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123I-Metaiodobenzylguanidine (123I-MIBG) is used for lung scin-
tigraphy to assess pulmonary endothelial cell integrity, but its
processing at the cellular level has not been investigated to
date. We thus characterized the mechanisms that mediate 123I-
MIBG transport in pulmonary endothelial cells and investigated
the effects of stimuli associated with pulmonary dysfunction.
Methods: Calf pulmonary artery endothelial (CPAE) cells were
examined for 123I-MIBG uptake and efflux rates and evaluated
for the presence of norepinephrine (NE) transporters by Western
blotting. The specificity of 123I-MIBG uptake was investigated
with inhibitors of the uptake 1 and uptake 2 transport systems.
In addition, we tested the effects of hypoxia (1% O2), phorbol
12-myristate 13-acetate (PMA, a protein kinase C [PKC] activa-
tor), andNG-nitro-L-argininemethyl ester (L-NAME) (a nitric oxide
synthase inhibitor) treatments on CPAE cell 123I-MIBG uptake.
Results: CPAE cells demonstrated a time-dependent increase
in 123I-MIBG uptake that reached a relative plateau (mean 6

SD) at 4 h of 375.6% 6 5.9% the 30-min level. When the culture
medium was changed after 30 min of uptake, 123I-MIBG gradu-
ally was eluted from the cells at an efflux rate of 43.8% over
2 h. Western blotting confirmed the presence of NE transporters
in CPAE cells. The uptake 1 inhibitors desipramine, imipramine,
and phenoxybenzamine at 50 mmol/L reduced 123I-MIBG uptake
to 55.3% 6 2.7%, 62.4% 6 3.5%, and 48.0% 6 2.2% control
levels, respectively, whereas none of the uptake 2 inhibitors
had an effect. Exposure to hypoxia resulted in a reduction in
123I-MIBG uptake to 77.5% 6 0.2% and 50.0% 6 3.4% control
levels at 0.5 and 4 h, respectively. PMA (10 ng/mL) and L-NAME
(2 nmol/L) decreased 123I-MIBG uptake to 76.7% 6 9.0% and
86.5%6 5.6% control levels, respectively. Conclusion: Pulmo-
nary endothelial cells express NE transporters and actively take
up 123I-MIBG through the specific uptake 1 system. Furthermore,
123I-MIBG transport can be reduced by hypoxia, PKC activation,
and nitric oxide deficiency, which may contribute partly to the
lower levels of lung uptake observed in diseases that compro-
mise pulmonary endothelial cell integrity.
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Metaiodobenzylguanidine (MIBG) is a guanethidine ana-
log that shares structural features and biologic behavior with
the adrenergic neurotransmitter norepinephrine (NE). Scintig-
raphy with 123I-MIBG is widely used for the clinical evalua-
tion of neuroendocrine tumors and myocardial sympathetic
dysfunction (1,2), and 131I-MIBG is used for the treatment of
neural crest tumors (1). 123I-MIBG imaging also is applied for
the assessment of pulmonary integrity in patients with various
forms of lung injuries, including chronic obstructive pulmo-
nary disease, lung fibrosis, vasculitis, irradiation, high-altitude
pulmonary edema, and chemotherapeutic lung toxicity (3–8).

The pattern of 123I-MIBG uptake by the lungs provides
information on pulmonary integrity because it reflects the
ability to clear circulating NE to help maintain the homeo-
stasis of circulating levels (9–11). Investigations of this met-
abolic lung function have shown that NE clearance takes
place in pulmonary endothelial tissues (12,13) and that it is
mediated through a saturable, energy-dependent, imipramine-
sensitive carrier mechanism (14). Studies with isolated animal
lung models suggested that 123I-MIBG uptake may occur
through a similar process. Subsequent clinical scintigraphic
imaging studies demonstrated altered processing of 123I-
MIBG by the lungs in patients with diverse forms of pulmo-
nary injuries. Therefore, it is hoped that clinical 123I-MIBG
scintigraphy will provide useful information regarding the
functional status of the pulmonary endothelium, but accu-
rate interpretation of such imaging studies will require a
thorough understanding of the mechanism and regulation of
tracer accumulation. To date, however, the properties of
pulmonary endothelial cell 123I-MIBG transport have not
been elucidated at the cellular level. Therefore, in the pres-
ent study, we investigated the characteristics of 123I-MIBG
transport in calf pulmonary artery endothelial (CPAE) cells
and further evaluated the effects of stimuli that have been
implicated in pulmonary endothelial cell dysfunction.

MATERIALS AND METHODS

Cell Culture Conditions
CPAE cells were maintained in RPMI 1640 medium (Gibco

BRL) supplemented with 20% fetal bovine serum and penicillin–
streptomycin (100 U/mL) at 37�C in a 5% CO2 incubator. The
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culture medium was changed every 3–4 d, and 123I-MIBG uptake
experiments and Western blotting were performed when cell con-
fluence reached 80%. Human neuroblastoma SK-N-SH cells
cultured in minimum essential medium (Gibco BRL) supplemented
with 10% fetal bovine serum and penicillin–streptomycin (100 U/mL)
were used as positive control cells for Western blot analysis of
NE transporters.

Cellular 123I-MIBG Uptake and Washout Rate
Measurements

123I-MIBG uptake experiments were performed by adding 74
kBq (20 mCi/mL) of 123I-MIBG (Korean Atomic Energy Research
Institute) to cells in 12-well plates containing 1 mL of culture
medium. The specific activity of 123I-MIBG preparations used in
the cell experiments was 5–11 GBq/mg, and there was negligible
123I-MIBG dehalogenation, as indicated by quality assurance tests.
After incubation at 37�C in 5% CO2 for various times up to 8 h,
cells were rapidly washed twice with cold phosphate-buffered
saline (PBS) and measured for radioactive counts with a high-
energy g-counter (Wallac). To measure 123I-MIBG washout rates,
cells were incubated with 123I-MIBG for 30 min, after which the
culture medium was removed and replaced with the same volume
of fresh medium. After further incubation for various times up to
8 h, cells were rapidly washed with cold PBS and measured for
radioactivity as described above. All cell uptake results were
corrected for protein content, as determined by the Bradford
method, and expressed as mean 6 SD (triplicate samples) of
percent uptake relative to that of control cells.

Western Blot Analysis for NE Transporter Expression
CPAE and SK-N-SH cells grown in 150-mm culture plates

were washed twice with cold PBS and solubilized in 1 mL of cold
radioimmunoprecipitation buffer (Tris at 65 mmol/L [pH 7.4],
NaCl at 150 mmol/L, ethylenediaminetetraacetic acid at 100 mmol/L,
10% Nonidet P-40, and 10% sodium deoxycholate) supplemented
with protease inhibitors (aprotinin, leupeptin, and pepstatin each
at 1 mg/mL and phenylmethylsulfonyl fluoride at 500 mmol/L) for
15 min at 4�C with constant shaking. Lysates were centrifuged at
14,000g for 15 min at 4�C, and the supernatants were appropri-
ately diluted after protein assays (Bio-Rad). Samples (500 mL)
were incubated with 5 mL of a monoclonal antibody directed against
NE transporter proteins (antibody NET17-1; Mab Technologies,
Inc.) for 2 h at 4�C and then mixed with 100 mL of protein
A–Sepharose CL-4B beads (Sigma) overnight at 4�C. Samples
were washed 3 times with cold PBS for 5 s each time, eluted into
50 mL of 2· Laemmli sample buffer (Sigma) for 30 min at room
temperature, and heated for 1 min at 90�C. Supernatants then were
subjected to Western blotting by separation on a sodium dodecyl
sulfate–10% polyacrylamide gel and transfer to a polyvinylidene
difluoride membrane (Bio-Rad). The membrane was incubated
with antibody NET17-1 at a dilution of 1:1,000 and then incubated
with an antimouse horseradish peroxidase–conjugated secondary
antibody (Amersham Bioscience) at a dilution of 1:2,000. NE
transporter proteins were visualized with detection reagents and
high-performance chemiluminescence films.

Effects of Uptake 1 and Uptake 2 Transport Inhibitors
on 123I-MIBG Uptake

The effect of blocking uptake 1–mediated transport on 123I-
MIBG uptake was evaluated by use of a 30-min pretreatment of
CPAE cells with concentrations of 0, 1, 50, or 100 mmol/L of the
specific uptake 1 inhibitor desipramine (Sigma) or imipramine

(Sigma) or of phenoxybenzamine (Sigma), a nonselective adren-
ergic blocking agent with uptake 1 inhibitory action. The effect of
blocking uptake 2–mediated transport was evaluated by use of a
30-min pretreatment of cells with the well-known uptake 2 inhib-
itor corticosterone, clonidine, or normetanephrine (Sigma) at 0, 5,
or 50 mmol/L. Cellular 123I-MIBG uptake levels were measured
after 30 min of incubation at 37�C as described above.

Effects of Hypoxia, Phorbol 12-Myristate 13-Acetate
(PMA), and NG-Nitro-L-Arginine Methyl Ester (L-NAME)
on Cellular 123I-MIBG Uptake

To evaluate the effect of hypoxia on 123I-MIBG transport, CPAE
cells were exposed to hypoxic conditions for 0.5, 1, or 4 h by place-
ment in an anaerobic chamber containing 1% O2, 5% CO2, and 94%
N2 (Anaerobic System-1029; Forma Scientific). Cells were incu-
bated with 74 kBq of 123I-MIBG inside the hypoxic chamber for 30
min, after which they were rapidly washed with cold PBS, lysed,
and measured for radiouptake as described above. Cells incubated
under standard oxygen conditions (95% air, 5% CO2) were used as
controls. The effects of PMA (5 or 10 nmol/L) and L-NAME (10
mmol/L and 2 mmol/L) were evaluated by pretreatment of cells
with the respective agents for 16 h before 30 min of incubation with
74 kBq of 123I-MIBG and radiouptake measurements as described
above.

RESULTS

CPAE Cell 123I-MIBG Uptake and Washout Kinetics

CPAE cells incubated with 123I-MIBG demonstrated a
gradual increase in radiouptake over time. Uptake after
1 and 2 h of incubation increased to 161.3% 6 4.7% and
263.7% 6 7.3% that at 30 min, respectively, and a relative
uptake plateau of 375.6% 6 5.9% was reached at 4 h (Fig.
1A). When the culture medium was changed after 30 min
of 123I-MIBG incubation, radioactivity initially taken up by
CPAE cells was gradually released into the fresh medium
over time in an exponential manner. As a result, 1-, 2-, and
4-h retention rates were 61.1% 6 1.9%, 57.2% 6 2.2%,
and 38.3%6 3.9%, respectively (Fig. 1B). The washout curve
was analyzed with Prism version 3.02 software (GraphPad
Software Inc.). Nonlinear regression curve fitting with 1-phase
exponential decay (goodness of fit, R2 5 0.9268) revealed a
retention half-life of 2.7 6 0.2 h

NE Transporter Protein Expression in SK-N-SH and
CPAE Cells

When the cellular expression of NE transporters was ex-
amined by Western blot analysis with monoclonal antibodies,
SK-N-SH cells demonstrated a clear band at approximately
55 kd, consistent with previous reports for identical cells.
CPAE cells also showed a clear band at the same molecular
mass region, indicating the presence of NE transporters
expressed in the cells (Fig. 2).

Effects of Uptake 1 and Uptake 2 Inhibitors on
Cellular 123I-MIBG Transport

When CPAE cells were incubated with 123I-MIBG in the
presence of the uptake 1 transport inhibitor desipramine or
imipramine, there were significant and dose-dependent
reductions in radiouptake. Desipramine, at concentrations
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of 1 and 50 mmol/L, reduced cellular 123I-MIBG uptake to
84.1% 6 4.0% and 55.3% 6 2.7% control levels, respec-
tively, whereas the same concentrations of imipramine
reduced the uptake to 84.8% 6 2.5% and 62.4% 6 3.5%
control levels, respectively (Fig. 3A). Phenoxybenzamine, a
nonselective adrenergic blocking agent with uptake 1 inhib-
itory action, also blocked 123I-MIBG uptake in a dose-
dependent manner at 50 mmol/L, with uptake decreasing to
48.0% 6 2.2% control levels (Fig. 3A).
In contrast to the uptake 1 inhibitors, none of the

inhibitors of the uptake 2 mechanism tested had an effect
on 123I-MIBG transport. As such, there was no difference in
123I-MIBG uptake levels between control cells and cells
treated with corticosterone, clonidine, or normetanephrine
at 5 or 50 mmol/L (Fig. 3B).

Effects of Hypoxia, PMA, and L-NAME on Cellular
123I-MIBG Uptake

When CPAE cells were exposed to hypoxic conditions,
there was a time-dependent reduction in 123I-MIBG uptake,
which decreased to 77.5% 6 0.2%, 57.8% 6 3.5%, and
50.0% 6 3.4% control (standard oxygen conditions) levels
after 0.5, 1, and 4 h of hypoxia, respectively (Fig. 4A).
When we evaluated the effect of PMA, concentrations of

5 and 10 ng/mL significantly reduced cellular 123I-MIBG
uptake to 81.8% 6 5.8% and 76.7% 6 9.0% control levels,
respectively (Fig. 4B). In addition, L-NAME at 2 nmol/L
also was found to cause a mild but significant reduction
in 123I-MIBG uptake to 86.5% 6 5.6% control levels
(Fig. 4B).

DISCUSSION

The lungs take up NE as part of an important metabolic
function of regulating circulating levels of biogenic amines.
The site for pulmonary removal of NE has been localized
by fluorescence histochemistry (12) and autoradiography
(13) to endothelial tissues that line the pulmonary micro-
vasculature. However, whereas the characteristics of 123I-
MIBG transport in neuroendocrine tumor cells have been
elucidated extensively, studies on pulmonary 123I-MIBG
processing have been limited to in vivo lung imaging in
patients and uptake measurements in explanted lung tissue.
In the present study, we investigated the characteristics of
123I-MIBG uptake in cultured pulmonary endothelial cells,
and the results of our experiments confirmed that these cells
express NE transporter proteins and actively take up 123I-
MIBG through the specific uptake 1 mechanism. These
findings reiterate, in several ways, what has been found in
studies of isolated lung tissue. However, the distinct aspect
of the present study is that 123I-MIBG processing as an
indicator of pulmonary endothelial cell function was ex-
plored for the first time at the cellular level.

Previous studies on the kinetics of 123I-MIBG transport
showed that human neuroblastoma cell lines, such as SK-
N-SH cells, vigorously take up 123I-MIBG through both a
nonspecific diffusion mechanism and a specific active
uptake system (15–18). In the present study, CPAE
cells were found to take up 123I-MIBG avidly in a time-
dependent manner, and the uptake reached a relative pla-
teau after 4 h of incubation. Washout studies demonstrated
a gradual release of cellular 123I-MIBG after the initial
uptake, with an efflux rate of 43% over 2 h. This rate of 123I-
MIBG release is greater than the 24-h efflux rates of 20%–
30% reported for SK-N-SH cells (15) but is comparable to
the efflux rates of 30%–40% over 2–4 h that have been
observed for NE transporter gene–transduced nonneuronal

FIGURE 1. Time course of 123I-MIBG
uptake and washout in CPAE cells.
(A) 123I-MIBG uptake levels according to
duration of incubation, expressed as
cellular radioactivity relative to that after
30 min of incubation. (B) 123I-MIBG
retention levels according to duration of
time in 123I-MIBG-free fresh medium after
30 min of 123I-MIBG uptake, expressed
as cellular radioactivity relative to that
immediately after medium change. All
results represent mean 6 SD of triplicate
samples from 1 experiment representa-
tive of 2 separate experiments.

FIGURE 2. Representative Western blot for NE transporters.
SK-N-SH cells are human neuroblastoma cells used as positive
control cells. Molecular masses are given in kilodaltons.
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cells (19,20). Thus, the 123I-MIBG storage and release
mechanism for CPAE cells appears to be more similar to
that of other nonneuronal cells that lack chromaffin storage
granules than to that of neuroblastoma cells (21).
As for NE, the specific transport of 123I-MIBG in SK-N-

SH neuroblastoma cells occurs through a transport system
characterized by high-affinity energy dependency and
imipramine sensitivity (15–18). In our experiments, whereas
none of the uptake 2 inhibitors tested had an effect, the 123I-
MIBG uptake of CPAE cells was effectively blocked by the
specific uptake 1 inhibitors desipramine and imipramine.
Uptake also was reduced significantly by the nonselective
adrenergic blocking agent phenoxybenzamine, which has
known suppressive effects on uptake 1–mediated NE reup-
take into nonneuronal tissues (22–24). These results indicate
that a substantial portion of 123I-MIBG uptake in CPAE cells
is mediated through the specific uptake 1 mechanism.
The uptake 1 mechanism selectively takes up NE through

specific transporters (25), and 123I-MIBG uptake levels
have been shown to correlate with NE transporter expres-
sion levels in both cultured cells (26,27) and neuroblastoma
tumor models (28). Although the expression of NE trans-
porters is known to be restricted almost exclusively to cells
of the sympathetic nervous system, messenger RNA for NE
transporters previously was detected by Northern blot anal-

ysis of pulmonary endothelial cells obtained from near-
term fetal sheep (29). In the present study, we confirmed that
NE transporter proteins are also present in CPAE cells.
Western blots of proteins from CPAE cells revealed a dis-
tinct band that immunoreacted with an antibody against NE
transporters; the location of this band was identical to the
location of the band obtained from SK-N-SH cells and
consistent with the known molecular mass of NE trans-
porter proteins (30,31). Taken together, the results of the
present study demonstrate that pulmonary endothelial cells
actively take up 123I-MIBG, predominantly through an NE
transporter–mediated uptake 1 mechanism.

The features of pulmonary processing of 123I-MIBG are
of clinical interest because the metabolic function of bio-
genic amine extraction is recognized as a sensitive bio-
chemical marker of lung pathology (14). Since its introduction
as a radiotracer for the monitoring of amine processing by
the lungs, 123I-MIBG scintigraphy has gained acceptance as
a noninvasive method for assessing a variety of diseases that
are accompanied by pulmonary endothelial cell damage (3–
8). Therefore, we further investigated the effect on 123I-MIBG
transport of exposure of CPAE cells to stimuli that have been
associated with pulmonary endothelial cell dysfunction.

Low oxygen tension can affect endothelial cellular phys-
iology in several ways (32). Animal experiments showed

FIGURE 3. Effects of uptake 1 and up-
take 2 inhibitors on CPAE cell 123I-MIBG
uptake. Cells were pretreated with uptake
1 inhibitors desipramine, imipramine, and
phenoxybenzamine at 0, 1, 50, or 100
mmol/L (A) and with uptake 2 inhibitors
corticosterone, clonidine, and normeta-
nephrine at 0, 5, or 50 mmol/L (B) for 30
min and then incubated with 123I-MIBG at
37�C for 30 min. Results are expressed as mean 6 SD (triplicate samples) of percent cellular radioactivity relative to that of control
cells and are from 1 experiment representative of 3 separate experiments. *P , 0.01. **P , 0.005.

FIGURE 4. Effects of hypoxia, PMA,
and L-NAME on CPAE cell 123I-MIBG
uptake. (A) Cells were exposed to 1%
oxygen for 0, 0.5, 1, or 4 h and then
measured for uptake of 123I-MIBG after
30 min. (B) Cells were preincubated with
PMA at 5 and 10 nmol/L or L-NAME at 10
mmol/L and 2 mmol/L for 16 h and then
measured for uptake of 123I-MIBG after
30 min. Results are expressed as mean 6 SD (triplicate samples) of percent cellular radioactivity relative to that of control cells and
are from 1 experiment representative of 2 separate experiments. *P , 0.05. **P , 0.005. ***P , 0.001.
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that newborns raised in a hypoxic environment have signif-
icantly reduced pulmonary extraction of radiolabeled NE
(33), and healthy human subjects exposed to high-altitude
hypoxia showed decreased lung 123I-MIBG activity in the
early recovery phase; these results appear to reflect im-
paired pulmonary endothelial cell metabolic function (7).
Similar findings also have been observed for the myocar-
dium: rats submitted to hypoxia showed significantly re-
duced cardiac 123I-MIBG activity predominantly attributable
to decreased NE uptake 1 transporter function (34). Another
study demonstrated a hypoxia-induced reduction in the adren-
ergic neurotransmitter reserve in both the myocardium and the
lungs by showing significantly reduced cardiac and pul-
monary 123I-MIBG uptake in humans exposed to high-altitude
hypoxia (35). In the present study, we found that short-term
exposure to hypoxia was sufficient to induce a time-dependent
reduction in CPAE cell 123I-MIBG uptake. Because these cells
were deprived of oxygen for relatively short durations of time,
this finding likely was not caused by energy depletion but
rather reflected impaired NE transport function induced by
hypoxia.
In addition to exposure to hypoxia, we also evaluated the

effects of protein kinase C (PKC) activation by PMA and
the inhibition of nitric oxide synthesis by L-NAME. The
involvement of PKC activity in the regulation of endothe-
lial cell monolayer integrity is well documented (36), and
PKC-linked receptors have been shown to modulate the NE
transport of neuroblastoma cells (37). In our experiments,
PMA led to a dose-dependent reduction in 123I-MIBG up-
take, suggesting the possibility that the NE transport capac-
ity of pulmonary endothelial cells also may be modulated
by PKC. Nitric oxide is a biologic vasoactive agent im-
portant to normal endothelial cell function. Nitric oxide
synthase activity is expressed constitutively in endothelial
cells, and insufficient nitric oxide production by dysfunc-
tional endothelial cells has been implicated in the devel-
opment of various pulmonary vascular diseases (32). In the
present study, nitric oxide synthase inhibition by L-NAME
caused a mild but significant reduction in 123I-MIBG up-
take in CPAE cells.
Taken together, the results of our stimulation studies sug-

gest that impairment of pulmonary endothelial cell trans-
port function by hypoxia, nitric oxide deficiency, and PKC
activation may contribute partly to the decreased lung 123I-
MIBG uptake that is observed in various lung diseases.
However, because the conditions of our cell-based exper-
iments do not accurately reflect the conditions of lung tis-
sues in living subjects, caution should be applied to
generalizing our observations to clinical settings in patients
with lung diseases.

CONCLUSION

In conclusion, our study confirms that pulmonary endo-
thelial cells express NE transporters and actively take up
123I-MIBG; a significant portion of this activity occurs

through the uptake 1 system. Furthermore, the cells show
significantly reduced 123I-MIBG transport when exposed to
potentially injurious stimuli, such as hypoxia, decreased
availability of nitric oxide, and PKC activation. These ex-
periments support the validity of lung 123I-MIBG imaging
for monitoring pulmonary endothelial cell integrity and
demonstrate that pulmonary endothelial cell models may be
useful for investigating factors that affect pulmonary 123I-
MIBG kinetics.

ACKNOWLEDGMENTS

The authors thank Byung-Joo Yoo for technical assistance.
This work was supported by Samsung grant SBRI C-A6-
419-1. This work was presented in part at the 52nd Annual
Meeting of the Society of Nuclear Medicine, Toronto,
Ontario, Canada, June 18–22, 2005.

REFERENCES

1. Gelfand MJ. Meta-iodobenzylguanidine in children. Semin Nucl Med. 1993;23:

231–242.

2. Patel AD, Iskandrian AE. MIBG imaging. J Nucl Cardiol. 2002;9:75–94.

3. Arao T, Takabatake N, Sata M, et al. In vivo evidence of endothelial injury in

chronic obstructive pulmonary disease by lung scintigraphic assessment of 123I-

metaiodobenzylguanidine. J Nucl Med. 2003;44:1747–1754.

4. Takabatake N, Arao T, Sata M, et al. Involvement of pulmonary endothelial cell

injury in the pathogenesis of pulmonary fibrosis: clinical assessment by 123I-

MIBG lung scintigraphy. Eur J Nucl Med Mol Imaging. 2005;32:221–228.

5. Unlu M, Akincioglu C, Yamac K, Onder M. Pulmonary involvement in Behcet’s

disease: evaluation of 123I-MIBG retention. Nucl Med Commun. 2001;22:1083–

1088.

6. Suga K, Kume N, Shimizu K, et al. Potential of iodine-123 metaiodobenzyl-

guanidine single-photon emission tomography to detect abnormal functional

status of the pulmonary neuroadrenergic system in irradiated lung. Eur J Nucl

Med. 1999;26:647–654.

7. Koizumi T, Kubo K, Hanaoka M, et al. Serial scintigraphic assessment of iodine-

123 metaiodobenzylguanidine lung uptake in a patient with high-altitude pul-

monary edema. Chest. 1999;116:1129–1131.

8. Slosman DO, Polla BS, Donath A. 123I-MIBG pulmonary removal: a biochem-

ical marker of minimal lung endothelial lesions. Eur J Nucl Med. 1990;16:633–

637.

9. Bakhle YS, Vane JR. Pharmacokinetic function of the pulmonary endothelium.

Physiol Rev. 1974;54:1007–1045.

10. Gillis CN. Measurement of endothelial metabolic functions in vivo. Ann Biomed

Eng. 1987;15:183–188.

11. Esler M, Jennings G, Lambert G, Meredith I, Horne M, Eisenhoffer G. Overflow

of catecholamine neurotransmitters to the circulation: source, fate, and functions.

Physiol Rev. 1990;70:963–985.

12. Iwasawa Y, Gillis CN, Aghajanian G. Hypothermic inhibition of 5-hydroxy-

tryptamine and norepinephrine uptake by the lung: cellular location of amines

after uptake. J Pharmacol Exp Ther. 1973;186:498–507.

13. Hughes J, Gillis CN, Bloom FE. The uptake and disposition of dl-norepinephrine

in perfused rat lung. J Pharmacol Exp Ther. 1969;169:237–248.

14. Gillis CN, Pitt BR. The fate of circulating amines within the pulmonary

circulation. Annu Rev Physiol. 1982;44:269–281.

15. Buck J, Bruchelt G, Girgert R, Treuner J, Niethammer D. Specific uptake of

m-[125I]iodobenzylguanidine in the human neuroblastoma cell line SK-N-SH.

Cancer Res. 1985;45:6366–6370.

16. Iavarone A, Lasorella A, Servidei T, Riccardi R, Troncone L, Mastrangelo R.

Biology of metaiodobenzylguanidine interactions with human neuroblastoma

cells. J Nucl Biol Med. 1991;35:186–190.

17. Wafelman AR, Hoefnagel CA, Maes RA, Beijnen JH. Radioiodinated metaiodo-

benzylguanidine: a review of its distribution and pharmacokinetics, drug

interactions, cytotoxicity and dosimetry. Eur J Nucl Med. 1994;21:545–559.

18. Tobes MC, Jacques S Jr, Wieland DM, Sisson JC. Effect of uptake-one inhibitors

on the uptake of norepinephrine and metaiodobenzylguanidine. J Nucl Med.

1985;26:897–907.

ENDOTHELIAL CELL 123I-MIBG TRANSPORT • Lee et al. 441



19. Anton M, Wagner B, Haubner R, et al. Use of the norepinephrine transporter as a

reporter gene for non-invasive imaging of genetically modified cells. J Gene

Med. 2004;6:119–126.

20. Altmann A, Kissel M, Zitzmann S, et al. Increased MIBG uptake after transfer of

the human norepinephrine transporter gene in rat hepatoma. J Nucl Med.

2003;44:973–980.

21. Servidei T, Iavarone A, Lasorella A, Mastrangelo S, Riccardi R. Release

mechanisms of [125I]meta-iodobenzylguanidine in neuroblastoma cells: evidence

of a carrier-mediated efflux. Eur J Cancer. 1995;31A:591–595.

22. Eisenfeld AJ, Axelrod J, Krakoff L. Inhibition of the extraneuronal accumulation

and metabolism of norepinephrine by adrenergic blocking agents. J Pharmacol

Exp Ther. 1967;156:107–113.

23. Eisenfeld AJ, Krakoff L, Iversen LL, Axelrod J. Inhibition of the extraneuronal

metabolism of noradrenaline in the isolated heart by adrenergic blocking agents.

Nature. 1967;213:297–298.

24. Gillespie JS, Hamilton DN, Hosie JA. The extraneuronal uptake and localization

of noradrenaline in the cat spleen and the effect on this of some drugs, of cold

and of denervation. J Physiol. 1970;206:563–590.

25. Glowniak JV, Kilty JE, Amara SG, Hoffman BJ, Turner FE. Evaluation of

metaiodobenzylguanidine uptake by the norepinephrine, dopamine, and seroto-

nin transporters. J Nucl Med. 1993;34:1140–1146.

26. Lode HN, Bruchelt G, Seitz G, et al. Reverse transcriptase-polymerase chain

reaction (RT-PCR) analysis of monoamine transporters in neuroblastoma cell

lines: correlations to meta-iodobenzylguanidine (MIBG) uptake and tyrosine

hydroxylase gene expression. Eur J Cancer. 1995;31A:586–590.

27. Montaldo PG, Raffaghello L, Guarnaccia F, Pistola V, Garaventa A, Ponzoni

M. Increase of metaiodobenzylguanidine uptake and intracellular half-life

during differentiation of human neuroblastoma cells. Int J Cancer. 1996;67:

95–100.

28. Mairs RJ, Livingstone A, Gaze MN, Wheldon TE, Barrett A. A prediction of

accumulation of 131I-labelled meta-iodobenzylguanidine in neuroblastoma cell

lines by means of reverse transcription and polymerase chain reaction. Br J

Cancer. 1994;70:97–101.

29. Tseng YT, Padbury JF. Expression of a pulmonary endothelial norepinephrine

transporter. J Neural Transm. 1998;105:1187–1195.

30. Hahn MK, Robertson D, Blakely RD. A mutation in the human norepinephrine

transporter gene (SLC6A2) associated with orthostatic intolerance disrupts

surface expression of mutant and wild-type transporters. J Neurosci. 2003;23:

4470–4478.

31. Wakayama K, Ohtsuki S, Takanaga H, Hosoya K, Terasaki T. Localization of

norepinephrine and serotonin transporter in mouse brain capillary endothelial

cells. Neurosci Res. 2002;44:173–180.

32. Faller DV. Endothelial cell responses to hypoxic stress. Clin Exp Pharmacol

Physiol. 1999;26:74–84.

33. Gewitz MH, Tait MS. Effects of hypoxia on norepinephrine uptake by

developing rabbit lung. Pediatr Pharmacol (New York). 1984;4:109–113.

34. Scherrer-Crosbie M, Mardon K, Cayla J, Syrota A, Merlet P. Alterations of

myocardial sympathetic innervation in response to hypoxia. J Nucl Med. 1997;

38:954–957.

35. Richalet JP, Merlet P, Bourguignon M, et al. MIBG scintigraphic assessment

of cardiac adrenergic activity in response to altitude hypoxia. J Nucl Med.

1990;31:34–37.

36. Tinsley JH, Teasdale NR, Yuan SY. Involvement of PKCdelta and PKD in

pulmonary microvascular endothelial cell hyperpermeability. Am J Physiol Cell

Physiol. 2004;286:C105–C111.

37. Apparsundaram S, Schroeter S, Giovanetti E, Blakely RD. Acute regulation of

norepinephrine transport: II. PKC-modulated surface expression of human

norepinephrine transporter proteins. J Pharmacol Exp Ther. 1998;287:744–751.

442 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 47 • No. 3 • March 2006


