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Purpose: To evaluate the performance of N-[2-(diethylamino)
ethyl]-18F-5-fluoropicolinamide (18F-P3BZA) for visualizing 
porcine retinal pigment epithelium (pRPE) cells trans-
planted in the striatum for the treatment of Parkinson 
disease and to monitor the long-term activity of implanted 
pRPE cells by means of 18F-P3BZA positron emission to-
mography (PET)/computed tomography (CT) in vivo.

Materials and 
Methods:

Animal work was conducted in accordance with the ad-
ministrative panel on laboratory animal care. In vitro cell 
uptake of 18F-P3BZA was determined with incubation of 
melanotic pRPE or amelanotic ARPE-19 cells with 18F-
P3BZA. To visualize the implanted pRPE cells in vivo, 
normal rats (four per group) were injected with pRPE 
or ARPE-19 cells attached to gelatin microcarriers in 
the left striatum and with control gelatin microcarriers 
in the right striatum and followed up with small animal 
PET/CT. Longitudinal PET/CT scans were acquired in 12 
rats up to 16 days after surgery. Postmortem analysis, 
which included autoradiography and hematoxylin-eosin, 
Fontana-Masson, and immunofluorescence staining, was 
performed. Data were compared with the Student t test, 
analysis of variance, and regression analysis.

Results: 18F-P3BZA accumulated in pRPE cells effectively (3.48% 
of the injected dose [ID] per gram of brain tissue 6 0.58 
at 1 hour after injection of the probe at 2 days after sur-
gery in vivo) but not in control ARPE-19 cells (P , .05). 
Longitudinal PET/CT scans revealed that the activity of 
implanted pRPE cells decreased over time, as evidenced 
by a reduction in 18F-P3BZA uptake (3.39% ID/g 6 0.18, 
2.49% ID/g 6 0.41, and 1.20% ID/g 6 0.13 at days 2, 
9, and 16, respectively; P , .05). Postmortem analysis 
helped confirm the results of in vivo imaging.

Conclusion: 18F-P3BZA PET/CT is a feasible technique for visualizing 
and detecting the activity of implanted RPE cells in vivo.
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(17) is a major limitation of the studies to 
date (13,18).

Considering the melanogene sis 
mechanism of RPE cells for neural 
transplantation (19,20), we hypothe-
sized that the melanin-targeted small 
molecule probe N-[2-(diethylamino)
ethyl]-18F-5-fluoropicolinamide (18F-
P3BZA) could serve as a positron 
emission tomography (PET) probe for 
monitoring RPE cells transplanted into 
the striatum. The aims of this study 
were to (a) evaluate the performance 
of 18F-P3BZA for visualizing the activity 
of RPE cells in vivo by monitoring the 
activity of the melanin and (b) monitor 
the long-term graft activity of implanted 
RPE cells following their implantation 
into the host striatum in vivo by means 
of 18F-P3BZA PET/computed tomogra-
phy (CT).

Materials and Methods

Z.C. and L.B. have a patent pend-
ing for 18F-P3BZA. All animal work 
was conducted in accordance with the 

approximately 1%–2% of the popula-
tion older than 60 years (1). Striatal 
transplantation of cells that produce 
dopamine or L-3,4-dihydroxyphenylala-
nine (L-DOPA) has been actively inves-
tigated for Parkinson disease treatment 
in preclinical and clinical trials. This 
treatment has the potential advantage 
of providing a long-term, continuous 
dopaminergic source and avoiding mo-
tor complications because of the fluc-
tuations and chronic intermittent do-
paminergic stimulation associated with 
oral L-DOPA administration (2–5).

Retinal pigment epithelium (RPE) 
cells accumulate L-DOPA as a precursor 
for the formation of their characteristic 
melanin pigment (6). Apart from L-DO-
PA production, human RPE (hRPE) cells 
can also produce a small amount of dopa-
mine directly and possess other molecu-
lar machinery involved in dopamine pro-
duction and regulation (7–10). Therefore, 
hRPE cells attached to gelatin microcar-
riers have been explored as a promising 
source of donor cells for neural trans-
plantation in the treatment of Parkinson 
disease by providing “L-DOPA pumps” to 
maintain stable L-DOPA levels (11). Both 
preclinical studies (in rodents and non-
human primates) (12,13) and clinical tri-
als (14,15) indicated that implantation of 
hRPE cells attached to gelatin microcar-
riers into the striatum could ameliorate 
the behavioral deficits of the recipients. 
However, in another large-scale, mul-
ticenter, randomized controlled phase 
II clinical trial, clinical benefits of this 
therapy were not observed (16). These 
discrepant results raise a number of crit-
ical issues that must be addressed before 
further clinical trials are performed. The 
fact that “no assay is available to detect 
the activity of hRPE cells following their 
implantation into the host brain in vivo” 

Parkinson disease is a neurode-
generative disorder with a selec-
tive vulnerability of dopaminergic 

neurons in the substantia nigra pars 
compacta, which shows irreversible 
loss of dopamine in the striatum as a 
consequence. Parkinson disease affects 

Implication for Patient Care

 n The melanin-targeted PET probe 
18F-P3BZA provides a promising 
technique for imaging the activity 
of retinal pigment epithelium 
cells implanted for the treatment 
of patients with Parkinson 
disease and is worthy of further 
evaluation in the clinic.

Advances in Knowledge

 n The melanin-targeted PET probe 
N-[2-(diethylamino)ethyl]-
18F-5-fluoropicolinamide 
(18F-P3BZA) shows high accumu-
lation in porcine retinal pigment 
epithelium (pRPE) cells (10.72% 
6 0.38 of applied activity within 
30 minutes after co-incubation) 
and excellent imaging contrast 
(as evidenced by a much higher 
microcarrier-bound pRPE cells–
to–control gelatin microcarriers 
uptake ratio than microcarrier-
bound ARPE-19-cell–to–gelatin 
microcarriers uptake ratio [3.05 
6 0.57 vs 1.21 6 0.36, respec-
tively; P = .04]).

 n

18F-P3BZA identifies and binds to 
transplanted pRPE cells specifi-
cally in a melanin-dependent 
manner, as evidenced by the high 
correlation (R2 = 0.91) between 
the 18F-P3BZA uptake and the 
melanin content in pRPE cells at 
different passages and the con-
sistency between the longitudinal 
PET imaging results and the cor-
responding postmortem analysis.

 n In vivo18F-P3BZA PET reveals 
that the activity of implanted 
pRPE cells decreases over time 
after their implantation into the 
rat brain.

 n

18F-P3BZA shows favorable phar-
macokinetics in normal rat brain 
(the uptakes of 18F-P3BZA in rat 
brain are 7.61% of the injected 
dose [ID] per gram of tissue 6 
0.30, 3.54% ID/g 6 0.21, and 
1.04% ID/g 6 0.37 at 2, 28, and 
60 minutes after injection, re-
spectively), which makes it suit-
able for targeted imaging of ret-
inal pigment epithelium cells in 
brain.
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Cell Implantation
RPE cells (pRPE and control ARPE-19 
cells) were passively adsorbed or at-
tached to gelatin microcarriers (Cytodex 
1, 131–220-mm diameter; GE Healthcare 
Life Sciences, Piscataway, NJ) according 
to typical methods (11). We illustrated 
the content of melanin in RPE cells by 
the unit of absorbance at 405 nm per 
milligram of protein, which is represent-
ed as A405 per milligram of protein.

Twenty-four female Wistar rats 
were used in this study. Melanotic 
pRPE or amelanotic ARPE-19 cells (ap-
proximately 12 000–15 000 cells in 10 
mL) were injected into striatum. The 
implantation procedure was performed 
following the surgical procedures de-
scribed in a previous report (29).

PET/CT
Small-animal PET/CT was performed 
with a PET/CT system (Inveon; Sie-
mens Healthcare Molecular Imaging, 
Knoxville, Tenn). For each rat, 18F-P3B-
ZA (7.4 MBq, 200 mCi) was adminis-
tered through the tail vein.

and verify the specificity of melanin-
targeted probes (26,27). The cells were 
washed three times with chilled phos-
phate-buffered saline and lysed with 
500 mL of 0.1 mol/L NaOH. The cell 
lysates were then collected and the ra-
dioactivity of the lysates was measured 
with a gamma counter (Perkin-Elmer, 
Waltham, Mass). The cell uptake was 
expressed as the percentage of total 
applied radioactivity. All experiments 
were performed with triplicate sam-
ples. Similarly, uptake of 18F-P3BZA at 
30-minute incubation was determined 
in pRPE cells at different passages 
(passage numbers 3, 5, and 8, which 
are represented as pRPE-P3, pRPE-P5, 
and pRPE-P8, respectively) and control 
ARPE-19 cells, with or without pre-
treatment with l-tyrosine, to further 
evaluate the probe uptake characteris-
tics for the pRPE cells during the pas-
saging process.

In vitro measurement of melanin 
content was also performed for pRPE 
and ARPE-19 cells in parallel with the 
cell uptake assays according to methods 
reported previously (28).

Administrative Panel on Laboratory 
Animal Care at Stanford University. A 
schematic drawing of 18F-P3BZA for im-
aging of RPE cells in rat brains is shown 
in Figure 1. Details of methods are in 
Appendix E1 (online). This includes 
radiosynthesis of 18F-P3BZA (prepared 
according to a previously published pro-
cedure [21,22]). Melanotic pRPE (23) 
and amelanotic ARPE-19 cells (24) were 
used as positive and negative controls, 
respectively, for evaluating 18F-P3BZA in 
vitro and in vivo. pRPE cells were iso-
lated according to a previously published 
procedure (25), which is also detailed in 
Appendix E1 (online).

In Vitro Assays
pRPE (generation 3) or control ARPE-
19 cells (5 3 105) were plated in a 12-
well plate pretreated with l-tyrosine (2 
mmol/L) for 24 hours or not treated at 
all, followed by incubation with 74 kBq 
(2 mCi) per well of 18F-P3BZA at 37°C 
for 15, 30, 60, and 120 minutes. Here, 
l-tyrosine is one of the key substrates of 
the melanogenic pathway. It is typically 
used to boost melanin content in cells 

Figure 1

Figure 1: Schematic of 18F-P3BZA for imaging RPE cells in rat brains. Melanotic pRPE cells (shown in black in Eppendorf tube) 
attached to gelatin microcarriers (pRPE-GM), used as donor cells, and amelanotic ARPE-19 cells (shown in white in Eppendorf tube) 
attached to gelatin microcarriers (ARPE-19-GM) or gelatin microcarriers alone, used as controls, were implanted into left and right 
striatum, respectively, of normal rats.
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was a pronounced increase in uptake 
for 18F-P3BZA after treatment with 
tyrosine, which was approximately 
three- to fourfold higher than that in 
nontreatment groups. For the control 
ARPE-19 cells, however, there was no 
difference before and after tyrosine 
treatment (P = .25).

The cell uptake of 18F-P3BZA 
in pRPE cells at different passages 
showed that pRPE-P3 had the great-
est uptake, followed by pRPE-P5 and 
then pRPE-P8 (the decreasing rate is 
21.45% of applied activity per pas-
sage, P , .0001), with a decreasing re-
sponse to tyrosine treatment. After ty-
rosine treatment, uptake of 18F-P3BZA 
in pRPE-P3, pRPE-P5, and pRPE-P8 
was increased by 48.8%, 37.8%, and 
31.9%, respectively (Fig 2, B). There 
was no difference for the probe uptake 
between l-tyrosine–treated ARPE-
19 cells and untreated ARPE-19 cells  
(P = .13).

The amount of 18F-P3BZA uptake 
(mean, 10.71% 6 0.38, 6.25% 6 0.59, 
3.29% 6 0.15, and 1.31% 6 0.15 of 
applied activity) was highly correlated 
with the melanin content (14.34 A405 
per milligram of protein 6 0.48, 7.71 
A405 per milligram of protein 6 0.50, 
6.04 A405 per milligram of protein 
6 0.38, and 5.56 A405 per milligram 
of protein 6 0.21) in pRPE cells and 
control ARPE-19 cells (Fig 2, C, R2 
= 0.91). Melanogenesis was reduced 
with an increasing number of pRPE 
cell passages (rate of decrease, 21.57 
A405 per milligram of protein per pas-
sage; P = .0011) (Fig 2, D).

Dynamic PET Scans in Normal Rat Brain
Dynamic PET images provided vi-
sual evidence that 18F-P3BZA could 
rapidly cross the blood-brain barrier 
and accumulate in the brain. More-
over, most of the probe was cleared 
at 28 minutes after injection (Fig 3, A
). Similarly, the time-activity curve of 
brain from dynamic PET scans dem-
onstrated that 18F-P3BZA rapidly ac-
cumulated in the rat brain (Fig 3, B), 
peaked at 7.61% ID/g 6 0.30 within 
the first 2 minutes, and then gradually 
decreased over the remaining scan-
ning time. The amount of 18F-P3BZA 

To verify the presence of melanin, 
slices from the block containing a rep-
resentative RPE cell profile on initial re-
view were stained with Fontana-Masson 
stain after obtaining longitudinal PET/
CT scans according to the manufac-
turer’s recommendations. To identify 
the implanted pRPE cells, tissue slices 
adjacent to those for Fontana-Masson 
staining underwent immunohisto-
chemistry staining with use of RPE65 
(Chemicon, Temecula, Calif), following 
the manufacturer’s recommendations. 
Postmortem analysis was performed 
by a neurologist (H.Z., with 19 years of 
experience).

Statistical Methods
Means were compared by using the Stu-
dent t test, analysis of variance, and re-
gression analysis. P , .05 was indicative 
of a significant difference. The Pearson 
correlation coefficients (R2) were calcu-
lated to assess the relationship between 
18F-P3BZA cell uptake and melanin con-
tent in pRPE cells. Data were analyzed 
by using software (version 8.02; SAS 
Institute, Cary, NC).

Results

Synthesis of 18F-P3BZA
High-performance liquid chromatogra-
phy purification of 18F-P3BZA yielded 
9.5% 6 1.9 radiochemical yields with 
10.4-minute retention time, affording 
a product with more than 95% radio-
chemical purity and specific activity of 
100–150 GBq/mmol.

In Vitro Assays
Cell uptake results at multiple time 
points showed that 18F-P3BZA accumu-
lated effectively in pRPE cells but not 
in control ARPE-19 cells (Fig 2, A).  
The uptake of 18F-P3BZA in pRPE cells 
maximized at a mean 6 standard devi-
ation of 10.72% 6 0.38 of applied ac-
tivity within 30 minutes and remained 
at 9.09% 6 0.31 and 8.61% 6 0.47 at 
60 and 120 minutes, respectively. At 
each time point, uptake in pRPE cells 
was significantly higher than that in the 
control ARPE-19 cells, which remained 
low (P = .03). For pRPE cells, there 

To assess the in vivo kinetics of 18F-
P3BZA in normal rat brain, a 70-minute 
dynamic PET scan was obtained in four 
normal rats. The results were divided by 
the injected dose (ID) to obtain an im-
age region of interest–derived percent-
age of the ID per gram of tissue, and the 
time-activity curve was then calculated.

To evaluate the performance of 18F-
P3BZA for imaging implanted pRPE 
cells in vivo, static PET/CT was per-
formed in normal rats by implanting 
pRPE cells or ARPE-19 cells attached 
to gelatin microcarriers (n = 4 for both) 
in the left striatum. Gelatin microcar-
riers alone were implanted in the right 
striatum as controls. PET/CT was per-
formed 1 hour after tail vein injection 
of 18F-P3BZA.

To evaluate the potential of 18F-
P3BZA for monitoring the survival 
and function of implanted RPE cells, 
longitudinal PET/CT scans were ob-
tained 2, 9, and 16 days after cell im-
plantation (n = 12). All live rats were 
imaged at each time point, and four 
rats were sacrificed after each PET/
CT procedure. Thus, 12 rats were im-
aged on day 2, eight were imaged on 
day 9, and four were imaged on day 
16. PET/CT image analysis was per-
formed by radiologists B.S. and L.B. 
(with 28 and 13 years of experience, 
respectively).

Postmortem Analysis
Rats were sacrificed immediately af-
ter PET/CT, and rat brain slices were 
prepared for postmortem analysis. Be-
cause the spatial resolution and partial 
volume effects of PET may not allow 
for accurate determination of PET 
probe localization in specific brain 
regions, ex vivo autoradiography was 
performed. Immediately after static 
PET/CT, frozen axial brain slices (12 
mm thick) were prepared for autora-
diography. Quantitation of radioac-
tivity in autoradiography images was 
performed by using Image J software 
(National Institutes of Health, Bethes-
da, Md). The brain slices adjacent 
to those for autoradiography study 
were stained with hematoxylin-eosin 
to identify the implantation sites and 
anatomy of brain sections.
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Figure 2

Figure 2: In vitro cell uptake of 18F-P3BZA and quantification analysis of melanin. A, Bar chart shows time-dependent uptake 
of 18FP3BZA after incubation for 15, 30, 60, or 120 minutes in pRPE cells and control ARPE-19 cells, with or without pretreat-
ment with tyrosine for 24 hours. Results are means of triplicate measurements 6 standard deviations. B, Bar chart shows 
uptake of 18F-P3BZA after 30 minutes of incubation in pRPE cells of different passage numbers and control ARPE-19 cells with 
or without pretreatment with tyrosine. Results are means of triplicate measurements 6 standard deviations. C, Graph shows 
correlation between uptake of 18F-P3BZA and melanin content at different passage numbers of pRPE cells and control ARPE-19 
cells. D, Bar chart shows results of quantification analysis of melanin for pRPE cells of different passage numbers and control 
ARPE-19 cells with or without tyrosine incubation for 24 hours (n = 4). Data are means 6 standard deviations.

Figure 3

Figure 3: Images from in vivo dynamic PET of 18F-P3BZA in normal rat brain. A, Representative decay-corrected coronal images of 
normal rat brain. Arrow shows brain PET/CT image 28 minutes after injection of 18F-P3BZA. B, Time-activity curve derived from PET 
studies in normal rat brain across striatum level. Results are expressed as percentage of ID per gram of brain tissue 6 standard devia-
tion (n = 4).
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Figure 4

Figure 4: In vivo static PET/CT images of 18F-P3BZA 2 days after cell implantation. A, Representative decay-corrected coronal PET/
CT images after implantation of gelatin microcarrier–bound pRPE cells (red arrow). Gelatin microcarrier–bound ARPE-19 cells (green 
arrow) and gelatin microcarrier alone (yellow arrows) were used as controls. B, Bar chart shows results of quantitative analysis of 
small animal coronal PET images for uptake of 18F-P3BZA. The signal of gelatin microcarrier–bound pRPE cells (pRPE-GMs) is much 
higher than that of gelatin microcarrier–bound ARPE-19 cells or gelatin microcarriers alone. Results are expressed as percentage 
of ID per gram of brain tissue 6 standard deviation. There were four animals in each group. C, Bar chart shows gelatin microcarrier–
bound RPE cell–to–gelatin microcarrier uptake ratios for gelatin microcarrier–bound pRPE cells (pRPE-GMs) and gelatin microcar-
rier–bound ARPE-19 cells (ARPE-GMs). D, Representative hematoxylin-eosin (H&E)–stained and coronal autoradiography images. 
The combination of autoradiography and hematoxylin-eosin staining further demonstrates that 18F-P3BZA uptake in gelatin microcar-
rier–bound pRPE cells (pRPE-GMs) is much higher than that in either gelatin microcarrier–bound ARPE-19 cells (ARPE-19-GMs) or 
gelatin microcarriers (GMs) alone. Green circles = implantation sites for gelatin microcarriers, red circles = implantation sites for gelatin 
microcarrier–bound pRPE cells, yellow circles = implantation sites for gelatin microcarrier–bound ARPE-19 cells. E, Bar chart shows 
results of quantitative analysis of autoradiography images processed with Image J software. pRPE-GMs = gelatin microcarrier–bound 
pRPE cells, GMs = gelatin microcarriers, ARPE-19-GMs = gelatin microcarrier–bound ARPE-19 cells. Results of radioactivity in autora-
diography images are expressed as brightness in circle. Value of brightness is generated with Image J software. U.A. = arbitrary units.

accumulated in brain decreased to 
3.54% ID/g 6 0.21 at 28 minutes af-
ter injection and further decreased to 
1.04% ID/g 6 0.37 at 60 minutes after 
injection (rate of decrease, 20.16% 
ID/g/min; P , .0001).

In Vivo Small-Animal Static PET/CT, ex 
Vivo Autoradiography, and Hematoxylin-
Eosin Staining
On PET/CT scans, the injected micro-
carrier–bound pRPE cells were clearly 
visualized with high contrast, whereas 

both control gelatin microcarrier–
bound ARPE-19 cells and the contra-
lateral control gelatin microcarriers 
could not be delineated (Fig 4, A). Re-
sults of quantification analysis are sum-
marized in Figure 4, B. The uptake of  
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Discussion
18F-P3BZA can be easily prepared by 
means of one-step radiosynthesis. It 
displays high melanin targeting spec-
ificity and shows excellent perfor-
mance for in vivo imaging of mela-
notic melanoma (21,22). In our study, 
as expected, 18F-P3BZA specifically 
and effectively localizes in pRPE cells 
in a melanin-dependent manner in vi-
tro and in vivo. In vitro, correlation 
analysis demonstrated a strong corre-
lation between the uptake of 18F-P3B-
ZA and the melanin content in pRPE 
cells. Our in vivo PET imaging study 
of rats implanted with cells showed 
that 18F-P3BZA could help clearly de-
lineate the implanted pRPE cells from 
the background brain signal, but not 
ARPE19-gelatin microcarriers or gel-
atin microcarriers, at 2 days after 
implantation. This finding was further 
confirmed with autoradiography and 
hematoxylin-eosin staining, which 
showed subjective similar locations 
of the18F-P3BZA in the expected re-
gion of RPE cells transplanted into the 
striatum.

Our study also revealed that PET 
with 18F-P3BZA provides excellent im-
aging contrast. High gelatin microcar-
rier–bound pRPE cell–to–contralateral 
gelatin microcarrier or adjacent nor-
mal striatum uptake ratios can be ob-
tained (3.05 6 0.57 and 3.19 6 0.53, 
respectively). These high ratios are 
mainly attributed to the high melanin 

microcarrier–bound ARPE-19 cells or 
contralateral gelatin microcarriers alone  
(P , .0001) (Fig 4, E).

Longitudinal PET/CT Scans
PET/CT demonstrated that 18F-P3BZA  
accumulation in gelatin microcarrier– 
bound pRPE cells decreased gradually 
with time after implantation (Fig 5). 
The gelatin microcarrier–bound pRPE 
cells were visible as a strong hot spot 
2 days after implantation, whereas the 
imaging signal of gelatin microcarrier–
bound pRPE cells was much weaker 
and was visible as a moderate hot spot 
9 days after implantation. At 16 days, 
hot spots could not be clearly recog-
nized. Uptake of 18F-P3BZA peaked 
at 3.39% ID/g 6 0.18 at 2 days after 
implantation, then decreased to 2.49% 
ID/g 6 0.41 at 9 days and dropped to 
a baseline level (1.20% ID/g 6 0.13) at 
16 days (rate of decrease, 20.16% ID/g 
per day; P , .0001).

Fontana-Masson Staining and 
Immunohistochemistry Staining
RPE65-positive cells were found to sur-
round the gelatin microcarriers closely 
at days 2, 9, and 16 (Fig 6). Melanin 
was identified as black spots by means 
of Fontana-Masson staining. At day 2, 
we observed a lot of granular melanin 
spots both inside and outside of pRPE 
cells. A moderate amount of spots were 
seen at day 9, and a very small number 
of spots were seen at day 16.

18F-P3BZA in gelatin microcarrier–
bound pRPE cells (mean, 3.48% ID/g 
6 0.58) was higher than that in con-
trol microcarrier–bound ARPE-19 cells 
or gelatin microcarriers alone (1.23% 
ID/g 6 0.19 and 1.19% ID/g 6 0.23, 
respectively; P = .003). The gelatin mi-
crocarrier–bound pRPE cell–to–control 
gelatin microcarriers uptake ratio was 
significantly higher than the gelatin mi-
crocarrier–bound ARPE-19 cell–to–gel-
atin microcarriers uptake ratio (mean, 
3.05 6 0.57 vs 1.21 6 0.36, respec-
tively; P = .04) (Fig 4, C).

The implantation sites and the 
anatomy of brain sections were easily 
recognized (Fig 4, D). All of the cells 
and gelatin microcarriers injected were 
within the striatum and formed clumps.

Autoradiography images also re-
vealed prominent 18F-P3BZA accumu-
lation in the area of the gelatin micro-
carrier–bound pRPE cell transplant site. 
A “hot spot” was evident in the region 
that exhibited both microcarrier ag-
gregation and structural changes due 
to surgery in the parallel macroscopic 
hematoxylin-eosin–stained section. 
No visible hot spot could be identified 
in the injection sites for control gela-
tin microcarrier–bound RPE-19 cells 
or contralateral gelatin microcarriers 
alone. Results of quantitative analysis 
showed that the signal of the transplant 
site for the gelatin microcarrier–bound 
pRPE cells was significantly higher 
than that of injection sites for gelatin 

Figure 5

Figure 5: Images from longitudinal 18F-P3BZA PET/CT performed 2, 9, and 16 days after implantation of gelatin microcarrier–bound pRPE 
cells (pRPE-GMs) in normal rats. A, Representative decay-corrected longitudinal PET/CT images. Red arrows = implantation sites for gelatin 
microcarrier–bound pRPE cells, yellow arrows = implantation sites for gelatin microcarriers (GMs). B, Bar chart shows results of quantifica-
tion analysis of longitudinal 18F-P3BZA PET/CT. Results are means 6 standard deviations. Four rats were evaluated at each time point.
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this explanation. Indeed, as pRPE cell 
passages advance, melanin content de-
creases and the uptake of 18F-P3BZA 
decreases accordingly.

Because the activity of the melanin 
synthesis pathway provides a rationale 
for the application of hRPE cells in Par-
kinson disease therapy, the source of 
hRPE donor cells is crucial for success-
ful therapy. However, melanogenesis in 
adult RPE cells remains controversial. 
Some scientists believe that melanin 
synthesis occurs in hRPE cells through-
out a person’s life, albeit at a slow rate, 
whereas others consider that it ceases 
at birth (8,35). Age-related change of 
melanin expression in hRPE cells has 
thus been studied (36). In our study, we 
adopted adult pRPE cells as the source 
of donor cells, and this may explain part 
of the diminished activity of 18F-P3BZA 
over time. Similarly, most previous re-
ports of hRPE cell therapy for Parkinson 
disease did not define standard criteria 
for the selection of donor cells. There-
fore, the use of cells obtained from 

dopamine release or enzymatic activ-
ities and the changes caused by im-
planted RPE cells. Thus, it is difficult 
to use them for evaluating the treat-
ment efficacy of RPE cells.

In our study, longitudinal PET/CT 
scans showed a significant reduction in 
uptake of 18F-P3BZA in the gelatin mi-
crocarrier–bound pRPE cells over time, 
suggesting the reduction of the total me-
lanogenesis in implanted cells. Results 
of immunohistochemistry staining dem-
onstrated that an appreciable number of 
implanted pRPE cells survived over the 
16-day experimental period, with the 
number of cells only slightly reduced. 
This result is consistent with those 
from other reports (11,12,34). How-
ever, results of Fontana-Masson stain-
ing revealed that the amount of melanin 
decreases sharply over time. Therefore, 
it is likely that the diminished uptake 
of 18F-P3BZA is caused mainly by the 
reduced activity of melanin synthesis 
in pRPE cells as cells divide. Our in vi-
tro results provide evidence to support 

targeting specificity of 18F-P3BZA as 
well as the lack of endogenous mela-
nin in striatum area (30). Considering 
that the RPE cells are only implanted 
into the striatum of patients, a high 
RPE cell uptake of 18F-P3BZA to stri-
atum ratio is expected in humans.  
This is a major advantage of 18F-P3B-
ZA over other PET probes such as the 
previously reported carbon 11 (1C)–ra-
clopride or 18F-fluoro-l-DOPA (31–33). 
For these two probes, the endogenous 
dopamine or enzymatic activities could 
compromise their performance in 
the imaging of implanted RPE cells, 
and the imaging quality of these two 
probes is quite poor. For example, be-
fore and after implantation of the RPE 
cells, the implantation site (striatum)–
to-cortex uptake ratios were only 1.35 
6 0.10 and 1.48 6 0.07 for 18F-fluoro-
l-DOPA and 2.41 6 0.74 and 2.44 6 
0.67, respectively, for 11C-raclopride 
(32). More important, 11C-raclopride 
and 18F-fluoro-l-DOPA PET display the 
overall information from endogenous 

Figure 6

Figure 6: Representative photomicrographs of rat brain slices stained with Fontana-Masson and immunohistochemistry stains. Rats with intrastriatal 
implantation of control gelatin microcarriers (GM) and gelatin microcarrier–bound pRPE cells were sacrificed 2, 9, and 16 days after implantation and brain 
tissues were sliced and stained. With immunohistochemistry staining, pRPE cells were characterized as positive for RPE-65 and adhered onto surface  
of gelatin microcarriers. Fontana-Masson staining shows melanin as black pigmentations in granular or cluster shapes. On photomicrographs obtained with 
Fontana-Masson stain, nucleus is stained red with nuclear fast red. Green arrows indicate representative pRPE cells with matched melanin  
presented inside or outside.
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donors of different ages may be partly 
responsible for the variation and incon-
sistencies in the treatment outcomes 
from different clinical trials.

Some limitations in our study 
should be noted. 18F-P3BZA PET can-
not help differentiate the melanin loss 
caused by either poor cell survival or 
low melaninogenesis activity. However, 
this limitation is not likely to be an is-
sue because both poor cell survival and 
low melaninogenesis activity can re-
duce treatment efficacy. A second lim-
itation is that our study is based on a 
rat model with porcine RPE cells as the 
source of donor cells. It is necessary to 
further study the efficacy of 18F-P3BZA 
PET in humans or nonhuman primates 
by using allograft hRPE cells.

Practical applications: 18F-P3BZA 
PET/CT is a feasible technique for vi-
sualizing and detecting the long-term 
activity of implanted RPE cells for the 
treatment of Parkinson disease in vivo. 
18F-P3BZA PET/CT provides opportu-
nities to visualize, characterize, and de-
tect the long-term activity of implanted 
RPE cells. Practical applications lie in 
the possibility of improving the thera-
peutic efficacy of hRPE cells for Parkin-
son disease treatment in the clinic.
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