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Accumulation of /w-Iodobenzylguanidine by Neuroblastoma Cells Results from
Independent Uptake and Storage Mechanisms1

Paolo Giuseppe Montaldo, Marina Lanciotti, Antonella Casalaro, Paolo Cornaglia-Ferraris,2 and Mirco Ponzoni

Pediatrie Oncology Research Laboratory, G. Gas/ini Children 's Hospital, Genoa, Italy

ABSTRACT

The modalities of uptake and storage of iodine-labeled m-iodobenzyl-
guanidine (MIBG) by four human neuroblastoma cell lines have been
studied. SK-N-BE(2)C cell line has been shown to possess the specific
(type 1) MIBG uptake, as well as an efficient extravesicular storage
mechanism. Conversely, LAN-5 cells, which show a nonsaturation kinetic
of MIBG incorporation, lack only the ability to efficiently store the
MIBG taken up by a mechanism that can be pharmacologically defined
as uptake 1. The two other neuroblastoma cell lines tested, GI-LI-N and
GI-CA-N, lack both uptake and storage capacity.

In view of the fact that the only detailed study on specific MIBG
uptake by a human neuroblastoma cell line has been carried out on SK-
N-SI I. a highly heterogeneous cell line, our report provides new insights

on the molecular and cellular pharmacology of radiolabeled MIBG.

INTRODUCTION

m-Iodobenzylguanidine, a structural analogue of the anti-
hypertensive drug guanethidine, has been successfully applied,
as iodine-labeled tracer, to the scintigraphic imaging of adre-
nergic tissues (1) and neuroendocrine tumors such as PC3 (2),

NB (3, 4), and APUD tumors (5). MIBG has also been used
for the targeted radiotherapy of PC (6) and is currently under
evaluation in NB (7-9) and carcinoid tumors (7).

Although it is generally believed that the basis for MIBG
target selectivity resides in its competition with biogenic amines
for uptake and storage in chromaffin or adrenergic tissues,
relatively few in vitro studies have been carried out to completely
elucidate the underlying molecular mechanisms. MIBG uptake
has been studied in cultured bovine adrenomedullary cells (10,
11), human NB cells (12-14), and human PC cells (15). Evi
dence has emerged indicating that competent cells take up
MIBG mainly by a high-affinity, saturable, sodium-, tempera
ture-, and energy-dependent system (specific or type 1 uptake).
A negligible amount of the drug would enter these cells by a
nonspecific passive diffusion mechanism also shared by non-

neural cells.
In spite of the high percentage of successful scintigraphic

visualization of NB with MIBG (about 90%) (3), only very few
NB cell lines are able to store MIBG in vitro (12-14, 16-18).
This may be due to the fact that uptake and storage of cate-
cholamines are properties of relatively mature NB cells, which
are the less prone to be continuously grown in vitro. Among
NB cells studied so far, a complete study conclusive for uptake
1 has been carried out only for SK-N-SH cells, and the kinetic
parameters of this process have been described in detail (12,
14). However, SK-N-SH is very heterogeneous with regard to
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cell subpopulations, and uneven distribution of MIBG among
different cell types can lead to incorrect conclusions when
affinity, binding, and storage capacity are globally considered.
For this reason, SK-N-SH cells may not represent an ideal
model for investigating the in vitro pharmacology of MIBG.

We studied four human NB cell lines, SK-N-BE(2)C, LAN-
5, GI-LI-N, and GI-CA-N. Based mainly on kinetic and phar
macological criteria, we found out that the highly homogeneous
SK-N-BE(2)C cell line specifically takes up and stores MIBG,
as we previously reported (16). Our preliminary findings have
been very recently confirmed and extended by Lashford et al.
(17). Conversely, LAN-5 cells, which accumulate the radiotra-
cer at a lower amount and do not reach saturation, are able to
take it up by a specific transporter although lacking an efficient
storage system. The other two NB cell lines tested are devoid
of both of these properties. The results of this study may provide
new models for obtaining insight into MIBG-nervous cell in
teraction mechanisms.

MATERIALS AND METHODS

Chemicals. [I25I]MIBG (specific activity, 5.5-8.2 mCi/Mmol) and

unlabeled MIBG were purchased from Sorin Biomedica (Saluggia,
Vercelli, Italy) and were 94-98% pure, as analyzed by high performance
liquid chromatography (19). NE, dIMP, RSP, ouabain, and 2-DG were
from Sigma (St. Louis, MO). Sodium dithionite was from Fluka
Chemia (Buchs, Switzerland).

Cell Lines and Culture Conditions. LAN-5 and SK-N-BE(2)C were
kindly provided by R. Seeger (UCLA School of Medicine, Los Angeles,
CA) and T. Triche (Los Angeles Children's Hospital, Los Angeles,

CA), respectively. PC12 cells were a gift from M. T. Parodi (Depart
ment of Biophysical and Electronic Engineering, University of Genoa,
Genoa, Italy). GI-CA-N and GI-LI-N have both been established in our
laboratory as described (20-22). NB cells were maintained in the
logarithmic phase of growth in 75-cm2 plastic tissue culture flasks

(Costar, Cambridge, MA) in RPMI 1640 medium (Flow Laboratories,
Milan, Italy), supplemented with 15% heat-inactivated fetal calf serum
(Flow), glutamine (2 mivi), sodium penicillin G (50 IU/ml), and strep
tomycin sulfate (50 /jg/ml) at 37Â°Cin humidified 5% CO2-95% air.

PC 12 cells were maintained as above with the exception of serum,
which was 5% fetal calf serum and 10% horse serum. Cells were
passaged every 2-3 days by treatment with 1 mM EDTA in Hanks'

balanced salt solution (Flow), washing, counting, and replating in fresh
medium.

Uptake Experiments. These experiments were performed 48-72 h
after plating the cells (10s/well) in 12-well tissue culture plastic plates

(Costar). The culture medium was removed and replaced with fresh
medium containing the desired concentration of labeled MIBG. Non
specific uptake was assessed by incubating the cells either with 100-
fold excess unlabeled MIBG or in the presence of 0.1 HIMdIMP or by
incubating the cells at 4Â°C.At the end of incubation (90-120 min),

chosen on the basis of preliminary time course experiments, the medium
was removed, and the monolayers were washed three times with PBS
(Flow) and then detached by 2% EDTA in PBS. The cells were then
washed extensively with ice-cold PBS, and the final pellets were assayed
for cell-associated radioactivity in a gamma counter with an estimated
88-92% efficiency. Protein concentration was assayed on the pellets
after the count by the method of Lowry et al. (23).

Release of Stored MIBG. Cells (105/well) were loaded in medium

containing 0.1 n\t labeled MIBG for 120 min; the monolayers were
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then extensively washed with PBS and either drug-free medium or
medium containing dIMP (0.1 UM)or RSP (2 ^M) was added to each
well. In long-term experiments of spontaneous release, the medium was
subsequently changed every 24 h. At the desired time intervals, cells
were detached and assayed for radioactivity.

Sodium Dependence of MIBG Uptake. For these studies, ouabain, a
specific inhibitor of Na-K-ATPase (24), was used. Thirty min before
starting the incubation with labeled MIBG, the cells were preincubated
with fresh medium containing 30 pM ouabain.

Energy Dependence of MIBG Uptake. Cells were preincubated for
30 min in PBS in the absence (control) or presence of 30 HIM2-DG;

incubation with MIBG (0.1 ^M) was then performed in fresh PBS, and
cell-associated radioactivity was measured as above. In some experi
ments, energy dependence was assayed by incubating the cells at 4Â°C

or preincubating with 1.5 m\i sodium dithionite.

RESULTS

Uptake of MIBG by NB Cell Lines. Fig. 1 shows the satura
tion kinetics of the four NB cell lines tested. SK-N-BE(2)C cells
efficiently incorporate the guanethidine analogue with a satu
rable profile. Nonspecific uptake was linear with MIBG con
centration and, up to the saturating concentration of 0.5 /KM,
never exceeded 6% of total uptake (Table 1). The kinetic
parameters Amaxand Ka, as evaluated by Scatchard analysis
(Fig. 1, inset), were 400 Â±73 pmol/mg protein and 63+12
n\i, respectively.

LAN-5 cells showed a nonsaturable uptake profile (even at
MIBG concentrations higher than the maximum in Fig. 1, not
shown), but were able to bind more MIBG than did GI-LI-N
and GI-CA-N cells; specific uptake was 85-90% of the total up
to 0.5 //M MIBG (Table 1), whereas, at higher doses, nonspecific
uptake tended to approximate the specific uptake (not shown).

Competitive Inhibition of MIBG Uptake. The effects of the
competitive inhibitors NE and dIMP on the MIBG uptake of
the four NB cell lines were investigated (Fig. 2). Both NE and
dIMP were completely devoid of effect on MIBG incorporation
by GI-LI-N and GI-CA-N cells. Conversely, SK-N-BE(2)C and
LAN-5 cells were drastically inhibited in a dose-dependent
manner by both drugs, with minor differences between the two
cell lines in the relative sensitivity to these agents. These exper
iments were performed at a fixed MIBG concentration of 0.1

350-

280-

210-

O
.o

Table 1 Percentage of nonspecific total MIBG uptake in NB cell lines"

Methods for estimation
of nonspecific uptake (%)

140 -

0.01 0.1

MIBG concentration ( ^M )
Fig. 1. Profile of total ['"I]MIBG uptake by NB cells as a function of

extracellular concentration. â€¢,SK-N-BE(2)C; Â«,LAN-5; A, GI-LI-N; â€¢GI-CA-
N. The data are the means Â±SD from three different experiments, each performed
in triplicate. Inset, Scatchard plot of specific uptake data of SK-N-BE(2)C cells;
nonspecific uptake was measured in the presence of 100-fold excess unlabeled
MIBG (Table 1). When not visible, SD bars are within the symbol size.

MIBGconcentration

NB cells(MM)SK-N-BE(2)CLAN-50.01

0.05O.I0.50.01

0.050.10.5100-fold

excess
unlabeled
MIBG3.84.22.45.83.2

4.37.40.3

0.30.40.920.6

I.I2.110.1

Â±1.9+4Â°C3.2

Â±1
5.3 Â±0.94.1
Â±0.85.8

Â±0.54

Â±0.8
6.1 Â±1.08.3

Â±1.39.5
Â±2.10.1

mM
dIMP2.1

Â±0.08
ND*1

.8 Â±0.063.6
Â±0.23.1

Â±0.4
ND*3.0

Â±0.23.2
Â±0.4

Gl-LI-N/
GI-CA-NC

Â°Data are the means Â±SD of three different experiments, each performed in

triplicate.
* ND, not determined.
c For these cells, nonspecific uptake was always 80-106% of total, whatever

the MIBG concentration or the method used for estimating it.

/UM,at which dose, uptake was about 97% and 90% specific for
SK-N-BE(2)C and LAN-5, respectively. On the basis of these
results, GI-LI-N and GI-CA-N cells were considered noncom-
petent for MIBG uptake and were not further investigated.

Spontaneous Release of Stored MIBG. The time course of
residual cell-associated radioactivity after a 2-h exposure to 0.1
AIMMIBG was measured in SK-N-BE(2)C and LAN-5 cells
(Fig. 3). A relevant difference in the behavior of these cells was
evident. SK-N-BE(2)C cells retained more than 50% of the
initially incorporated MIBG for up to 72 h after withdrawal of
the radiolabeled drug. Conversely, in LAN-5 cells, the retention
value fell below 50% by 2 h after the end of MIBG exposure
and then slowly declined to about 25% at 72 h. This result is
suggestive of differently efficient mechanisms of MIBG storage
in the two cell lines.

Sodium and Energy Dependence of MIBG Uptake. When
LAN-5 and SK-N-BE(2)C cells are incubated with 30 /Â¿Moua
bain for 30 min before MIBG exposure, their uptake capacity
is lowered by about 85% and 90%, respectively (Fig. 4). This
ouabain concentration was selected following previous dose-
response and toxicity studies (data not shown).

Energy dependence of MIBG incorporation in both cell lines
was studied by preincubating the cells with 30 HIM2-DG for 30
min (Fig. 4). The depletion of endogenous glucose stores by
this treatment reduced the ability of LAN-5 and SK-N-BE(2)C
cells to take up MIBG by about 65% and 80%, respectively. An
even stronger inhibition was observed when incubation with
MIBG was made at 4Â°C(data not shown). In our hands,

treatment with the oxygen-depleting agent sodium dithionite
(12) proved less efficient in inhibiting MIBG accumulation (not
shown). Moreover, cells treated with this chemical tended to be
less substrate adherent, and the monolayers detached easily
during washing procedures.

Pharmacological Studies of Storage Mechanisms. To investi
gate the mechanisms by which NB cells store MIBG after taking
it up, we studied the effects of the reuptake inhibitor dIMP and
of the neurosecretory granule depletor RSP on the spontaneous
release of MIBG by LAN-5, SK-N-BE(2)C, and PC 12 cells
(representing a classical model of neurosecretory granule stor
age) (25, 26). As illustrated in Fig. 5, the spontaneous release
of MIBG by LAN-5 and SK-N-BE(2)C cells was barely affected
by RSP, thus demonstrating that these cells do not store MIBG
in the neurosecretory granules and vesicles. Conversely, dIMP
was able to significantly accelerate the release of stored MIBG
in NB cells; this effect was more appreciable in SK-N-BE(2)C
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cells, due to their slower spontaneous release. Contrary to NB
cells, PC 12 cells were rapidly depleted in their MIBG content
by RSP, whereas dIMP was virtually devoid of effect.

DISCUSSION

MIBG is currently utilized in the treatment of NB. However,
therapy scheduling, selectivity of radiolabeled drug(s), and even
the radionuclides to be used still need optimization.

Thus, in vitro models allowing a better comprehension of the
cellular and molecular pharmacology of MIBG are essential to
this task. Unfortunately, the number of human NB cell lines
able to accumulate MIBG is extremely limited, and only for
SK-N-SH has a thorough and detailed study of MIBG uptake
kinetics and storage been described (12, 14). However, SK-N-
SH is a very heterogeneous cell line containing both neuroblas-
tic and epithelioid cells (27, 28), which can reversibly intercon-
vert between each other, a phenomenon known as "transdiffer-
entiation" (27). Moreover, it has been demonstrated with au-
toradiographic procedures that only about 10% of SK-N-SH
cells are strongly labeled with MIBG and that both this per
centage and the intensity of labeling are highly dependent upon
cell density in the uptake assay (29). This could explain the
considerable difference between the KAvalue (0.9 /iisi) estimated
by Buck et al. (12) and the half-maximal saturation at 80 nM
reported by Smets et al. (14) in this cell line. Thus, questions
on the validity of SK-N-SH as a model for studying the mech
anisms of MIBG incorporation in NB cells can be raised.

We previously reported the preliminary observation (16) that
SK-N-BE(2)C cells show a high affinity and saturable MIBG
uptake kinetics and that incorporation is competitively inhib
ited by NE or dIMP; on these bases, we inferred that this cell

100
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time ( hours )
Fig. 3. Time course of spontaneous release of [12!I]MIBG by NB cells. â€¢,SK-

N-BE(2)C; A, LAN-5. The data are the means Â±SD from three different
experiments, each performed in triplicate.

line is uptake 1 competent. Our findings have recently been
confirmed by Lashford et al. (17), who, in addition, demon
strated the sodium dependence and the uptake inhibition by
other biogenic amines. We have been able to estimate the kinetic
parameters of MIBG uptake by SK-N-BE(2)C cells, yielding a
KÂ¿value of about 63 nM, which is lower than that reported for
SK-N-SH cells (12). This is in agreement with the observation
(17) that SK-N-BE(2)C cells take up more MIBG than SK-N-
SH cells. The linearity of the Scatchard plot in Fig. 1 suggests
that MIBG binds to a single class of receptor molecules. Thus,
the promiscuity of the receptor for the guanethidine analogue
observed by Lashford et al. (17) probably results from the
binding of the various biogenic amines to the same MIBG
receptor rather than from MIBG binding to different receptors,
each specific for one of the neurotransmitters tested. However,
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Fig. 2. Competitive inhibition of NE or dIMP on [12!1]M1BG(0.1 MM)uptake by NB cells. The data are the means Â±SD from three different experiments, each
performed in triplicate. When not visible. SD bars are within the symbol size. Mean control values for the different cell lines were (in pmol/mg protein): LAN-5, 17.5
Â±0.4; SK-N-BE(2)C, 249 Â±25; GI-LI-N, 4 Â±0.09; GI-CA-N, 3 Â±0.06.
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Fig. 4. Effects of ouabain and of 2-DG on [12!I]MIBG (0.1 MM)uptake by
LAN-5 or SK-N-BE(2)C cells. Cells pretreated with 2-DG were incubated with
[I25I]M1BG in PBS, so the relative data are referred to control cells in which

MIBG uptake was measured in PBS instead of culture medium; uptake in PBS
was 93% (LAN-5) and 78% [SK-N-BE(2)C] of that in culture medium. The data
are from three different experiments, each performed in triplicate.

the possibility that MIBG binds to several types of transporter
molecules, all endowed with similar affinity constants, cannot
be excluded.

Sodium dependence of MIBG uptake was evident, as prein-
cubation of cells with ouabain resulted in 90% inhibition, even
at very low ouabain concentrations (30 IÂ¿M).Increasing the dose
of ouabain only led to loss of cell adherence with no increase
in inhibitory effect.

Energy dependence of MIBG incorporation was assessed by
depleting the cells of endogenous glucose supply by preincuba-
tion with 30 HIM2-DG. The reduction of MIBG uptake to only
20% can be considered a partial response (Fig. 4) in comparison
with that observed following incubation at 4Â°C.Since we did

not carry out studies on dose-response and time course of 2-
DG treatment, it is likely that, in our experimental conditions,
only a subtotal depletion of energy supply has been attained, as

indicated by van Willigen and Akkerman (30) in human
platelets.

In our setting, we estimated a 5max of about 400 pmol/mg
protein; although this parameter is not reported in the paper
by Lashford et al. (17), uptake at the saturating MIBG concen
tration of 0.5 fiM in our experiments is about 4-fold higher, on
a protein concentration basis, than that observed by those
authors. Since we used a much higher cell density for uptake
assay, it may be that, similar to what was reported for SK-N-
SH (29), MIBG accumulation is strongly dependent upon the
number of contacts that the cells can establish between each
other. This could provide a further explanation for the discrep
ancy between the different in vitro and in vivo ability of NB
cells to accumulate MIBG.

We demonstrated by pharmacological means that SK-N-
BE(2)C cells do not store MIBG in neurosecretory granules.
Indeed, the spontaneous release of guanethidine analogue is
unaffected by RSP, whereas dIMP is able to accelerate it. This
indicates that, in these cells, the intracellular amount of MIBG
is predominantly sustained by active reuptake of MIBG contin
uously leaking from the cells. In addition, it is also possible
that intracellular compartments other than neurosecretory
granules and vesicles can contribute, to some extent, to the
storage of MIBG taken up in NB cells. Very recently, Gaze et
al. (31), using electron energy loss spectroscopy and electron
spectroscopic imaging techniques, found that most retained
MIBG was located within the mitochondria, with lesser
amounts in the vesicles and on the nuclear membrane of pre
loaded NB-G cells. Moreover, Lashford et al. (17) observed by
electron microscopy that SK-N-BE(2)C cells possess very few
neurosecretory granules, and that stored MIBG can be local
ized, by cell fractionation techniques, almost totally in the
cytosol, although a negligible amount is associated with the
neurosecretory granules.

A further outstanding result in our study is that another NB
cell line, endowed with low affinity and unsaturable MIBG
accumulation, is indeed able to bind and take up MIBG al
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Fig. 5. Effect of dIMP or RSP on [125I]MIBGrelease by NB cells. â€¢,control cells; A, dIMP; D, RSP. The data are the means Â±SD from three different experiments,
each performed in triplicate.
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though lacking any relevant storage system. LAN-5 cells ac
tually accumulate low amounts of MIBG with a dose-dependent
linear profile suggestive of passive diffusion. However, these
cells are indeed inhibited in this respect by all treatments
blocking the specific uptake systems. This observation and the
rapid spontaneous dissociation of MIBG from these cells with
respect to that observed in SK-N-BE(2)C cells suggest that
LAN-5 cells possess receptor molecules for MIBG but lack any
ability to retain it. On this basis, it would be interesting to
reevaluate all of the NB cell lines tested so far to see whether
they can be assumed to be uptake-incompetent or uptake-
competent storage-incompetent cellular models. This is of both
basic and therapeutic relevance, as selective NB differentiation-
inducing agents could be probed for their ability to induce
uptake or storage capacity, or both. As we previously reported
(32), this could not be demonstrated for 5-bromodeoxyuridine,
although preliminary experiments in our laboratory indicate
that treatment of LAN-5 cells with nerve growth factor for
several days induces a significant increase in overall cell-asso
ciated MIBG radioactivity; whether this can be ascribed to
potentiation of receptor efficiency or to induction of storage
capacity is as yet under investigation.

In conclusion, we provide new information on MIBG uptake
and storage by SK-N-BE(2)C. This cell line, because of its
homogeneity and high efficiency, is more suitable and reliable
than SK-N-SH cell line. Moreover, we suggest that overall
MIBG loading capacity is a poor criterion by which to assess
the presence of specific receptors on N B cells, as it results from
differentially expressed ability to bind and store this radiophar-
maceutical. Finally, we advance the hypothesis that extragran-
ular storage of guanethidine analogues is a general property of
NB cells, which would differ from chromaffin cells in this
respect. The issue of intracellular localization of labeled drugs
in NB cells is relevant with regard to the choice of radionuclides
to be used, especially in metastatic NB, as optimal radiation
emission length (for instance, 2"At) could both improve the
tumor-killing efficiency and limit the damage to surrounding
normal tissue.
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