and [18F]-DOPA (B) by liver
tumors between 10-70 min after injection of the radiopharmaceuticals in athymic nude
mice. Each bar represents mean+S.E.M. values for nine mice. From comparisons with
background radioactivity in the liver, the ideal time to acquire images for quantitative
analysis of liver lesions was at 60-70 min after injection of [18F]-DA and [18F]-DOPA. *P<.
05, **P<.001 versus uptake in the liver.
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Combined coronal MRI images of representative mouse superimposed with PET images
after administration of [18F]-DA and [*8F]-DOPA to a control animal (A) and an animal
previously injected with MPC cells (B). The color scale indicates maximal standardized
uptake values (SUV nay)- The usual range for liver tumors with [28F]-DA is 1.5-2.5 SUVax

and for [18F]-DOPA it is 3-3.6 SUV pax.
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Fig. 3.

Lgcalization of pheochromocytoma lesions by [18F]-DA or [18F]-DOPA PET in
representative animals after i.v. (Panels 1-E) and s.c. (Panel G) injections of MPC cells.
Upper panels, A and B, show microCT coronal images using Fenestra contrast agent with
respiratory gating in a representative animal after i.v. injection of MPC cells. The animal
was imaged on days 38 through 47 after i.v. injection of MPC cells, where panels C and E
show rapid growth of liver lesions visible using [18F]-DA PET over a 7-day time period.
[18F]-DOPA PET visualization of the same animal over consequent days is shown in panels
D and F. Images were acquired at 60—70 min after injection of radiopharmaceuticals. The
localization of a large s.c. tumor depicted by transverse and coronal images after s.c.
injection of [18F]-DA and [18F]-DOPA into another representative animal is shown in Panel
G. [*8F]-DA PET imaging reveals very low accumulation of the radiopharmaceutical in the
tumor (0.35 SUVax), almost at the level of nontarget tissue such as muscle (0.31 SUVax).
In contrast, the uptake of [18F]-DOPA by the same tumor was much higher (2 SUV may).-
Circles identify the tumor on both transverse and coronal images and arrows points to the
liver.
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Fig. 4.

Ugtake of [18F]-DA (A and B) and [18F]-DOPA (C and D) in MPC cells presented as
“normalized ratio of controls” at 10 and 120 min after treatment with 1 uM desipramine
(DMI), 10 uM reserpine (RES), 10 uM tetrabenazine (TET) and their combination (30 min
before adding the [18F]-DA and [18F]-DOPA). *P<.05, **P<.001 ***P<.0001 versus
control (“C”). +P<.05, ++P<.001 versus desipramine (“DMI”).
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Subcutaneous

Liver

VMAT2

Fig. 5.

E)?pression profile of NET, TH and VMATS in s.c. (A-D) and liver (E-H) lesions. While the
expression of TH (B, F) was consistently detected, NET (A, E) expression was variable,
with strong immunoreactivity in some samples (A) but more diffuse staining with
interspersed foci of strong immunoreactivity (E; arrows) in others. Typically, VMAT1 (C,
G) expression was absent (C), but in some samples (G) isolated clusters of highly
immunoreactive cells (arrows) were detected. Diffuse VMAT?2 (D, H) staining was typically
detected, including some highly immunoreactive clusters of cells (H; arrows). Bar scale: (A,
B, E and F) 100 um, (C, D, G and H) 50 ym.
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Table 1

Comparison of tumors’ localization by various imaging methods and confirmed with necropsy in mice
injected with MPC cells

Tumors’ localization

Adrenal Ovary Lung Liver Subcutaneous

MicroCT 0 0 0 0 NA

MRI 9in 5 mice 4in 4 mice >20 in 2 mice >50in 9 mice NA

[8F]-DA 8 in 4 mice 4in 4 mice 0 30-40 in 8 mice 0

[8F]-DOPA 9in 5 mice 4in 4 mice 1in 1 mouse >50 in 9 mice 4.in 4 mice

Necropsy 18 in 9 mice 4in 4 mice >20 in 2 mice >50 in 9 mice 4in 4 mice

Mouse name Necropsy and histopathology confirmation

1 Multiple liver tumors (10, approx. 2-4 mm diameter); 2 enlarged adrenal glands, 2.5 mm in diameter; 1 ovarian tumor,
3 mm in diameter.

2 Multiple liver tumors (>10, ranging from 1-5 mm diameter), 2 enlarged adrenal glands, 2.5 mm in diameter; 1 ovarian
tumor, 4 mm
in diameter.

3 Single liver lesion (2.5 mm in diameter), enlarged adrenal glands, 2 mm in diameter.

4 Multiple liver tumors (>10, ranging from 1-4 mm diameter), enlarged adrenal glands, 2 mm in diameter.

5 Multiple liver tumors (>20, ranging from 1-3 mm diameter), 1 adrenal gland tumor, 3 mm in diameter.

6 Multiple liver tumors (>10, ranging from 1-5 mm diameter), 2 adrenal gland tumors, 3 and 5 mm in diameter; 1 bone
tumor, 5 mm
in diameter; 1 lung tumor, 2 mm in diameter.

7 Multiple liver tumors (10, ranging from 1-3 mm diameter), 1 ovarian tumor, 4 mm in diameter; 2 adrenal gland
tumors, 3 mm in diameter.

8 Multiple liver tumors (>5, ranging from 1-5 mm diameter), 2 adrenal gland tumors, 3 mm in diameter.

9 Multiple liver tumors (>20, ranging from 1-3 mm diameter); 1 ovarian tumor; 3 mm in diameter; 2 adrenal gland

tumors; 3 mm in
diameter; approx. 20 lung tumors, 0.5 mm in diameter.

All enlarged adrenal glands were confirmed as pheochromocytomas.

MicroCT, MRI and PET imaging were performed at Week 5. All imaging modalities followed by necropsy were performed within a 24 h time

window in all nine mice.
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SUVax in organs and tumors 60-70 min after administration of PET radioligands in mice harboring

Table 2

subcutaneous and organ metastatic pheochromocytomas

[18F]-DA [18F]-DOPA
SUVnax TLR TBR  SUVpax TLR TBR
(meantS.E.M.) (meantS.E.M.)
Kidney 2.41+0.45 - - 1.73+0.34 - -
Muscle 0.31+0.02 - - 0.29+0.02 - -
Liver 0.88+0.11 - - 1.33+0.14 - -
Liver <3mm  1.61+0.17 1.83 519  3.01+0.27 226 10.38
Liver >3 mm  2.49+0.08 2.83 8.03 3.61+0.19 271 1245
Adrenal 2.18+0.39 247 703 6.61+0.64 2.83 2279
>3 mm
Ovary 1.9940.27 226 641  259+0.32 2.83 893
>3 mm
s.c. <5 mm 0.31+0.02 0.22 172 2.88+0.88 224 7.2
s.c. >5 mm 0.35+0.12 0.27 1.94  2.00+0.06 156 5.0

A muscle uptake was taken as a background.
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Tissue catecholamine concentrations (pg per mg of wet weight tissue) in MPC cell-derived tumors compared
to concentrations in normal tissues of control female nude mice that did not receive injections of MPC cells

Catecholamines (pg/mg)

NE EPI DA

Normal values
Liver 25-125 9-123 -
Adrenal 14,548-208,181  27,611-333,150 -

glands
Ovaries 189-411 - -
Lung 129-256 54-254 -
Tumor values
Liver tumors 80,707-1,225,792  6496-24,716 19,532-96,128

Adrenal
tumors

Ovarian
tumors

Lung tumors

Subcutaneous
tumors

262,415-454,471

62,495-414,566

95,431-4,117,381
95,098-234,637

442,572-758,463

9325-95,300

31,301-65,232

29,184-1,907,137
37,314-54,085

Catecholamine concentrations are shown as ranges of values. EPI, epinephrine; DA, dopamine.
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Expression of TH, NET, and VMATS in tumor samples (0=less than 10% of tumor cells positive; 1+=10-25%
positive cells; 2+=25-50% positive cells, presented as moderate staining; 3+=50-75% positive cells, moderate

to strong staining; and 4+=more than 75% of tumor cells positive, strong staining)

Locaton TH NET VMATL VMAT2 [©8F]-DA [!8F]-DOPA
(SUVmax)
Adrenal 1 4+ 2+ 1+ 4+ 2.15 6.46
Adrenal 2 4+ 3+ 1+ 3+ 1.98 5.79
Bone 4+ 2+ 0 0 —_ 1.42
Liver 1 3+ 1+ 0 3+ 2.46 3.31
Liver 2 4+ 3+ 1+ 4+ 1.89 2.79
Liver 3 2+ 0 0 0 —_ 3.24
Lung 2+ 4+ 0 3+ — 1.15
Ovary 4+ 2+ 1+ 2+ 1.92 3.05
s.c. 1 4+ 2+ 0 2+ — 1.88
s.c. 2 3+ 3+ 0 3+ — 2.25
s.c.3 4+ 4+ 0 2+ — 2.09

[18F]—DA and [18F]—DOPA PET uptake in organ metastatic and s.c. tumors expressed in SUVmax; calculated from images after 60—70 min after

administration. Numbers 1-3 indicate number of samples. A dash sign “— presents SUVmax values less than 0.3 for both [18F]-DA and [18F]-

DOPA.
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