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The radiopharmaceutical,metaiodobenzylguanidine(MIBG)acts as an analogof
norepinephrine(NE).Experimentsin rats werecarriedout to determinehow dosoly the
movementsof [1@l]MlBGin the heartmimickedthoseof [@HJNE,and if the changes[1251]
MIBGconcentrationswouldreflectinjuryto,andfunctionof,adrenergicneuronsintheheart.
Injury to adrenergic neurons by 6-hydroxydopamine substantially reduced the uptake of [1@I]
MIBGintotheleftventricle,buttheeffectwaslessthanthatonuptakeofrHINE uptakeand
concentrationof endogenousNE.Similarly,whendesmethylimipraminewas givento inhibit
the uptake-i pathwayof neurons,the reductionin uptakeof [â€˜@l]MlBGwas statistically
significantbut lessthanthat of rHINE; partof this differencemaybeattributableto partial
uptake of [@l]MlBG into neurons by a diffusion pathway. Substantial fractions of [125IJMIBG
and[3H]NEweredisplacedfrom the heartby the sympathomimeticdrug,
phenylpropanolamine. When adrenergic neurons of the heart were stimulated by feeding of
rats,the disappearanceratesof rHINE andI@I1MlBGfrom the heartweresignificantly
increased.Althoughnot a perfectanalogof [3H]NE,[@l]MlBGappearsto enterandleavethe
heartin patternssimilarto thoseof rHINE. Thus,movementsof [â€˜@l]MIBGgive indicesof
adrenergicneuroninjuryandfunctionin the heart.
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cting as a neurotransmitter, norepinephrine (NE)
mediates the function of adrenergic neurons. A rise in
adrenergic neuron activity is then associated with in
creased NE secretion by the synaptic terminals of the
nerves and with an accelerated loss of NE from not

only the neuron but also from the innervated tissue.
This concept was validated in rats by measuring the
rates of loss of [3H]NE from various organs after stim
ulation ofthe adrenergic nervous system (1,2).

A synthesized compound, metaiodobenzylguanidine
(MIBO), shares many cellular transport properties with
NE. Metaiodobenzylguathdine and NE enter adrenergic
cells through the same uptake system (3), are stored in
granules (4,5) and are secreted in response to acetylcho
line (6). Sequestration of radiolabeled MIBG by adre
nergic tissues has permitted, through scintigraphic im

ReceivedOct. 29, 1987;revision accepted Apr. 17, 1987.
For reprints contact: James C. Sisson,MD, Universityof

Michigan Medical Canter, Division of Nuclear Medicine, 1500
Medical Center Dr., Ann Arbor, MI 48109-0028.

aging, the detection of pheochromocytomas (7), and
the portrayal of the heart (8) in man. If MIBG acts as
an analog of NE, radiolabeled MIBG will also enable
the study of adrenergic neuron integrity and function
through detection of radioactivity.

We give evidence that iodine-125- (1251)labeled
MIBG resides in adrenergic neurons ofthe heart in rats:
uptake of [â€˜251]MIBGis diminished by injury to adre
nengic neurons, and by inhibition of a selective uptake
system in the neurons; [â€˜251]MIBGis displaced by an
indirectly-acting sympathomimetic drug; and increased
sympathetic activity is associated with a more rapid rate
ofloss of [â€˜25IJMIBG.Movements of['251]MIBG in the
heart largely mimic those of [3H]NE.

METhODS

Iodine-l25 sodium iodide was obtained at 17.4 Ci/mg (81
GBciJmmol), and radiolabeled MIBG was synthesized as de
scnibedbefore(9). An exchange reaction produced [â€˜25IJMIBG
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with a specific activity of 73 mCi/mg (737 GBq/mmol) and a
free 1251content of <2%.

Female Sprague-Dawley ratst weighing â€˜@.-2Â®g were given
water ad lib, but standard chow was removed from the cages
1 hr before beginning experiments. Twenty-five microcuries
of [â€˜251]MIBGor [3H]NE (777 GBq/mmol) were injected
through femoral vein under light ether anesthesia. Ether anes
thesia may effect the uptakes ofthe radiopharmaceuticals, but
the alternative, injection of animals under restraint, may also
affect uptakes of['251]MIBG and [3H]NE. Uniformity in pro
tocol enabled comparison of results obtained with the two
agents.

The rats were killed by rapid thoracotomy and excision of
the heart. For uniformity the left ventricle was chosen to
represent heart tissues; the right ventricle, generally gave sim
ilar results and atnia often had slightly higher concentrations
of the radiopharmaceuticals.

The endogenous content ofNE in the heart was determined
initially by radioenzymatic assay of NE@(10) and later by a
modification of a method (11) of high performance liquid
chromatography (HPLC). The tissues were homogenized in
iced0.4M perchloricacid, 1g to 9 ml, to extract the NE. For
the radioenzymaticassay,glutathione was added to the per
chloric acid to a concentration of l03M. Homogenates were
centrifuged at 2Â°Cand at 20,000 g for 20 mm. For the
radioenzymatic assay, supernatants were diluted 1:100 with
the kit buffer and then processed.For the HPLC measure
ments, I.0 ml ofTris/EDTA buffer(l .5M, pH 8.6) was added
to 400 @lof supernatant, then the NE adsorbed to alumina
and subsequently extracted with 200 @lof 0.lM perchloric
acid.

In the experiments where only [3H]NE or [â€˜251]MIBGwere
measured, the hearts were quickly removed, weighed and the
radioactivity determined: 3H in a liquid scintillation counter
after tissue oxidation, and 1251in an automated gamma coun
ter. In some experimentsNE wasmeasuredin animalsdiffer
ent from those receiving the radiolabeled compounds. For the
experiments in which 3H-NE/NE ratios were determined,
aliquots of the alumina eluates were assayed for 3H (liquid
scintillation) and NE (HPLC). When [â€˜251]MIBG/NEratios
were determined, 125jwas assayed in an aliquot of tissue
homogenate (gamma counting), and NE measured by HPLC
as describedabove. The possiblemetabolismof [â€˜25IJMIBG
wasestimatedfromthe fractionof 1251in the homogenatethat
was in the form of [â€˜251]iodide.After centrifugationof the
homogenate, an aliquot of supernatant was added to a SEP
PAKC-l8 cartridgeand the [â€˜251]iodideelutedwithpotassium
iodide and counted (12).

The functional integrity of adrenergic neurons was im
paired in groups of rats by the intraperitoneal injection of 6-
hydroxydopamine* 100 mg/kg (13). Five days later [1251]
MIBO or [3H]NE were injected, and rats were killed 2 hr later.
(The time of maximum effects of 6-hydroxydopamineon
adrenergic neurons is uncertain, but injury to neurons is
manifest for days after the agent is given.)

The selective uptake of NE by adrenergic neurons was
inhibited in another group of rats by the intraperitoneal injec
tion ofdesmethylimipramine,' 10mg/kg (14,15), 2 hr before
administration ofthe radiolabeled agents. These animals were
also killed 2 hr after receiving [â€˜251]MIBGor [3HINE. (The
time of peak action of desmethylimipramine after intraperi

toneal injection is uncertain, but the action of the agent is
well manifest and uniform 2 hr later).

The sympathomimeticdrug, phenylpropanolamine,*was
usedto displace[1251]MIBGand [3H]NEfrom neurons.Phen
ylpropanolamine has been shown to displace [3HJNE from
the hearts of mice (16), and its selection gave an analogy to
future experiments in human subjects. Beginning 2 hr follow
ing the injection of['25IJMIBG and [3H]NE, phenylpropanol
amine, 50 mg/kg, was injected intraperitoneally every 15 mm
for four doses [a protocol that was found to give greater
depletion of tissue catecholamines than a single injection
(17)]; the animals were killed 15 mm after the last injection.

Groups of rats were fasted for 40 hr to decrease adrenergic
neuron activity in the heart (1). During the fast the animals
had access to a dilute electrolyte solution containing 78 mEci]
1 of sodium and 15 mEciJl of potassium; fed rats were given
regular chow. Fasting or feeding continued after injection of
[3H]NE or [â€˜251]MIBGinto these rats. The rats were killed in
groups at 1.5, 4, 8, and 20 hr after injection of a radiophar
maceutical.

RESULTS

The experiments were designed to determine how
well radiolabeled MIBG will serve as an index of adne
nergic neuron integrity and function. Two different but
related questions were asked.

1. Following pharmacologic perturbations of the ad
renergic nervous system, how closely do changes in
[â€˜251]MIBGconcentrations within the heart mimic
those of [3H]NE?

2. Will changes in [â€˜251]MIBGconcentration reflect
injury and stimulation to regions of the adrenergic
nervous system?

Pharmacologic Perturbations of the Adrenergic
Nervous System

Effects of6-hydroxydopamine. Treatment ofrats with
a single injection of 6-hydroxydopamine was designed
to impair function ofthe adrenengic nerve terminals in
all tissues (13). In consequence, the endogenous NE
concentrations in the heart were markedly reduced
(Table lA); the NE concentration in the left ventricle
fell to 0.09 of the control value. The uptake of [3H]NE
was comparably diminished to 0. 12 of control values
by 6-hydroxydopamine (Table 1A). The uptake of['251]
MIBG was also inhibited by treatment with 6-hydrox
ydopamine (Table lÃ€),but to a lesser degree (0.31 of
control value) than those of endogenous NE and [3H]
NE.

Effects of desmethylimipramine. Desmethylimipra
mine was given to inhibit the selective uptake-i path
way in adrenergic neurons through which NE that has
left the neurons is recaptured (14,,15). Uptake of 3H-
NE by the heart was impaired (0.06 of control value)
by desmethylimipramine to a greater extent than that
produced by 6-hydroxydopamine (Table 1B). Desme
thylamipramine also reduced the uptake [â€˜25I]MIBG

1621Volume28 â€¢Number 10 â€¢October1987



Concentrationof agentsin tissuesEndogenous
NE(ng/gwetL@take
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ExperimentalE/C*

. Reference 18.

t [â€˜25qMl@@3or [â€˜HINE,25 ,@Cigiven i.v. in 0.2-0.3 ml.
* E/C: Experimental/control mean.

I All drugs given i.p. in 0.3 ml. Experimental groups: 6-Hydroxydopamine, 100 mg/kg, 5 days before [â€˜@â€˜l]MIBGand [@HJNE and

killed2 hr later;Desmethylimlpramlne,10 mg/kg.2 hr before[@â€˜lJMlBGand[@HJNE,and4 hr beforekrning;Phenylpropanolamine,50
mg/kgq 15mmx 4,beginning2 hrafter[@â€˜1JMlBGand[â€˜HINE,andkdled3 hrafter[1â€•l]MIBGand[@H]NE.COntrolgroupsreceived

Statisticalcomparisonof ExperimentalandControlgroups:
I p <0.01.

.. p <0.001.

but again to a lesser extent (0.5 of control value) than
the uptake of [3H]NE (Table lB). In contrast to the
pattern observed for uptakes of [3H]NE, the effect of
desmethylimipramine on the uptake of['251]MIBG was
less than that obtained with 6-hydnoxydopamine. Less
than 2% of 1251within the heart was in the form of
iodide.

Effects ofphenylpropanolamine. The indirectly-act
ing sympathomimetic drug, phenylpropanolamine, was
given to displace norepinephrine from adrenergic neu
rons (16). Injection of this agent caused statistically
significant depletions of[3H]NE from the left ventricle;
residual [3H]NE was 0.63 of control value (Table lC).
Phenylpropanolamine also depleted a significant frac
tion of [â€˜25I]MIBGfrom the left ventricle leaving a
residual of 0.47 of the control value (Table lC). In
contrast to the actions of 6-hydroxydopamine and
desmethylimipramine, phenyipropanolamine had a
slightly greater effect on the concentration of [1251]
MIBG than on that of [3HJNE.

Stimulation of the Adrenergic Nervous System
Feeding of rats has been shown to stimulate the

activity of adrenergic neurons ofthe heart, and the rate
ofloss ofNE has been an index ofthis activity (1). The
rates of disappearance of NE from the heart were cx
pressed as the specific activity of [3H]NE (nCi of [3HJ
NE/Mg endogenous NE or [3HJNE/NE) in both ventri
des over time (Fig. 1). The disappearance rate of 3H-
NE/NE from the heart offed rats (Tl/2 = 12.8 hr) was

significantly different (p < 0.003) than that from fasted
rats (11/2 = 23.6 hr) (Fig lA).

The rates of disappearance of [â€˜25I]MIBGwere ne
corded in an analogous manner, as ratios ofnCi of['251]
MIBG/@g of endogenous NE ([â€˜25I]MIBG/NE) and
were more rapid than those of [3H]NE/NE. However,
the pattern of disappearance of [â€˜25I]MIBG/NEwas
similar to that of [3H]NE/NE in that the rate of disap
pearance of [â€˜25I]MIBG/NEin fed rats (Tl/2 = 6.0 hn)
was significantly greater (p < 0.001) than the rate in
fasted rats (T 1/2 = 10.3 hr) (Fig lB). The percent of
1251 as iodide in the hearts was always < 2.

DISCUSSION

The data of the experiments in rats show that phar
macologic treatments known to alter the function of
adrenergic neurons reduce the concentration of both
[3H]NE and [â€˜251]MIBGin the heart. Although the
effects on [3H]NE and [â€˜25IJMIBG were qualitatively

similar, the quantitative changes in tissue concentra
tions of the two agents differed. Uptake of [3H]NE was
consistently more reduced than that of [â€˜25IJMIBGby
6-hydroxydopamine and desmethylimipramine. Some
of this difference in uptake may be accounted for by a
greater proportion of[125I]MIBG than of[3H]NE enter
ing non-neuronal sites of the tissues, but probably an
other mechanism, neuronal uptake by a diffusion path
way described below, plays an important role.

The uptake of[3H]NE was reduced in the heart more

TABLE 1
Concentrations of [â€˜@l]MIBG,[@H]NEand Endogenous NE in Left Ventricle Administration of Drugs Directed

at AdrenergicNeuronsin Rats

A. Injury to neurons by 6-hydroxydopan*ie'
(4)0.734 (6)0.225'
Â±0.086 Â±0.035

B. Inhibitionof uptakebydesmethylimipramine'
(5)0.649 (5)0.322'
Â±0.069 Â±0.036

0.31 (5)1.241 (5)0.146'
Â±0.088 Â±0.032

0.50 (5)0.562 (5)0.031@
Â±0.036 Â±0.011

0.12 (4)688
Â±175

0.06 (5)550
Â±60

0.63

(5) 63'
Â±24

(5)691
Â±137

0.09

1.26

C. Displacementby
(5)0.484 (5)0.288' 0.47 (5)0.670
Â±0.065 Â±0.013 Â±0.081

(5)0.419W'
Â±0.068
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FIGURE 1
Ratesof disappearanceof [3H]NEand [@l]MlBG from rat heart. Eachgroup consistedof five rats except where
indicated by numbers in parentheses. A: Specific activity of [3H]NEas nCi of [3H]NE/@gendogenous NE. B: nCi of [1251]
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by desmethylimipramine than by 6-hydroxydopamine,
an observation that suggests that damage to the neurons
by 6-hydroxydopamine was incomplete. Compared to
the control value, the residual uptake of [â€˜25I]MIBG
after 6-hydroxydopamine in the heart was 0.31; this
fraction would then represent the maximum non-neu
ronal uptakes of [â€˜25IJMIBG.However, since the injury
imposed by 6-hydroxydopamine was incomplete, the
true non-neuronal fraction was probably less. Desmeth
ylimipramine imposed a rather complete inhibition of
the uptake-l pathway as indicated by the reduction of
[3H]NE uptake into the heart to 0.06 of control level,
yet this agent lowered the [â€˜251]MIBGuptakes to only
0.50 giving residual concentration that could not be
accounted for solely by non-neuronal uptake. Thus, a
substantial fraction of [â€˜251]MIBGmust have entered
neuronal sites in these organs by a route other than the
uptake-l pathway.

The diffusion pathway that facilitated entry of a
greater proportion of [â€˜251]MIBGthan of [3H]NE into
adrenal medulla cells (3) may also operate in adrenengic
neurons. If such a diffusion type pathway were more
resistant than the uptake-i pathway to the destructive
effect of 6-hydroxydopamine, the pattern ofthe uptake
data in rat heart would be explained. The diffusion type
of pathway then may facilitate a substantial proportion
of [â€˜251]MIBGinto adrenergic neurons.

The depletions of [â€˜251]MIBGand [3H]NE from the
left ventricle following administration of phenylpropa
nolamine were probably caused by displacements of the
radiolabeled agents by the sympathomimetic drug. The

effect of phenylpropanolamine [â€˜25I]MIBGwas slightly
greater than that on [3HJNE, a difference that could
relate to a slightly larger fraction of['25I]MIBG residing
in extra-vesicular sites within the neuron, positions that
may be more accessible to displacement.

Feeding of rats appears to activate the adrenengic
nervous system in the heart, and the rate of disappear
ance of [3H]NE/NE then serves as an index of NE
turnover in that organ (1,2). In our experiments, [3H]
NE/NE disappeared more rapidly from the heart of fed
than from the heart of fasted rats giving values similar
to those reported by Landsberg and Young (1). The
disappearance of [â€˜25I]MIBG/NEwas also faster in the
fed animals, and this pattern suggests that rates of
disappearance of [â€˜25I]MIBGreflect functional activity
ofadrenergic neurons in the heart. However, the differ
ences in rates ofdisappearance between [â€˜25IJM1B0and
[3HJNE/NE require explanation. Although [â€˜25I]MIBG
could be preferentially sequestered in the adrenergic
vesicles that are in ready position for exocytosis, there
is neither theoretical nor experimental support for this
concept. Alternatively, a greater proportion of [12511
MIBO than of [3HJNE may be in extra-vesicular sites
(neuronal and non-neuronal) so that [â€˜25I]MIBG
â€œleaksâ€•out of the heart more rapidly than does [3H]
NE. Although this latter explanation means that some
of the loss of [â€˜25IJMIBGis unrelated to neuron func
tion, measurable changes in the rates of disappearance
of [â€˜251]MIBGnevertheless may still faithfully reflect
changes in adrenergic activity.

Although not a perfect analog ofNE, MIBG, through
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and reliability of liquid chromatography with electro
chemical detection for measuring plasma levels of
norepinephrine and epinephrine in man. Life Sd
1981; 28:467â€”475.

12. Mangner TJ, Tobes MC, Wieland DM, et al. Metab
olism of iodine-l3l meta-iodobenzylguanidine in pa
tients with metastatic pheochromocytoma. J Nuci
Med 1986; 27:37â€”44.

13. Dc Champlain J, Nadeau R. 6-Hydroxydopamine, 6-
hydroxydopa and degeneration of adnenergic nerves.
FedProceed 1971; 30:877â€”885.

14. Axeirod JG, Hertting G, Potter L. Effect of drugs on
the uptake and release of3H-norepinephrine in the rat
heart. Nature 1962; 194:297.

15. Daly JW, Greveling CR, Witkop B. The chemorelease
of norepinephrine in mouse hearts. Structure-activity
relationships. II. Drugs affecting the sympathetic and
central nervous systems. J Med Chem 1966; 9:280â€”
284.

16. Daly JW, Greveling CR, Witkop B. The chemorelease
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amines. JMed Chem 1966; 9:273â€”280.

17. Neff NH, Tozer TN, Hammer W, et al. Kinetics of
release ofnorepinephnne by tyramine. Life Sci 1965;
4:1869â€”1875.

18. Kirschner AS, Ice 1W, Beierwaltes WH. Radiation
dosimetry of â€˜311-l9-iodocholesterol:the pitfalls of us
ing tissue concentration data [Reply]. J Nud Med
1975;16:248â€”249.

19. Zar JH. Biostatistical analysis. Englewood Cliffs, NJ:
Prentice Hall, 1974:268â€”274.

measurements of its uptake and rate of release, has the
potential to provide indices ofadrenergic neuron integ
rity and function. In its disappearance from tissues,
MIBG may be, in some ways, more reliable than NE
since MIBG is metabolized to only a small extent (12)
and does not bind to postsynaptic receptors (4). There
fore, radiolabeling MIBG with 1231should give a radi
opharmaceutical that can be detected and quantified
external to the animal, and thereby enable in vivo
estimates of adrenergic function in specific organs such
as the heart of man. Such data have heretofore been
impossible to obtain.
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