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It was reported previously that normal soft tissues accumulate
67Gaby a transferrin-dependent route, but uptake by tumors can
be transferrin independent. It was also reported that, although
overexpression of the transferrin receptor can promote Ga
avidity, the transferrin-independent uptake of 67Gais significant
and can be augmented to exceed transferrin-mediated levels by
increasing extracellular calcium. In assessing the effect of cal
cium channel blockers on uptake of 67Ga,it was observed that,
after exposure to light (either visible or ultraviolet [UV]), nifedipine
strongly potentiates the cellular uptake of 67Gaby a transferrinindependent process. Methods: The effect of nifedipine on 67Ga
uptake as a function of time, concentration, duration and type of
preexposure to light was determined in two cultured Chinese
hamster ovary cell lines. One cell line lacks the transferrin
receptor. In the other, the human transferrin receptor has been
restored by transfection and is overexpressed constitutively.
Results: Although there are some differences in pattern of
stimulation of uptake, nifedipine subjected to either UV or
fluorescent light strongly promotes the uptake of 67Ga in the
cultured cells in a time-dependent and concentration-dependent
manner. Maximal uptake of 67Ga occurs when the cells are
incubated for 30 min with 25 umol/L nifedipine preexposed to
either 4 h of fluorescent or 1 h of UV light. Under these conditions,
uptake of 67Gais 1000-fold greater than basal levels and 50-fold
greater than can be achieved by the transferrin-dependent route.
Light-shielded nifedipine has no effect on 67Gauptake. Conclu
sion: The effect of photodegraded nifedipine on the uptake of
67Gais independent of expression of the transferrin receptor. The
potential for photodegraded nifedipine to improve oncologie
imaging with 67Gawarrants further investigation.
Key Words: gallium isotopes; photodegraded nifedipine; cul
tured tumor cells
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Iearly 30 y ago, Edwards and Hayes (1) first described
accumulation of 67Ga in the lymph nodes of a patient with
Hodgkin's disease. Subsequently, 67Ga has been shown to
localize in a variety of tumors (2,3). As a tumor-imaging
agent, the use of 67Ga is best established in the diagnosis of
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lymphoma and hepatoma, where the overall sensitivity of a
Ga scan is approximately 80% (4-6). 67Ga Has been useful
in the staging and assessment of the therapeutic response of
lymphomas (5-8). In osteosarcoma, 67Ga may be useful for
detecting soft tissue and lymph node mÃ©tastases. 67Ga
scintigraphy has been applied to the diagnosis of pediatrie
soft tissue tumors, melanomas, testicular tumors and a
variety of sarcomas (9).
The limitations of 67Ga for oncologie imaging are well
recognized. Many tumors accumulate Ga poorly. Others,
such as hepatomas and lymphomas, can be intensely Ga avid
but may vary in magnitude and consistency of uptake.
Delineation of tumors from background tissues often re
quires extended intervals of 3-7 d or more from the time of
injection to imaging, because 67Ga localizes slowly and
initial images of the abdomen are frequently difficult to
interpret because of bowel activity. Because of the extended
intervals required for oncologie imaging, a relatively high
dose of 67Ga is required (typically 10 mCi for an adult).
Because of the problems inherent in 67Ga imaging,
extensive resources have been devoted to the development
of alternative radiopharmaceuticals for oncologie imaging,
such as monoclonal antibodies, metabolic substrates and
receptor-avid peptides. Although these efforts have yielded
significant and useful agents, 67Ga remains a cost-effective,
widely available and clinically accepted agent for tumor
imaging in nuclear medicine. Efforts to improve oncologie
imaging with 67Ga are easily justifiable.
Despite years of experience with imaging the radiometal,
the precise mechanism by which 67Ga accumulates in
normal tissues and in cancers remains controversial. It is
well supported that gallium, as an iron analogue, binds to
transferrin (Tf) and is concentrated by tumor cells enriched
in the Tf receptor (TfR) (10-12). However, there is also
evidence that Tf-independent mechanisms may be important
determinants of 67Ga uptake as well (13-15). Our previous
work suggests that the uptake of gallium by normal soft
tissues is a Tf-dependent process and that 67Ga uptake by
tumors can be mediated by a completely different mecha
nism, one that is Tf independent (16). We further showed
that the Tf-independent uptake of 67Ga by cultured tumor
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cells may be regulable; it can be augmented by increasing
the concentration of iron salts or calcium in the incubation
solution (77).
Our observation that increased extracellular calcium en
hances the Tf-independent uptake of 67Ga led us to investi
gate whether calcium channel antagonists would block this
effect. Paradoxically, we observed that nifedipine (1,4dihydro-2,6-dimethyl-4-[2-nitrophenyl]-3,3-pyridine
dicarboxylic acid), a calcium channel blocker, greatly augments
the uptake of 67Ga by cultured cells, but only after exposure

was then removed and replaced by 1.5 mL of the incubation
solution containing 10 uCi/mL carrier-free 67Ga citrate (Mallinckrodt) in Hank's balanced salt solution, prewarmed to 37Â°C.The
concentration of 67Ga in the incubation solution was approximately
0.25 nmol/L. The Hank's balanced salt solution, pH 7.2-7.4,
contained 3.7 g/L NaHCO3, 1 mmol/L CaCl2 and 1 mmol/L
magnesium salts. Cells were incubated in the PDN- and 67Gacontaining solutions in a CO2 incubator at 37Â°Cfor intervals
ranging from 10 s to 90 min. These experimental maneuvers were
conducted in a darkened room.

of the nifedipine to light. Herein, we describe our analysis of
the effect of photodegraded nifedipine (PDN) on the uptake
of 67Ga in cultured cells.

Separation of Cells from Radioactive Contaminants
After Incubations with 67Ga
After incubation of cells with 67Ga, the flasks were placed

MATERIALS AND METHODS

immediately on ice. The radioactive material was removed by
aspiration with a Pasteur pipette attached to water suction. The
monolayers were washed three times with 5 mL each ice-cold
Hank's balanced salt solution. Cells were then washed once with
phosphate-buffered saline, prewarmed to 37Â°C.The phosphate-

Cell Lines and Cell Culture
We previously developed a pair of transfected Chinese hamster
ovary cells to allow us to compare, in a controlled manner, the
Tf-dependent and -independent systems for the uptake of 67Ga. We
have recently described the details regarding plasmid construction
and the transfection, selection and characterization of these cells
(17). The two cell lines are identical except that TfR-negative cells
(TfR-) express no TfR, and TfR-positive cells (TfR+) overexpress
the transfected human TfR constitutively. This means that expres
sion of the TfR is independent of cell growth or iron content, which
could alter the cells metabolically in many ways that may confound
a well-controlled experimental determination of cause and effect.
TfR- and TfR+ cells were grown in monolayer and maintained as
described previously (17).
Two other tumor cell lines, NIH3T3 cells and Balb/3T3 cells
transformed by the Moloney murine sarcoma virus, were obtained
from the American Type Culture Collection (Manassas, VA) and
cultured in monolayer in Dulbecco's modified Eagle medium
(GIBCO BRL, Grand Island, NY) with 10% calf serum, as
recommended.
Photodegradation of Nifedipine
Nifedipine (Sigma Chemical Co., St. Louis, MO) was dissolved
in 1 mL ethanol at a concentration of 10 mmol/L. Care was taken to
shield nifedipine from the light except during intentional irradia
tion. For photoirradiation by fluorescent light, the nifedipine in
ethanol was placed in a clear 10 mL polystyrene, conical bottom,
screw-cap tube. The tube was placed on its side on the surface of a
cool, daylight color-balanced, fluorescent light box (Just Normlicht, Weilheim, Germany). For irradiation by ultraviolet (UV)
light, the nifedipine solution was placed in a quartz glass cuvette
and placed on the surface of a UV light box (Fotodyne, Hartland,
WI) in an otherwise dark cabinet. The interval of photoirradiation
ranged from 1 min to 24 h. The temperature at the surface of the
light box was 29Â°Cfor the fluorescent light box and 37Â°Cfor the

buffered saline was removed, and the cellular monolayer was
overlaid with 1.5 mL 0.25% trypsin containing 1 mmol/L ethylenediaminetetraacetic acid. The trypsin was removed immediately, and
the cells were incubated briefly ( 1 min) at 37Â°C.The cells in each
flask were then dislodged by several gentle mechanical blows to the
side of the flask and collected in 200 uL ice-cold phosphatebuffered saline.
By our modification of a method previously published for
radiolabeling of protozoan parasites (18), the cells were then
separated from unbound contaminating radioactivity. The 200 uL
of cells in phosphate-buffered saline was layered gently over
200 uL of an 8.5:1.5 ratio of dibutylpthalate/Iiquid paraffin oil in a
1.5-mL microfuge tube. With care not to agitate the mixture, the
tubes were then centrifuged at 12,000 rpm for 2 min in a microfuge.
The supernatant and oil were then aspirated carefully from the top
of the tube with a Pasteur pipette attached to water suction. The
bottom of the microfuge tube, containing the cell pellet (typical
pellet volume of ~ 100 uL), was then clipped with a microfuge tube
clipper into a counting vial containing 900 uL of a solution of 200
mmol/L NaOH and 1% sodium dodecyl sulfate. The cell pellet was
dissolved in this solution. The content of radioactivity in the
samples was determined by a gamma well counting (Packard,
Meriden, CT) in comparison to standard dilutions of the original
67Ga incubation solution.
Protein Assays
Protein assays of the solubilized cell samples were performed by
formation of the cuprous bicinchoninic acid complex, with quanti
fication using a spectrophotometric microtiter plate reader (Dynatech Laboratories, Alexandria, VA). The method and reagents used
are supplied in a kit (Pierce Chemical Co., Rockford, IL) and were
performed according to the manufacturer's directions using dilu
tions of bovine serum albumin as a standard of reference.

UV light box. The PDN was added to 10 mL of incubation solution
(below) to achieve concentrations ranging from 0.25 to 100
umol/L. Each 10-mL sample of incubation solution contained an
equal quantity of ethanol, including the controls.

Assessment of Toxicity of Photodegraded Nifedipine
Whether PDN is toxic to the cells was assessed by measuring the
plating efficiency of TfR-l- and TfR- cells that were incubated and

67Ga Uptake
After growth of cells in 25-cm2 flasks to subconfluence,
monolayers of cultured cells were first washed and then preincubated for 2 h at 37Â°Cwith 5 mL serum-free Dulbecco's modified

processed in a manner similar to the cellular uptake experiments,
except that radioactivity was excluded from the solutions. After
brief trypsinization and suspension in 1 mL phosphate-buffered
saline, cell count was determined in a hemocytometer. Cells were
plated at a density of 200 cells per plate on triplicate 100-mm2
tissue culture dishes in Dulbecco's modified Eagle medium with

Eagle medium to deplete the cells of Tf. The preincubation medium
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10% calf serum. When visible colonies had formed, the medium
was removed, and the cells were fixed and stained with 50%
methanol, 10% acetic acid and 0.07% coomassie blue G-250. After
rinsing and drying, the colonies in each dish were counted and
compared with the number of cells initially plated. The percent
plating efficiency was calculated as follows: (no. of colonies/dish/
200) x 100%.
Coefficient of Lipophylicity
Whether PDN alters the lipophylicity

of 67Ga citrate was

determined by a standard method (19,20). The partition coefficient
between octanol (commonly used as a reference for a biolipid
phase) and Hank's buffered salt solution (the aqueous medium used
in the cell uptake experiments) was determined for 67Ga citrate
alone, a 67Ga citrate-nifedipine (light-shielded) mixture and a 67Ga
citrate-PDN mixture. For positive and negative controls, the
partition coefficient was also compared for '"In chloride and '"In
oxine (Mallinkrodt) because the '"In oxine is known to be
significantly more lipophylic than '"In chloride. For these determi
nations, conducted at 25Â°C,200 joL of 1-octanol (Sigma Chemical
Co.) was vortexed for 20 s with an equal aqueous volume of
radiopharmaceutical (10 pCi/mL) in Hank's balanced salt solution
in a 1.5-mL microfuge tube. As in the cellular uptake experiments,
67Ga was evaluated either alone or in solution with 25 umol/L
nifedipine or 25 (imol/L PDN. After vortexing, the phases were
separated by brief centrifugation. Equal aliquots of the aqueous and
oil phases were assayed in a gamma well counter. The partition
coefficient, or coefficient of lipophylicity, was expressed as fol
lows: log[(oil phase cpm)/(aqueous phase cpm)].
Statistical Methods
Comparisons between groups of experimental observations
were accomplished by the unpaired Student t test with each type of
experiment repeated a sufficient number of times (n) to result in a
95% confidence interval (based on a power of 0.8 calculation).
Internal triplicates determined the average value for each experimen
tal observation.
RESULTS

The time required for maximal conversion of nifedipine to
a form that promotes uptake of 67Ga was determined by

photoirradiation of nifedipine for intervals ranging from
1 min to 24 h, as shown in Table 1. Nifedipine shielded from
the light has no effect on uptake of 67Ga compared with
controls (67Ga uptake in the absence of nifedipine or PDN)
(P > 0.5). Exposure to as little as 1 min of either UV or
fluorescent light results in a product that stimulates 67Ga
uptake twofold to threefold over basal levels. For nifedipine
exposed to fluorescent light, increasing the duration of
photoirradiation results in a product with increased activity
in promoting 67Ga uptake, with maximal activity achieved
by 4 h of exposure to fluorescent light. A significant
difference in activity (P < 0.001) exists between all of the
following: control versus 1 min, I min versus 5 min, 5 min
versus l h and 1 h versus 4 h. Maximal activity is achieved
with 4 h of fluorescent irradiation of nifedipine. There is no
significant difference in activity of nifedipine (P > 0.3)
exposed for 4 h versus 24 h of exposure to fluorescent light.
The same maximal degree of 67Ga uptake is produced by
nifedipine irradiated by UV as by fluorescent light, approxi
mately 1000-fold greater than basal (control) levels. How
ever, there are notable differences between the UV and
fluorescent effects (Table 1). Maximal activity with UVirradiated nifedipine is achieved earlier (1 h) than with
fluorescent irradiation (4 h). Activity decreases significantly
(P < 0.001) with each interval of UV exposure longer than
1 h, whereas prolongation of exposure to fluorescent light
beyond 4 h does not significantly alter activity.
Stimulation of uptake of 67Ga by nifedipine irradiated by
either UV or fluorescent light is a concentration-dependent
phenomenon (Table 2). Concentrations of PDN as low as
0.25 umol/L result in an uptake of 67Ga that is 40-fold greater
than control levels. For both fluorescent and UV-irradiated
nifedipine, uptake of 67Ga increases significantly (P <
0.001) between each incremental increase in concentration
up to 25 umol/L. Maximal uptake of 67Ga, approximately
1000-fold greater than control levels, is produced by incuba
tion of cells with 67Ga in the presence of 25 umol/L of either

TABLE 1
Effect of Length of Photoirradiation of Nifedipine on Cellular Uptake of 67Ga
Time of
photoirradiation
nifedipineNo
of
nifedipine
Protected from light
1 min
5 min
1h
4h
24hTfR-

cellsFluorescent0.200(0.130)

0.171 (0.011)
0.135(0.013)
0.572 (0.105)
2.349 (0.347)
58.033(9.701)
30.339 (2.206)
141.605(9.769)
151.918(11.800)
185.097(9.913)
75.591 (3.607)
182.199(12.036)UV0.147(0.017)34.572(4.121)TfR

+Fluorescent0.143(0.009)

(0.015)
0.196(0.013)
0.157(0.012)
1.912(0.267)
0.644 (0.093)
25.479 (2.457)
51.810(9.780)
139.607(9.710)
167.162(11.458)
201.249(9.914)
86.883(2.155)
196.803(7.181)cellsUV0.161
34.520 (3.432)

A solution of 10 mM nifedipine was exposed to a strong fluorescent or UV light source for various lengths of time shown at left. The
photodegraded nifedipine was then incubated with cultured TfR- and TfR+ cells at a concentration of 25 pM for 30 min in the presence of 10
pCi/mL Ga-67 citrate. Uptake of 67Gais reported as femtomoles of 67Gaaccumulated in 30 min per milligram of total cellular protein (Â±SEM)
(n = 9 for all manipulations).
TfR = transferrin receptor.
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TABLE 2
Effect of Concentration of Photodegraded Nifedipine on Cellular Uptake of 67Ga
Concentration of

TfR-cells

TfR+cells

photodegraded
nifedipineOuM
5.067 (0.672)
7.525(1.113)
3.081 (0.219)
0.25 \Â¡M
8.218(0.855)
5\Â¡M
39.250 (5.514)
58.409(2.197)
36.608 (3.793)
57.497 (6.987)
210.513(8.255)
163.417(6.491)
208.101 (13.599)
171.552(10.505)
25 pM
100pMFluorescent0.186(0.015)
210.365(19.276)UV0.145(0.012)
141.071 (3.754)Fluorescent0.210(0.018)
222.554(11.909)UV0.148(0.015)
138.116(4.169)

A solution of 25 m/Wnifedipine was exposed to a strong fluorescent light source for 4 h or a UV light source for 1 h. The photodegraded
nifedipine was then incubated at various concentrations with cultured TfR- and TfR + cells for 30 min in the presence of 10 uCi/mL67Gacitrate.
Uptake of 67Gais reported as femtomoles of 67Gaaccumulated in 30 min per milligram of total cellular protein (Â±SEM)(n = 9 for all
manipulations).
TfR = transferrin receptor.

the UV or fluorescent-irradiated
nifedipine. With higher
concentrations of PDN, no further increase in uptake can be
achieved. With the UV-irradiated product, there is actually a
slight but significant decrease in activity when the concentration is increased from 25 to 100 umol/L (P < 0.05). Basal
and stimulated levels of uptake of 67Ga are not altered by
either preincubation of the cells with 100 umol/L lightshielded nifedipine or by its addition to the incubation
mixture containing the 25 umol/L of PDN (P > 0.3).
Cellular uptake of 67Ga in the presence of nifedipine

the mechanism stimulated by the nifedipine derivatives is
unrelated to expression of the TfR or to any contaminating
Tf in the medium. The TfR- and TfR+ cells, derivatives of
Chinese hamster ovary cells, are not unique in their enhancement of 67Ga uptake in response to PDN. Two other lines of
cultured tumor cells (Balb/3T3 cells transformed by the
Moloney murine sarcoma virus and NIH 3T3 cells; American Type Culture Collection) have also been tested and show
a pattern and magnitude of PDN-stimulated 67Ga uptake
similar to that of the Chinese hamster ovary-derived cells

degraded by either UV or fluorescent light is time dependent
(Table 3). Uptake is very rapid and does not require
preincubation of cells with PDN before exposure to 67Ga.
With as little as 10 s of incubation with 67Ga in the presence
of PDN, uptake of 67Ga is 6-to 10-fold greater than control
levels, P < 0.03. With 30 min of exposure to 67Ga and
photodegraded nifedipine, uptake of 67Ga is maximal, approximately 1000-fold greater than control levels.
For all of the above experiments, TfR+and TfR-cells
show equivalent degrees of Tf-independent uptake of 67Ga
and of stimulation of uptake by PDN (P > 0.5). Therefore,

(data not shown).
Neither light-shielded nifedipine nor PDN alter the lipophylicity of 67Ga citrate. The partition coefficient between
the oil and aqueous phases for the agents tested are as
follows: 67Ga citrate alone (-3.294),
67Ga citrate with
nifedipine (-3.110) and 67Ga citrate with PDN (-3.143).
These values are not statistically different (P > 0.5). By
comparison, the oil and aqueous partition coefficients for
'"In chloride and '"In oxine are -2.420 and 0.041,
respectively (statistically different at P < 0.001 ), confirming
that this method recognizes the greater lipophylicity of '"In

TABLE 3
Effect of Time of Incubation with Photodegraded Nifedipine on Cellular Uptake of 67Ga
Time of incubation with
nifedipineControl
photodegraded
(no nifedipine) 30 min
10s
1 min
5 min
15 min
30min
90minTfR-

cellsFluorescent0.186(0.015)

1.784 (0.262)
3.138(0.390)
1.334 (0.378)
5.028(1.321)
6.550 (0.834)
17.938(1.448)
9.892 (0.989)
20.902(1.359)
65.735 (9.428)
103.700(6.639)
73.506(8.167)
109.369(12.446)
125.463(6.196)
122.522(7.054)
117.397(7.583)
111.624(11.448)
181.674(5.911)
185.610(12.168)
201.525(15.837)
202.070(8.791)
243.373(11.794)UV0.153(0.003)
184.714(10.421)TfR+Fluorescent0.210(0.018)
253.843 (8.534)cellsUV0.144(0.003)
201.320(9.017)

A solution of 25 mM nifedipine was exposed to a strong fluorescent light source for 4 h or a UV light source for 1 h. The photodegraded
nifedipine was then incubated with cultured TfR- and TfR+ cells at a concentration of 25 uMfor various intervals in the presence of 10 uCi/mL
67Gacitrate. The control was incubated in the absence of nifedipine for 30 min. Uptake of 67Gais reported as femtomoles of 67Gaaccumulated
in 30 min per milligram of total cellular protein (Â±SEM)(n = 9 for all manipulations).
TfR = transferrin receptor.
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oxine relative to '"In chloride. Therefore, PDN does not
promote cellular uptake of 67Ga by forming a lipophylic
complex that diffuses across the lipid bilayer of the cell
membrane, as is the mechanism by which white cell labeling
with '"In oxine is accomplished.
Neither PDN nor light-shielded nifedipine are toxic to
cells under the conditions used in these experiments. Cells
exposed to either 25 or 100 umol/L nifedipine or PDN show
a plating efficiency equivalent to that for control cells in the
range of 92%-95% (P > 0.5). Therefore, the increased
uptake of 67Ga promoted by PDN under the experimental
conditions used is not associated with a measurable cytotoxic effect.
DISCUSSION

The degree of cellular uptake of 67Ga achieved by PDN
stimulation greatly exceeds that which can be achieved by
the Tf-dependent route. We recently compared the magni
tude of Tf-independent and -dependent uptake of 67Ga in the
transfected TfR+ and TfR- cells (77). We reported that the
TfR-positive cells, which' are greatly enriched in the transferrin receptor, are capable of accumulating 20-fold more 67Ga
by the Tf-dependent route in vitro than can be accumulated
by the Tf-independent route under basal conditions by either
TfR+ or TfR- cells. This in vitro expression of the TfR
receptor by TfR+ cells exceeds, by 20- to 40-fold, that of
many types of cultured lymphoma cells that are enriched in
the TfR. When grown as tumors in nude mice, the TfR-ftumors are among the most Ga avid that we have examined.
They accumulate 10-fold more Ga avidity than the TfRtumors (17). Therefore, the TfR+ cells and derivative
tumors are a model for enhanced uptake of 67Ga as a Ga-Tf
complex. This adds significance to the observations de
scribed in this report: the magnitude of Tf-independent
uptake achievable by PDN stimulation is 50-fold greater
than can be achieved by the Tf-dependent route even under
the conditions of enhanced expression of the TfR. If PDN
achieves the same stimulation of 67Ga uptake by tumors in
vivo as by tumor cells in vivo, the tumor uptake potentially
achievable will be far greater than is observed by even the
most Ga-avid tumors. Because some tumors appear to
accumulate 67Ga by a different mechanism (Tf independent)
than do normal soft tissues (Tf dependent), PDN has the
potential to selectively enhance the uptake of 67Ga in tumors.
However, even if PDN were to stimulate all tissues to
accumulate 67Ga, the agent could prove useful in shortening
the time required from injection of 67Ga to imaging and
could allow diagnostic images to be obtained at a lower dose
of administered radionuclide.
Nifedipine is a prototype of the dihydropyridine class of
calcium channel antagonists. It is used to treat hypertension,
angina pectoris and other cardiovascular disorders (21).
Nifedipine is highly sensitive to decomposition by light,
both visible and UV. The isolation, identification and
kinetics of formation of the PDN products have been
described previously (22,23). As opposed to the phenyl and

dihydropyridine rings present in nifedipine, most of the
PDN derivatives consist of fully aromatic structures. The
structures of nifedipine and the identified PDN products are
shown in Figure 1. The predominant product with day
light or fluorescent light is the nitroso derivative, which is
known to be relatively stable. Other products are either
formed only transiently or in small amounts after extended
exposure to daylight or fluorescent light (24,25). The
dehydro (nitro) derivative is the major photodegradation
product resulting from UV irradiation of nifedipine. The
nitro derivative is also the primary metabolic product of
nifedipine in humans.
Historically, PDN products have been considered undesir
able because they lack or have diminished calcium channel
blocking activity (26). However, several reports ascribe
various types of biological effects and activities to PDN
products. Whether PDN stimulates the uptake of 67Ga by one
of these effects or by another mechanism remains to be
determined.
Some reports suggest that photodegraded dihydropyridine
derivatives may have physiological effects, although rela
tively weak, on calcium channels. These reports differ
somewhat both in observation and conclusion. Although the
derivatives shown in Figure 1 were not specifically exam
ined, Lovren et al. (27) reported that some photoirradiated
dihydropyridines may release nitric oxide. Nitric oxide can
affect, both upwards and downwards, the concentration of
intracellular calcium through release of internal stores of
calcium and by indirect interactions with the calcium
channel. This may explain why the relaxation of phenylephrine-contracted rat aortic strips occurs when the strips are
photoirradiated in the presence of certain dihydropyridines
(27). However, the photorelaxation observed in conjunction
with nitric oxide release was only partially blocked by nitric
oxide scavengers, suggesting that other effects on the Ca2+
channel might also be produced by photoirradiated dihy
dropyridines.
Other reports also suggest that PDN may interact directly
with calcium channels or may modulate receptor interac
tions that "cascade" to changes in permeability of the
calcium channel. Hayase et al. (28) photoirradiated nifedi
pine and isolated several of the fully aromatic, phenylsubstituted products shown in Figure 1. They showed that
these derivatives are effective in relaxing contractions in rat
aortic strip induced by the calcium channel agonist BAY
K-8644. They suggest that these photo derivatives have a
weak calcium channel blocking action. They also observed
that the nitroso derivative reverses contraction induced by
norepinephrine, possibly by inhibition of protein kinase C.
Differing from Lovren et al. (27), Hayase et al. (28) did not
find that nitric oxide was released.
Savigni and Morgan (29) report that "crude" PDN, as
well as the isolated nitroso derivative shown in Figure 1,
augment the Tf-independent uptake of Fe2+ in nucleated
rabbit erythrocytes. Interestingly, the augmentation of up
take by PDN that we report for 67Ga (> 1000-fold) is far
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CHaOOC

CH3OOC
CH3OOC

trans-azaxy-derivative

hydroxylamlne-derivatlve
(probably transiently formed)

cls-azoxy-derlvatlve

amine-derivative

lactam-derlvatlve

trans-N.N'-dloxIde-derivative

FIGURE 1. Photodegradationproductsof nifedipine.Shown are mostcommonlyproposedcompoundsthat resultfrom exposure of
nifedipine to visible (daylight or fluorescent light) or UV light [adapted from Hayase et al. (24,28)}.

greater than is reported for Fe2+ (only 4-fold). Savigni and
Morgan (29) also state that PDN promotes the uptake of
Fe2+ but not Fe3+. This is somewhat problematic in that 67Ga
has previously been thought to exist only in the trivalent
state in vivo (30). Sturrock et al. (3J), Kaplan et al. (32) and
Jordan et al. (33) have described a Tf-independent mecha
nism by which eukaryotic cells accumulate soluble (free
ionic) Fe. The Tf-independent uptake of Fe in mammalian
cells may involve an extracellular ferrireductase, similar to
that in yeast, that converts Fe3+ to Fe2+ before it gains entry
into the cells (33,34). It is possible that a similar system
could exist for gallium. Chitambar et al. suggest that Ga may
share with Fe the same Tf-independent system for uptake in
HL60 leukemic cells (13,35). If PDN mediates the uptake of
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Fe and Ga by the same mechanism, the augmentation of
uptake of Ga may be much more powerful than that of Fe or
may vary in magnitude of expression between cells of
differing types, with greater expression shown by tumor
cells. Regardless, characterization of the mechanism by
which PDN mediates uptake of 67Ga or other metals has yet
to be accomplished.
CONCLUSION

PDN mediates a 1000-fold increase in uptake of 67Ga in
cultured cells by the Tf-independent route, a degree of
stimulation nearly 50-fold greater than can be maximally
achieved by the Tf-dependent route (17). Because normal
soft tissues appear to selectively use a Tf-dependent route
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for 67Ga uptake, whereas

some tumors may use a Tf-

independent route (16), PDN may offer a way to improve the
use of 67Ga for tumor imaging.

gallium-67 in transfecled cells and tumors absent or enriched in the transferrin
receptor. J NucÃ-Med. 1998:39:1405-1411.
18. Phelouzat M-A. Basselin M, Lawrence F, Robert-Gero M. Sinefungin shares
AdoMet-uptake system to enter Leishmania donovani promastigotes. Biochem J.
1995:305:133-137.
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