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ABSTRACT

Radioiodinated m-iodobenzylguanidine (MIBG), a scintigraphic agent

used in the detection of human pheochromocytomas, is thought to utilize
the same uptake and retention mechanism(s) as norepinephrine (NE).
Using primary cultures from 16 human pheochromocytomas, we com
pared the uptake of MIBG to that of NE. Two different uptake systems
were identified. Both NE and MIBG were taken up by a sodium-

dependent system that was characterized by: (a) temperature dependency,
(ft) high affinity, (c) low capacity, (rf) saturability, (e) ouabain sensitivity,
and (/) desmethylimipramine sensitivity. However, NE and MIBG were
also taken up by a temperature-dependent, sodium-independent, appar
ently unsaturable system. The sodium-dependent uptake system fulfills
many of the criteria for Uptake-one while the sodium-independent uptake

system is most likely a passive diffusion process. Competitive inhibition
studies demonstrated that NE and MIBG share a common uptake system;
a concept consistent with the linear correlation between the rate of uptake
of 1.0 Ã•Â»MNE and that of 1.0 Â»Â«MMIBG (r = 0.942). At low concentra
tions, both NE and MIBG entered the tumor cells primarily by the
sodium-dependent uptake system. Differential expression of the sodium-

dependent and sodium-independent uptake systems, between different

tumor cells, appears to be responsible for the variations of the kinetic
parameters for both NE and MIBG. These studies provide the first direct
characterization of a NE uptake mechanism in human pheochromocy-

toma cells.

INTRODUCTION

MIBG4 is a recently developed radiopharmaceutical which is

used in the detection and localization of benign and malignant
pheochromocytoma (1-3). It is being evaluated as a treatment
for malignant pheochromocytoma (4-5) and is being used,
increasingly, in the treatment of neuroblastoma (6). MIBG has
also been used to image the human heart (7) and is being
evaluated as a probe of the sympathoadrenal system (8, 9).
MIBG does not appear to be metabolized within the tumor
tissue itself; 46- to 65-h postinjection 98% or more was re
covered as the native compound (10). In vivo studies suggested
that MIBG shares the uptake, retention, and secretion mecha
nisms of NE (11-13). Using bovine adrenomedullary cells as a
model system (13, 14), we recently determined that both NE
and MIBG are taken up by two systems which operated inde
pendently but overlapped at high and low concentrations of the
agents: (a) a sodium-dependent system which fulfilled all of the
criteria of the neuronally characterized Uptake-one system (15-
22), and (Â¿>)a sodium-independent system which is, most likely,
a simple diffusion process. Although the mechanism of uptake
into bovine adrenomedullary cells are now well defined, we
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know very little about the mechanisms of NE or MIBG uptake
in human pheochromocytoma tissue or cells. In fact, the path-
ophysiology of human pheochromocytomas has only been stud
ied at the cellular level to a limited extent. In the past 22 years,
only 25 tumors have been cultured by all other researchers (23-
33). Most of these studies examined only one or two cellular
characteristics, using cells from only one or two tumors. Re
cently, we described the heterogeneity of several biochemical
and morphological characteristics (cell size, catecholamine con
tent, secretory patterns, etc.) in 18 primary cell cultures of this
tumor (34).

No cell line derived from a human pheochromocytomas
exists. Although NE uptake has been demonstrated in the PC 12
rat pheochromocytomas cell line (35), these cells may not be
representative of human pheochromocytoma. In fact, we found
that there was no uptake of MIBG into the transplantable
tumor (36) from which the PC 12 cell line was derived.5 In

contrast, among 400 human patients, 87% of suspected pheo
chromocytoma were detected with MIBG scintigraphy (37).
Therefore, we chose to use primary cell cultures of human
pheochromocytoma as the most useful model to examine NE
and MIBG uptake. This represents the largest existent, and
most detailed description, of a single biochemical characteristic
in human pheochromocytoma cells. We report, as in bovine
adrenomedullary cells, the existence of a sodium-dependent
uptake system, which is probably Uptake-one, and a sodium-
independent system, which is probably passive diffusion. In
addition, these studies also demonstrate the tumor to tumor
heterogeneity in the expression of the two different uptake
systems, as well as the similarity of the uptake systems to those
in "normal" bovine adrenomedullary cells.

MATERIALS AND METHODS

Chemical, Radiochemicals, and Materials. Collagenase (type I, 130
to 250 units/mg; type V, 300 to 500 units/mg), DNase (200 to 300
Kuntz units/mg), trypsin (9,000 to 12,000 BAEE (W-a-benzoyl-L-argi-
nine ethyl ester) units/mg), /-NE, /-epinephrine, ascorbic acid, ouabain,
Percoli, HEPES, and 1-0-D-arabinofuranosylcytosine were purchased
from Sigma Chemical Co. (St. Louis, MO). Four-well Nunc Multidish
plates were obtained from Vanguard International (Neptune, NJ).
Desmethylimipramine was purchased from UVS Pharmaceuticals
(Tuckahoe, NY). Minimum essential medium, penicillin, and strepto
mycin were purchased from K. C. Biologicals (Lenexa, KS). Fetal calf
serum was obtained from HyClone Laboratories (Logan, UT). Cat-A-
Kits were purchased from Upjohn Diagnostic (Kalamazoo, MI). l-[ring-
2,5,6-3H]NE with a specific activity of 20 to 60 Ci/mmol was obtained

from New England Nuclear (Boston, MA). Nonradiolabeled MIBG
was synthesized by the method of Wieland et al. (38). Using a radioio-
dide exchange technique (39), [125I]MIBG and [I31I]MIBG were pre

pared at a specific activity of 1.5 to 4.3 Ci/mmol. The radiochemical
purity of MIBG was greater than 98% by thin layer chromatography
(11) and high pressure liquid chromatography (38) as was that of NE.5

Biocount scintillation fluid was purchased from Research Products
International (Mt. Prospect, IL). All other reagents were analytic grade
or higher purity.

Cell Culture. Tumor tissue was obtained from 14 patients during

5Unpublished observations.
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surgery at University Hospital (Ann Arbor, MI), and single tumors
were obtained at Henry Ford Hospital (Detroit, MI) and St. Joseph
Hospital (Ypsilanti, MI). The nine male and seven female patients
ranged from 10 to 64 years of age at the time of surgery. Six of the
tumors were extraadrenal and 10 were intraadrenal. Each tumor was
diagnosed as a pheochromocytoma from multiple histological sections
by pathologists using accepted morphological criteria.

In the operating room the intact tumor was placed in a sterile, ice-
cold Ca2+,Mg2+-free Locke's solution prior to being transported to the

pathology laboratory, where the tissue was weighed and approximately
one-fourth to one-half was retained for histological evaluation. The
balance of the tumors were transported on ice in the Ca2+,Mg2*-free
Locke's solution to our laboratory. Transit time was usually less than

30 min from the operating room to our laboratory but was l h when
the tumors were obtained at Henry Ford and St. Joseph Hospitals.

Tumor tissue was weighed, freed of connective tissue, including
capsule, and minced into pieces approximately 2x2 mm. The minced
tissue was placed in a sterile beaker containing 50 to 100 ml of
Ca2+,Mg2*-free Locke's solution and shaken in a Dubnoff metabolic
shaker at 125 oscillations/min at 37Â°Cfor two 20-min periods to

remove RBC. Subsequently, the tissue was incubated with a collagenase
solution in the Ca2*,Mg2+-free Locke's solution, for four to six diges

tions of 40 to 50 min each. The collagenase solution, approximately
0.05%, consisted of two parts of type V collagenase, adjusted to
represent a constant activity of 300 units/mg, and one part of type I
collagenase, adjusted to represent a constant activity of 200 units/mg.
After the first digestion with collagenase, we added approximately 15%
of a 0.25% trypsin solution to succeeding digestions. The digestion
solutions contained 0.05 to 0.10 mg/ml of DNase. RBC and cellular
debris were separated from the tumor cells by isopyknotic centrifugation
on a preformed Percoli gradient as previously described (34). Freshly
dispersed cells were plated at densities of 0.4 to 0.8 x IO6cells/well in

Nunc Multidish plates and maintained in minimal essential medium
supplemented with 15% fetal calf serum, 100 units/ml penicillin, and
100 Mg/ml streptomycin. Fibroblast growth was routinely inhibited by
the addition of 10 MM1-0-D-arabinofuranosylcytosine (40). The cells
were maintained at 37Â°Cin a humidified incubator (Heraeus) under a

CO2:air (5:95) atmosphere and allowed to adapt to culture for 4 days
prior to starting an experiment. After this adaptation period, the
medium was changed every second or third day. Twenty-four h prior
to commencing an experiment, the medium was replaced with fresh
medium without l-/3-D-arabinofuranosyIcytosine.

The cells were characterized by several techniques prior to plating
and/or during the course of an experimentation. Cell viability was 90%
or greater by trypan blue exclusion at all times. Cell catecholamine
content was routinely assayed by using the differential fluorometric
assay technique (41) or the radioenzymatic method (42) by using the
Cat-A-Kit. Catecholamine content was expressed as nmol/106 cells.
Periodically, the cell dispersions were evaluated by using histofluores-
cence (43) to demonstrate endogenous catecholamines. All experiments
reported herein were performed 4 to 12 days postdispersion.

Incubation Conditions and Procedures. The uptake protocol has been
described in detail previously (13, 14). Briefly, 4 to 12 days postdisper-
sion, the tissue culture plates were placed in a 37Â°Cwater bath or an
ice water bath (0.5 to 1.5'C). Fifteen min prior to commencing the

uptake study, the culture medium was removed, and the cells were
preincubated, at either temperature, with 0.5 ml H-KRG. Following
the preincubation, the cells in each well were incubated with 0.30 ml
H-KRG containing [3H]NE or [125I]MIBG or [I3'I]MIBG. At the end
of the incubation period, the plates were placed on ice, the H-KRG
containing the radiotracer was removed, and the cells were washed
twice. The radiotracer taken up by the cells was extracted with trichlo-
roacetic acid and quantitated in a liquid scintillation or gamma counter,
as appropriate. The 37Â°Cincubations were done in quadruplicate. The
0Â°Cincubations, which reflect nonspecific binding, were done in dupli

cate. The total active uptake was determined by correcting the uptake
at 37Â°Cfor nonspecific uptake at 0Â°C.Before commencing the kinetic

studies, time course studies, using both agents at 0.5 or 1.0 MM,were
performed in order to determine linearity of uptake and the optimal
time for performing the kinetic studies. Uptake was standardized as

pmol/106 cells/10 min, because cell numbers, as well as the incubation

time with different cell preparations, varied.
Uptake Kinetics and Sodium Dependency of Uptake. Kinetic studies

were done by incubating the cells in the presence of 0.15 to 50 MMNE
or MIBG to determine the Km (MM)and Vm,x(pmol/106 cells/10 min)

for each agent. The transport kinetic parameters were calculated on an
Apple He microcomputer by using a nonlinear regression curve-fitting
package called ROSFIT (44). To determine the sodium dependency of
uptake, two parallel kinetic studies with a single agent, either [3H]NE
or [125I]MIBG or [I3II]MIBG, were performed on the same day. One
kinetic study was performed by incubating the cells with 0.30 ml H-
KRG containing the radiotracer; while in the second, complimentary,
kinetic study, the cells were incubated with the same agent at identical
concentrations in 0.30 ml zero-sodium H-KRG (13, 14). The zero-
sodium H-KRG was identical to H-KRG except that the NaCl had
been replaced by an equimolar concentration of LiCl, i.e., 125 ITIM.
Sodium-independent uptake is uptake which occurred in the zero-
sodium H-KRG, and sodium-dependent uptake is uptake in the pres
ence of NaCl less the sodium-independent uptake, i.e., uptake in the
zero-sodium H-KRG. Total uptake is, therefore, the sum of the sodium-
independent and sodium-dependent uptake and was measured as the
uptake in H-KRG.

Ouabain and Desmethylimipramine Inhibition of Uptake. Cells were
incubated in H-KRG or zero-sodium H-KRG containing 0.5 or 20 MM
concentrations of either [3H]NE or [125I]MIBG in the presence or

absence of ouabain; the final concentration of ouabain in the incubation
medium ranged from 1.0 to 10,000 MM. Similarly, the cells were
incubated in H-KRG or zero-sodium H-KRG containing 0.5 or 20 MM
concentrations of either [3H]NE or [125I]MIBG in the presence (0.001
to 1,000 MM)or absence of desmethylimipramine. The effects of des-
methylimipramine, or ouabain, in the zero-sodium H-KRG directly
reflected its inhibitory capacity upon the sodium-independent uptake
system. The inhibitory capacity of desmethylimipramine or ouabain
upon the sodium-dependent uptake system was calculated by subtract
ing the sodium-independent uptake, at a given concentration of des
methylimipramine or ouabain, from total uptake in the presence of an
identical concentration of the inhibitor.

Competitive Inhibition of Uptake. Cells were incubated in H-KRG
containing 0.2 to 3.5 MM[3H]NE in the presence or absence of 1.0 MM
unlabeled MIBG. Cells were also incubated in H-KRG containing 0.25
to 5.0 MM[I3II]MIBG in the presence or absence of 10.0 MMunlabeled

NE. These kinetic studies were analyzed by using the double reciprocal
equation of Lineweaver-Burk and/or the Eadie-Hofstee equation, and
a standard deviation of each parameter was calculated (45).

Data Analysis. The results of single experiments are presented unless
otherwise indicated. Each data point represents the mean of quadrupli
cate values Â±SD. The uptake values at 1.0 MMwere determined twice,
during a time course study and during subsequent kinetic studies. The
variation in uptake velocities between these two time points (3 to 6
days apart) was normally less than 10%. The inhibition experiments
with ouabain and desmethylimipramine are representative of experi
ments with primary cell cultures from three or more tumors. The
significance of differences between two points was evaluated by using
Student's / test (46), and the significance of differences between multiple

points was evaluated by using a one-way analysis of variance in con
junction with Duncan's new multiple range test (46). Regression lines

were calculated by least squares analysis of all data points.

RESULTS

Temperature Dependency of Uptake. A typical time course
study is shown in Fig. 1. The uptake of 1.0 MMNE and 1.0 ^M
MIBG was temperature dependent. The uptake of each agent
at 37Â°Cwas linear to at least 20 min for all primary pheochro

mocytoma cell cultures, and was always greater than that at
0Â°Cfor all concentrations of NE and MIBG studied. Accumu
lation at ()"(" was a small and constant fraction of the total

external concentration over time at all concentrations of NE
and MIBG; therefore, uptake at 0Â°Cwas characteristic of a
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Fig. 1. Time and temperature dependence of uptake into a representative

primary cell culture of a human pheochromocytoma (patient 7). A, 1.0 UM NE,
and Â»,1.0 IIM MIBG. Cells were incubated at 37'C (â€¢)or O'C (O). Uptake was

terminated at the indicated times by removal of the incubation medium and
extraction of either agent from the cells as described in "Materials and Methods."
Uptake is expressed as pmol/10* cells.
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Fig. 2. Relationship of the uptake velocity (pmol/1 (f cells/10 min) for 1.0 /IM
NE to that of 1.0 â€žMMIBG as determined in primary cell cultures from 15
tumors.

nonspecific process. The total uptake by the temperature-de
pendent process was calculated as the uptake at 37Â°Cless that
at 0Â°C.

Uptake Velocity and Cell Catecholamine Content. The total
uptake velocities (pmol/106 cells/10 min) for both NE and

MIBG at 1.0 MM was highly variable between the different
primary cell cultures (0.2 to 46.2 for NE and 0.2 to 71.4 for
MIBG). However, as shown in Fig. 2, the uptake velocity of
MIBG into the tumor cell cultures was correlated to the uptake
velocity of NE (r = 0.948) from one tumor cell preparation to
the next. The ratio of the uptake velocity of MIBG to that of
NE was 1.4:1.

Uptake of 1.0 MMMIBG into different tumor cell prepara
tions was not correlated (r = 0.156) with cell catecholamine
content when all cell preparations were included (Fig. 3), al

so
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(NMOL/10Â« CELLS)

Fig. 3. Relationship of the cell catecholamine content (nmol/10* cells) at day
5 in culture to the uptake velocity of (pmol/10'cells/10 min) for 1.0 Â»MMIBG

as determined in primary cell cultures from 14 tumors. Catecholamine content is
the sum of NE and epinephrine.

though exclusion of the two points with the highest uptake gave
a better correlation (r = 0.816). Additionally, the uptake of 1.0
/Â¿MNE did not correlate with catecholamine content either
(33). The uptake velocity of 1.0 MM MIBG did not change
significantly between days 5 to 10 of culture.5

Kinetics of Uptake. We evaluated the kinetics of both NE and
MIBG uptake to determine if the total uptake for either or both
agents was a saturable process, and to determine if the kinetics
for both agents were similar among tumor cells from different
patients. We observed four general patterns of NE and MIBG
kinetics (Fig. 4). For one group, the total uptake of NE and
MIBG were similar and uptake appeared to be a saturable
process indicative of a high affinity, low capacity system (Fig.
4A ). In the second group (Fig. 4B) the total uptake was more
complex. Total uptake of MIBG took the form of a straight
line superimposed upon a hyperbola and NE uptake also had a
slight to moderate linear component. In the third group (Fig.
4C), MIBG uptake was significantly higher than for NE, with
a large linear component. NE uptake was lower than for MIBG
and the linear component was barely discernible. The fourth
pattern was only observed with the cells from patient 11 (Fig.
4D); there was almost no uptake of NE, and the total uptake
of MIBG was significantly less at any concentration (P < 0.05)
than observed in any other pheochromocytoma cell preparation.

The complex, biphasic uptake kinetics, which were most
apparent with MIBG uptake, suggested that total uptake was
composed of a saturable and an unsaturable component. Ex
trapolation of the linear component to 0.0 MM,and subtraction
of this component from total uptake, revealed a high affinity,
saturable component. Using this technique, a linear component
of total uptake could be subtracted from most NE and MIBG
total uptake curves (14, 47). From the derived, saturable com
ponent, the kinetic parameters of the high affinity uptake
system were calculated by using a nonlinear curve-fitting pack
age (44). The kinetic constants for NE and MIBG uptake in
seven pheochromocytoma cell preparations are shown in Table
1. The Km (MM)values for NE and MIBG ranged from 0.17 to
2.80 for NE and from 0.59 to 1.65 for MIBG; the Vmax(pmol/
IO6 cells/10 min) values varied from 5.2 to 79.9 for NE and

from 18.4 to 113.4 for MIBG.
Sodium Dependency of Uptake. The equimolar substitution

of LiCl for NaCl in the uptake medium is a classic means of
demonstrating the sodium dependency and sodium specificity
of the Uptake-one system ( 19,22,48). Since the biphasic uptake
of NE and MIBG could have been linked to its relative sodium
dependency, we evaluated the uptake of each agent in human
pheochromocytoma cell preparations, over a wide range of
concentrations, in H-KRG and zero-sodium H-KRG.

As shown in Fig. 5, the relative percentage of these two
uptake systems depended upon both the tumor from which the
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Fig. 4. Total uptake of (3H]NE (O) and ['"IJMIBG or [I3II)MIBG (â€¢)into primary human pheochromocytoma cell cultures, as a function of concentration. A,
patient 7; B. patient 9; C, patient 10; and 11.patient II. Human pheochromocytoma cells were incubated with increasing concentrations (0.15 to SO /JM)of |'l I|M
or I' "IÂ¡MIH(. or |'"I|MIB<; at 37*C and 0"C as described in "Materials and Methods." Total uptake was calculated as uptake at 37'C (quadruplicate values) less
uptake at 0* (duplicate values) and is expressed as pmol/106 cells/10 min.

Table 1 Kinetic constants for the saturable component of total NE and MIBG
uptake into primary cultures of human pheochromocytoma cells

Kinetic studies were done by incubating the cells in the presence of 0.2S to SO
liM of NE or MIBG to determine the Kâ€ž(/IM) and Vâ€žâ€ž(pmol/106 cells/10 min)
for each agent. The kinetic parameters were calculated as described in "Materials
and Methods."

NE MIBG

Patient3679101314Km1.41
Â±0.46"1.04

Â±0.071.21
Â±0.102.80

Â±0.260.17
Â±0.090.71

Â±0.14v_76.7

Â±8.279.9
Â±2.377.1
Â±2.069.9
Â±3.45.2
Â±0.349.0
Â±2.1K.0.73

Â±0.060.90
Â±0.070.70
Â±0.071.44

Â±0.150.59
Â±0.131.28

Â±0.251.65
Â±0.31v_â€ž90.3

Â±2.611
3.4Â±2.868.0

Â±2.158.9
Â±1.418.4
Â±0.961.5

Â±3.495.3
Â±4.7

Â°Mean Â±SD.

cell culture was obtained and the concentration of NE and
MIBG in the medium. We observed two basic patterns for the
relative sodium dependency of uptake of NE and MIBG. For
one group of primary cell cultures, the uptake of NE was
primarily sodium dependent out to SO n\i (Fig. 5/4), while the

uptake of MIBG became increasingly sodium independent at
concentrations greater than 10 to 15 MM(Fig. 5B). For the
second group of primary cell cultures, the uptake of both NE
and MIBG became predominantly sodium independent at con
centrations greater than 5 or 20 J/M (Fig. 5, C and D). At low
concentrations, both agents entered primarily by the sodium-
dependent uptake system. As shown in Table 2, among 11
tumor cell preparations, the uptake of 1.0 /Â¿MNE was 91.0 to
100% sodium dependent; the uptake of 1.0 #/MMIBG was 55.7
to 78.1% sodium dependent among the same tumor cell prep
arations. The sodium-independent component, in general, in
creased with increasing concentrations of either NE or MIBG.

Ouabain Inhibition Studies. Ouabain, a (Na K ) YTPase in
hibitor (21), should inhibit only the sodium-dependent uptake
component of total uptake. The effect of ouabain on the uptake
of NE and MIBG in H-KRG solution and zero-sodium H-KRG
solution is shown in Fig. 6; the primary cell cultures were from
patients 9 and 16. The sodium-dependent uptake of both NE
and MIBG was inhibited in a dose-dependent manner, while
the sodium-independent uptake of both agents was not inhibited
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Fig. S. Percentage of the total uptake for
the sodium-dependent and sodium-independ
ent uptake systems of |3H|NE and ['"IJMIBG
as a function of concentration, i. patient 10,
NE uptake: B. patient 10. MIBG uptake; C
patient 14, NE uptake: and /'. patient 14,
MIBG uptake. The percentage of sodium-in
dependent uptake (O) represents uptake in
zero-sodium H-KRG expressed as a percent
age of the total uptake (uptake in H-KRG).
The percentage of sodium-dependent uptake
(â€¢)is the total uptake (uptake in H-KRG)
minus the uptake in the zero-sodium H-KRG,
expressed as a percentage of the total uptake.
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Table 2 Sodium dependency of uptake of 1.0 Â¡Â¡MNE and MIBG into primary-
cultures of human pheochromocytoma cells

Cells were incubated in the presence of 1.0 u\i NE or MIBG in H-KRG or
zero-sodium H-KRG as described in "Materials and Methods."

Patient257X9101113141517V-NaÂ°15.213.431.64.420.216.00.830.019.14.6NEV-Li*1.50.70.00.00.50.20.01.40.00.0%ofNac91.095.0100.0100.097.698.8100.095.5100.0100.0V-Na16.612.223.715.07.528.536.18.36.7MIBGV-Li11.26.77.77.02.110.716.09.22.8%ofNa59.764.675.568.278.162.355.70.070.5

"Uptake in H-KRG less uptake in zero-sodium H-KRG, expressed as pmol/
10*cells/10 min.

* Uptake in zero-sodium H-KRG, expressed as pmol/10* cells/10 min.
' % of V-Na = xV'Naâ€ž,. x 100.

V-Na -I-V-Li

take-one system (19-21, 49). Since the neuronal Uptake-one
system is sodium dependent and sodium specific (15, 19-21,
48), it was expected that desmethylimipramine would selec
tively inhibit the sodium-dependent uptake system in the cul
tured human pheochromocytoma cells. As shown in Fig. 7, the
sodium-dependent uptake system for NE and MIBG was inhib
ited by concentrations of desmethylimipramine several orders
of magnitude less than required to inhibit the sodium-inde
pendent uptake system.

Competitive Inhibition of Uptake. To determine if there is a
shared uptake system for MIBG and NE, we evaluated the
ability of each agent to inhibit the uptake of the other. The
inhibition pattern displayed with the primary tumor cells from
patient 6 (Fig. 8) is similar to that observed with the primary
tumor cells from two other patients. MIBG (1.0 Â¿IM)was found
to be a mixed inhibitor (VmaX;* Vmaxj,KmÂ¡* KmÂ¿)of [3H]NE

uptake. In contrast, 10.0 MMM was found to be a competitive
inhibitor (Vmax,= Vmaxj,Armil* Kmj of [131I]MIBG uptake.

at any concentration of ouabain. This same pattern was ob
served with two other primary cell cultures in which this re
sponse was evaluated. In each experiment, there appeared to be
a fraction of total uptake which was sodium dependent but
ouabain insensitive; additionally, the sodium-dependent uptake
of MIBG was less sensitive to ouabain inhibition than that of
NE.

Desmethylimipramine Inhibition Studies. Desmethylimipra
mine is a selective, competitive inhibitor of the neuronal Up-

DISCUSSION

The scintigraphic agent, MIBG, which was designed as a
nonmetabolizable 7-emitting analogue of NE, is believed to be
taken up into pheochromocytomas and other adrenergic tissue
by a NE uptake pathway (11,13,14,37). Although a NE uptake
pathway was postulated more than a decade ago (50), its exist
ence in human pheochromocytoma has never been directly
investigated. We used primary cell cultures obtained from 16
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Fig. 6. Selective inhibition of the sodium-dependent uptake system for ('111
NE and ['"IJMIBG by ouabain, a (Na*/K*)ATPase inhibition. Sodium-independ
ent uptake (uptake in zero-sodium H-KRG, D) is expressed as a percentage of
the total uptake (uptake in H-KRG, â€¢).Ouabain ( 10 to 10,000 (/MI was incubated
concurrently with either [3H1NE or |I25I]MIBG in zero-sodium H-KRG (O) or in
H-KRG (â€¢)and uptake under these conditions is expressed as a percentage of
the total uptake..!, patient 10. Ouabain inhibited (/' < 0.05) total uptake of 20
MMNE at concentrations a 10.0 MM,but had no effect (P > 0.05) on sodium-
independent uptake at concentrations between I and 10,000 MM.B, patient 17.
Ouabain inhibited (/' < 0.05) total uptake of 0.5 (/M MIBG at concentrations
a32 MM,but had no effect (P > 0.05) on sodium-independent uptake at concen
trations between 1 and 1,000 MM.

B

-2-101 23

LOG

-2-10123

Fig. 7. Inhibition of the sodium-dependent (â€¢)and sodium-independent (O)
uptake systems for |'H]NE and [I25I]MIBG by desmethylimipramine (DA//), a
tricyclic antidepressant and selective Uptake-one blocker. The concentration of
desmethylimipramine ranged from 0.0001 to 1000 MM.The percentage of inhi
bition of the sodium-dependent and/or sodium-independent uptake is shown for:
A. patient 2, 20 MM(3H]NE; and B, patient 10, 20 MM[125I]MIBG.

patients to directly study the uptake system(s) for both NE and
MIBG in pheochromocytomas, making this the most extensive
in vitro study of any single biochemical characteristic yet pub
lished. In this report we have shown that both NE and MIBG
are transported and concentrated within these cells by two
different systems which were differentiated by their sodium
dependency and sodium specificity. We provide evidence for
the existence of a sodium-dependent system, which is probably
identical with the neuronal characterized Uptake-one transport
system (15-22), and of a sodium-independent uptake system,

ito
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Fig. 8. Kinetics of the inhibition of | 'I I|NK uptake by cold MIBG and the

inhibition of | " ' 11MIHi. uptake by cold NE in tumor cells of patient 6. The data
are presented by using Eadie-Hofstee plots; y represents the uptake velocity
(pmol/10* cells/10 min) and S represents the substrate concentrations (MM)..1.
uptake of [3H]NE in the absence (â€¢)or presence (O) of 1.0 MMMIBG. B, uptake
of ["'IJMIBG in the absence (â€¢)or presence (O) of 10 MMNE. The pattern of

inhibition displayed by using these cells is similar to those obtained with cells
from two other primary cell cultures.

which is probably passive diffusion. In addition, we observed a
variable conservation and expression (heterogeneity) of these
two uptake systems within the population of pheochromocy-
toma cells studied. Potential and observed interactions of pa
tient medication with MIBG uptake are also considered.

The existence of two uptake systems was initially suspected,
based upon kinetic studies which frequently showed a linear,
unsaturated component: this was most readily observed in the
kinetic studies of MIBG uptake (Fig. 4B). Two uptake systems
were separated and identified by using an equimolar substitu
tion of LiCl for NaCl in order to demonstrate their sodium
dependency (Fig. 5). Although LiCl may have other cellular
effects (51-53), the use of LiCl to discriminate a sodium-
dependent from a sodium-independent uptake system is a clas
sic technique ( 14,15,19-21,48). The sodium-dependent uptake
system was determined to be saturable and of high affinity and
low capacity for both NE and MIBG (Table 1). In most in
stances the Vmaxvalues for sodium-dependent MIBG uptake
were higher than for NE uptake, a finding consistent with
observations in bovine adrenomedullary cells (13, 14). In con
trast to the sodium-dependent system, the sodium-independent
uptake of NE and MIBG was linear out to at least 50 UM.The
observation of two different kinetic patterns cannot be related
to radiopharmaceutical impurities, since purity was greater than
98% for both compounds (see "Materials and Methods"). Nei

ther would metabolism of NE or MIBG explain these observa
tions. In patient studies, 46- to 65-h postinjection, 98 to 100%
of the radioactivity recovered from tumors was native MIBG,
while the remainder was free radioiodide (10). Metabolism or
leakage of tracer NE is an insignificant factor in the study of
catecholamine uptake in normal cells and tissues ( 19, 20), and
the literature indicates that the levels of catecholamine-O-
methytransferase and monoamine oxidase in pheochromocy
tomas are the same or lower than in normal neuronal tissues
(54). The association of sodium-dependent and sodium-inde
pendent uptake with the saturable and unsaturable kinetic pat
terns appears to represent a membrane phenomenon, since two
membrane-specific agents, ouabain and desmethyimipramine,
had distinctly different effects upon the two systems.

Ouabain, a (Na+/K+)ATPase inhibitor (21 ), selectively inhib
ited the sodium-dependent uptake of both NE and MIBG in a
dose-dependent manner (Fig. 6). In contrast, even at 1.0 MM,
ouabain had no effect upon the sodium-independent uptake of
either agent. Ouabain inhibition of the sodium-dependent up
take of NE and MIBG provided evidence that the sodium-
dependent catecholamine transport system is mechanistically
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linked to the activity of the membrane bound (Na+/K+)ATPase

system, while the sodium-independent uptake system is not.
The apparently ouabain-insensitive fraction of total uptake may
reflect decreased sensitivity of the tumor cells to this glycoside
(55), but more likely reflects insufficient cellar exposure to
permit the complete inhibition of the (NaYK+)ATPase, since
ouabain was coincubated with the [3H]NE and [125I]MIBG. A
time-dependent response to ouabain was observed in other cell
systems (55) and in bovine adrenomedullary cells (14).

Desmethylimipramine is a selective, competitive inhibitor of
the membrane bound Uptake-one transport protein present in
neuronal tissue (19, 20, 49) and in adrenomedullary cells (13,
14). As shown in Fig. 7, desmethylimipramine inhibited so
dium-dependent uptake of both NE and MIBG at concentra
tions several orders of magnitude less than required to inhibit
the sodium-independent uptake of these agents. Desmethyli
mipramine inhibited sodium-dependent uptake of both agents
at 50% inhibitory concentration (^M) values of approximately
0.1 tÃM,which are similar to those reported for Uptake-one
inhibition in other tissues and organs (19). Desmethylimipra
mine inhibition of the sodium-independent uptake was probably
related to nonspecific effects of this very lipophilic agent at
high concentrations (49). The selective inhibition of the sodium-
dependent uptake of NE and MIBG provided further evidence
that the sodium-dependent and sodium-independent uptake are
separate and distinct systems.

These studies established that both NE and MIBG uptake
occurred by a sodium-dependent system that was similar with
respect to saturability, kinetic parameters, and ouabain sensi
tivity, and was desmethylimipramine sensitive. In order to
demonstrate that NE and MIBG shared the same sodium-
dependent uptake transport system, we performed reciprocal,
competitive inhibition studies. The competitive inhibition of
radiolabeled MIBG by "cold" NE (Fig. 8Ã„)indicated a shared

uptake mechanism for MIBG and NE transport. In the recip
rocal experiments, the mixed inhibition of radiolabeled NE
uptake by cold MIBG (Fig. SA), indicates both a competitive
(shared uptake) and a noncompetitive (indirect) effect of MIBG
upon the NE uptake system. The direct, reciprocal inhibition
of one agent for the other points to a common, shared transport
system. The noncompetitive inhibition of [3H]NE uptake by

MIBG may reflect a nonspecific interaction of the lipophilic
MIBG molecule with the catecholamine transport protein (49).
Further evidence of a shared uptake system is provided by the
conservation of the MIBG to NE uptake ratio. Among 15
primary cell cultures, in which the uptake velocities varied
several hundredfold (Fig. 2), the correlation between uptake of
1.0 UM MIBG and NE was high (r = 0.948), and the ratio of
MIBG to NE uptake (1.4:1) was similar to the 1.7:1 ratio
observed in bovine adrenomedullary cells.5

Thus, in primary cultures from 16 human pheochromocyto-
mas, the sodium-dependent uptake of both NE and MIBG was
found to fulfill the following criteria for the Uptake-one trans
port system: (a) temperature dependency, (b) high affinity, (c)
low capacity, (d) saturability, (e) sodium dependency, (/) oua
bain sensitivity, and (g) desmethylimipramine sensitivity. En
ergy dependency and stereospecificity of the sodium-dependent
system are the only characteristic of the Uptake-one system
which, because of their scarcity, we did not investigate in these
primary cell cultures. However, energy dependence (14) and
stereospecificity5 for sodium-dependent NE and MIBG uptake

were demonstrated in bovine adrenomedullary cells. Since NE
and MIBG also compete for the same transport system, the
evidence strongly suggests that the sodium-dependent uptake

of both NE and MIBG in primary pheochromocytoma cell
cultures is via the Uptake-one system.

NE and MIBG were also transported into human pheochro
mocytoma cells by a sodium-independent system which is prob
ably passive diffusion. The characteristics of the sodium-inde
pendent uptake system, which are consistent with a diffusion
mechanism (47) and/or an interaction with membrane phos-
pholipids (56) are: (a) temperature dependency, (b) linear up
take as a function of increased substrate concentration (to 50
UM), (c) ouabain insensitivity, and (d) decreased desmethyli
mipramine sensitivity. Two other characteristics of sodium-
independent uptake consistent with a passive diffusion system
were determined in bovine adrenomedullary cells; uptake was
energy independent and linear out to 5 HIM(14). It is unlikely
that sodium-independent uptake represents membrane binding.
In bovine adrenomedullary cells, acetylcholine, which stimu
lates exocytotic release of storage vesicles, released both agents
in similar proportion, irrespective of whether the cells were
loaded in the presence or absence of sodium.5

The NE uptake system appears to function independently of
catecholamine synthesis. We reported a poor correlation be
tween pHjNE uptake and cellular catecholamine levels (34).
Similarly, MIBG uptake did not correlate (r = 0.156) with
cellular catecholamine content at day 5 of culture (Fig. 3). The
correlation could be improved to 0.816 by discarding two points
(patients 3 and 6), but this manipulation is difficult to justify,
since cellular catecholamines were standardized to day 5 of
culture and uptake of 1.0 UMMIBG was replicable 3 to 6 days
after the initial determination. These observations suggest that
the uptake system(s) functions independently of catecholamine
biosynthesis and/or storage mechanisms and is consistent with
the report of a paraganglioma which concentrated MIBG in
vivo but did not secrete catecholamines (57).

Heterogeneous expression of basic mechanisms, such as en
zyme patterns (54), different secretory patterns, and sensitivity
to acetylcholine (34), have been observed in human pheochro
mocytoma tissue and/or cells as well as in a variety of other
tumor tissues (58, 59). In these studies, heterogeneous expres
sion of the uptake systems was apparent in the 200- to 300-
fold variability in uptake velocity of 1.0 Ã•Ã•MNE and MIBG
(Fig. 2), the variability in the kinetic patterns (at least four
generalized kinetic patterns were observed; Fig. 4), and different
patterns of sodium dependency (at least two patterns were
observed; Fig. 5). The variability of these characteristics appears
to be due to variable, between tumor, conservation, and expres
sion of both the sodium-dependent and the sodium-independent
uptake systems.

Despite its variable expression, the sodium-dependent system
was conserved, and was similar, in at least two respects, to that
reported in bovine adrenomedullary cells. First, the system was
of high affinity and saturable. The Km(UM)values, which ranged
from 0.17 to 2.8 for NE, and from 0.59 to 1.65 for MIBG
(Table 1) were similar to those determined in bovine adreno
medullary cell; i.e., 1.4 Â±0.5 for NE and 1.2 Â±0.1 for MIBG
(14). Second, sodium dependency of 1.0 Â¿IMNE and MIBG
uptake (Table 2), was similar to that observed in bovine adren
omedullary cells; i.e., 91-100% compared to 90-95% for NE
in bovine cells and 59.7-75.5% compared to 60-65% for MIBG
in bovine cells (14).

These studies, and those in bovine adrenomedullary cells (13,
14), provide insight into the mechanisms underlying scintigra-
phy with MIBG. The existence of a sodium-dependent uptake
system for NE and MIBG, which is probably Uptake-one, is
directly documented for the first time. Since blood concentra-
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lions in dogs shortly after injection (13), were no greater than
0.025 MM,this suggests that the sodium-dependent system is
the major uptake route for in vivo scintigraphy. In addition, the
description of these uptake systems provides a mechanistic basis
for understanding the known and potential interference of drugs
such as desmethylimipramine (13, 60) and cardiac glycosides.
These studies with primary tumor cultures also suggest that the
kinetic parameters of sodium-dependent MIBG uptake, which
varied widely, may not define the limits of scintigraphic detec
tion, since all of the tumors used in this study were readily
visualized with [I3II]MIBG. Therefore, other cellular mecha
nisms, such as sodium-independent uptake and/or storage and
retention, may be as important as the sodium-dependent uptake
systems for tumor visualization with MIBG scintigraphy.

In summary, these studies represent the largest existing in
vitro data base concerned with any single biochemical charac
teristic of primary human pheochromocytoma cell cultures.
Using tumor cells from 16 patients, we have shown that NE
and MIBG were transported and concentrated within these
primary cell cultures by two different pathways which were
differentiated by their sodium dependency and sodium specific
ity. The evidence supports the concept that the primary pathway
is the sodium-dependent system which is probably identical
with the neuronally characterized Uptake-one system; the so
dium-independent system appears to be passive diffusion. Con
sistent with observation in other tumors, but in contrast to
"normal" bovine adrenomedullary cells, the relative expression

of these two uptake systems was quite variable between tumors.
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