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No test currently exists for molecular imaging of pulmonary arte-
rial hypertension (PAH). Adrenomedullin is a vasodilator peptide
predominantly cleared by pulmonary endothelial receptors. We
developed a linear adrenomedullin derivative radiolabeled with
99mTc (99mTc-AM-L) for imaging of pulmonary circulation and
tested its capacity to detect anomalies of pulmonary circulation
caused by PAH. Methods: PAH was induced by monocrotaline
in rats and compared with controls. After 5 wk, 99mTc-AM-L
was injected intravenously. Plasma kinetics were measured,
lung activity was determined in vivo after 30 min using a nuclear
camera, and lung activity was determined ex vivo in explanted
lungs. Expression of adrenomedullin receptors was measured
in lung homogenates. Results: The plasma levels of 99mTc-
AM-L significantly increased in PAH by approximately 2-fold.
Uptake by the lungs was homogeneous but greatly reduced in
PAH by about 70%. In vivo retention was 14% 6 1% (mean 6

SD) of the injected dose in controls and 4% 6 1% in PAH (P ,

0.0001). A similar reduction was measured ex vivo (6.0 6 1.6 per-
centage injected dose per gram [%ID/g] vs. 0.95 6 0.21 %ID/g,
P , 0.0001). The expression of the heterodimeric component of
the adrenomedullin receptor, receptor activity modifying protein
2, was also greatly reduced in PAH lungs (P , 0.001). Interest-
ingly, right ventricular uptake of 99mTc-AM-L was increased by
PAH (P 5 0.02) and correlated with the degree of right ventricular
hypertrophy (r 5 0.83, P 5 0.001). Conclusion: Pulmonary up-
take of 99mTc-AM-L is greatly reduced in monocrotaline-induced
PAH. This novel molecular imaging agent may be useful in the di-
agnosis and follow-up of pulmonary vascular disorders.
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No clinically available test currently exists that can
provide both anatomic and functional information on the

status of pulmonary circulation. Pulmonary arterial hyper-
tension (PAH) is a disorder characterized by endothelial
dysfunction, with intimal and vascular smooth muscle
proliferation leading to gradual obliteration of pulmonary
arterioles (1). PAH is screened by transthoracic Doppler
echocardiography, with the estimation of pulmonary artery
systolic pressure obtained using the tricuspid valve regur-
gitant jet. Although this approach correlates with hemody-
namically measured pulmonary pressure, it does not provide
direct information on the biology of pulmonary circulation
and may miss the early presence of pulmonary vascular
disease (1). The recent availability of oral therapies for PAH
such as endothelin receptor antagonists and phophodiesterase
inhibitors advocates for earlier diagnosis of this condition
and treatment of subjects in functional class II (1). There is,
therefore, a clinical need for novel diagnostic approaches
toward pulmonary vascular disease that could provide an
earlier and more precise diagnosis.

Adrenomedullin is a vasodilator peptide produced by the
vascular endothelium. When injected intravenously, adre-
nomedullin is predominantly cleared by pulmonary circula-
tion by specific adrenomedullin receptors (2,3). Human and
rat lungs indeed contain a high density of specific adreno-
medullin binding sites (4,5), mostly distributed on the
vascular endothelium. We hypothesized that PAH would
be associated with reduced density of adrenomedullin re-
ceptors, which could be measured using an externally
detectable tagged receptor substrate. To that aim, we devel-
oped a linear human adrenomedullin derivative enabling
direct labeling with 99mTc (99mTc-AM-L) and recently
demonstrated the capacity of this agent to specifically bind
to lung adrenomedullin receptors, thus enabling the imaging
of pulmonary circulation and the detection of large perfusion
defects (6). We also demonstrated that linear adrenomedul-
lin specifically binds to human MCF-7 cells expressing
adrenomedullin receptors (6). The rat lungs contained a high
density of specific adrenomedullin binding sites (dissocia-
tion constant, 0.66 nM; maximum number of binding sites,
1,760 fmol/mg protein) (7). In the current study, we tested
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the capacity of this novel molecular imaging method to
detect abnormalities of pulmonary circulation caused by
monocrotaline-induced PAH in rats.

MATERIALS AND METHODS

All experimental procedures were performed in accordance
with regulations and ethical guidelines from the Canadian Council
for the Care of Laboratory Animals and received approval by the
animal ethics and research committee of the Montreal Heart
Institute.

Linear Adrenomedullin (AM-L) Synthesis
and Purification

Human adrenomedullin is a cyclic 5-amino-acid peptide com-
prising 2 cysteine residues located at positions 16 and 21 from the
N terminus. The 2 cysteine residues are bound by disulfide
linkage, forming a ring composed of 6 amino acids. The AM-L
derivative used in the present study has the same structure, except
that it lacks a rink by omission of the disulfide linkage. The
complete 52-amino-acid sequence of adrenomedullin was synthe-
sized using a solid-phase procedure based on fluorenylmethyl-
oxycarbonyl chemistry, with a rink-adrenomedullin-amide resin
(Chem-Impex International) as the solid support.

The crude linear adrenomedullin was purified without perform-
ing an oxidation step, which would result in the disulfide bond
formation to preserve free cysteine residues necessary to achieve
the radiolabeling.

The purity of the collected fractions was evaluated through
analytic reversed-phase high-performance liquid chromatography,
and the mass was established with matrix assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (Voyager DE;
Applied Biosystems). Homogeneous fractions corresponding to
the linear form of the peptide (AM-L) were then pooled and
separated into 2.9-nmol samples, before lyophilization.

Radiolabeling and Purification
Sample vials containing 2.9 nmol of AM-L were kept at 220�C.

Radiolabeling was performed by adding to the vial 100 mL of HCl
(1 mmol/L) and 14.8 mL of SnCl2 � 2H2O (0.2 mg/mL [13 nmol]).
Immediately after the material had dissolved, 555 MBq (15 mCi) of
freshly prepared Na99mTcO4 (28.9 pmol) in saline solution was
added, and the mixture was kept at room temperature for 1 h. After
the radiolabeling step, 1 mL of phosphate-buffered saline (PBS)
(pH 7.4) was added to the solution.

All of the 99mTc-AM-L reaction mixture was injected onto a
1-mL (100-mg) C18 Sep-Pak (Waters) cartridge. The cartridge was
then washed with 3 mL of hydrochloric acid (1 mmol/L) and eluted
with 3 mL of a 50% ethanol solution. Fractions of 0.5 mL were
collected into sterile polypropylene tubes. Fractions and cartridge
radioactivity count were then measured, and the 3 fractions with the
highest counts were pooled. A total of 200 mL of 10· sterile PBS
(pH 7.4) was added, and the radiochemical purity—as measured
using instant thin-layer chromatography–silica gel strips (PALL
Life Sciences)—was greater than or equal to 95%.

Studies in Monocrotaline-Induced PAH
Male Sprague–Dawley rats (Charles River) weighing between

200 g and 225 g received a 0.5-mL intraperitoneal injection of
either 0.9% saline (n 5 8) or 60 mg of monocrotaline per kilogram
(n 5 11). Five weeks later, rats were anesthetized for hemodynamic

measurements using microtip pressure transducer catheters (model
SPR-407, 2F; Millar Instruments).

Nuclear Medicine Experiments. The animals were anesthetized
by an initial intramuscular dose of xylazine (10 mg/kg) and
ketamine (50 mg/kg), followed by an intraperitoneal injection of
heparin (2,000 U; Sigma Chemical Co.). Additional doses of
xylazine and ketamine were used if noxious stimuli (hind feet
pinching) could elicit nociceptive motor reflexes or changes of the
systemic blood pressure.

99mTc-AM-L was injected in a volume of 200 mL (0.3 pmol,
18.5 MBq [0.5 mCi]) into the right jugular vein. A series of 200-
mL blood samples was collected at 1 and 3 min after the initial
adrenomedullin injection, then repeated every 5 min for a 30-min
period. After each sample collection, an equal volume of saline
was injected into the animal to maintain blood volume and
pressure.

The whole-body biodistribution of radiolabeled peptide was
evaluated using 2 different approaches: in vivo by imaging with a
nuclear camera and ex vivo by surgically removing and counting
organs in a g-counter. In vivo multiorganic biodistribution of
99mTc-AM-L was evaluated with a signature camera system
(E.Cam; Siemens) equipped with an on-board computer and a
low-energy, high-resolution parallel-hole collimator. Images were
acquired using a 256 · 256 matrix with a pixel size of 1.35 mm.
The syringe containing labeled AM-L was counted before injec-
tion using 1 head of the g-camera. To determine attenuation, the
animal was scanned from the top with 1 camera head, and a flood
source was placed underneath. After the dose injection, images in
anterior and posterior views were obtained using the 2 camera
heads. The quantity of tracer remaining in the syringe was then
measured and subtracted to determine the injected dose. Regions
of interest (ROI) were manually drawn over whole organs (lungs,
heart, liver, bladder, kidneys, gallbladder) by an experienced
technician. Background ROIs were drawn next to those organs.

After intravenous injection of 99mTc-AM-L, dynamic acquisi-
tion was recorded for a 30-min period (1 frame per second during
the first minute, then 1 frame per minute for the remaining time).
Static acquisitions were also recorded for whole individual organs,
including the lungs, kidneys, liver, heart, and bladder at 30 min
after initial injection. Biodistribution for each organ was com-
puted in percentage injected dose (%ID). All images were com-
pensated for 99mTc half-life. Background activity was removed
from the anterior and posterior activity of each organ by extrap-
olating on the size of the ROI. Geometric means of anterior and
posterior activity were computed for each organ and compensated
for mean attenuation of that organ.

At the end of in vivo acquisition, the animals were sacrificed
and the lungs, liver, kidneys, and heart (separated into right
ventricle and left ventricle plus septum) were removed, gravity-
drained, and weighed. The blood samples and organs were then
placed in a g-counter (model 1470 Wizard; Wallac) to determine
99mTc activity. Results were expressed as a %ID per gram (%ID/g)
of organ weight.

Adrenomedullin Receptor Expression
To determine the level of expression of adrenomedullin recep-

tors in the lungs of control and monocrotaline-treated animals, we
performed Western immunoblots directed at the receptor activity
modifying protein 2 (RAMP2), the accessory protein associated
with adrenomedullin receptors found in lung tissues. To perform
lung protein extraction, the snap-frozen right inferior lobe was
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homogenized using a polytron homogenizer in lysis buffer
containing a protease inhibitor cocktail. The homogenate was
clarified by centrifugation, and the final protein concentration was
determined. Fifty micrograms of protein per sample were sepa-
rated on a 15% sodium dodecylsulfonate–polyacrylamide gel
electrophoresis gel for 1 h at 200 V at 4�C and transferred onto
a polyvinylidene difluoride membrane at 100 V for 90 min at 4�C.
The membrane was subsequently blocked for 2 h at room
temperature with 5% skimmed milk powder in PBS 1· and
0.01% polysorbate 20 (PBS-T) and incubated overnight at 4�C
with primary rabbit polyclonal antibody raised against amino
acids 28–166 of RAMP2 of human origin (Santa Cruz). The
antibody was diluted 1:500 with 5% milk in PBS-T overnight at
4�C. The membrane was then washed with PBS-T, reblocked for
10 min with 5% milk diluted in PBS-T, and then incubated with
the appropriate horseradish peroxidase–conjugated secondary an-
tibody for rabbit (Jackson Laboratories) diluted 1:10,000 in 5%
milk PBS-T. After 3 washes, the immunoreactive bands were
visualized by enhanced chemiluminescence (Renaissance Plus;
Perkin Elmer Life Sciences) according to the manufacturer’s
instructions using Bio-Max MR film. Anti-actin (1:1,000) anti-
body was used to ensure equal protein loading.

Hemodynamic Measurements
Male Sprague–Dawley rats (n 5 3) weighing 200–225 g were

anesthetized with 3% (v/v) isoflurane in 100% O2. The right
jugular vein was then isolated and incised, and a polyethylene
catheter (PE 50; Instech Solomon) was inserted in the right atrium
for bolus intravenous injection. A microtip pressure transducer
catheter (Millar Instruments) was inserted into the right carotid
artery for hemodynamic recording. During a period of stabiliza-
tion (;30 min), isoflurane was reduced to 1.5%. The signal for
systemic arterial blood pressure and heart rate were recorded on a
personal computer via an analog-to-digital converter (PowerLab;
ADInstruments). Either saline (0.7 mL/kg), AM-L (2.9 nmol,
equivalent to 10 times the injected dose for imaging studies), or
isoproterenol (10 ug/kg) were injected successively into the right
jugular vein, and hemodynamic measurements were monitored.

Statistical Analysis

Differences between groups were evaluated by 2-tailed
independent sample t tests. Plasma kinetics of 99mTc-AM-L
were analyzed using a 2-compartment pharmacokinetic
model with Prism software (version 4.0; GraphPad), and
the fitted curves were compared using an F test. All values
are reported as mean 6 SD.

RESULTS

Severe PAH developed in monocrotaline-treated rats
with a right ventricular systolic pressure of 88 6 26 mm
Hg (n 5 11), compared with 30 6 7 mm Hg (n 5 8) in
controls (P , 0.001). There was also important right
ventricular hypertrophy evidenced by a higher right-to-left
ventricular plus septum weight ratio of 0.50 6 0.07,
compared with 0.22 6 0.07 (P , 0.001).

The plasma kinetics of 99mTc-AM-L are presented in
Figure 1. The fitted curves were significantly different (P ,

0.001), with plasma levels approximately 2-fold higher
in PAH than in control animals. After 10 min, levels were

1.25 6 0.28 %ID in controls, compared with 2.08 6 0.65
%ID in PAH animals (P 5 0.03).

The biodistribution of 99mTc-AM-L 30 min after injec-
tion was determined by 2 different approaches: in vivo
using a nuclear camera (Fig. 2) and ex vivo by counting the
explanted organs in a g-counter (Fig. 3). The in vivo
biodistribution revealed a markedly reduced lung uptake
of the tracer from 14 6 1 %ID in controls to 4 6 1 %ID in
PAH (P , 0.0001). A similar important reduction was
observed ex vivo with 6.0 6 1.6 %ID/g versus 0.95 6

0.21 %ID/g (P , 0.0001). The monocrotaline-treated group
also demonstrated increased liver uptake but lower kidney
and bladder activities than did the control group. Interest-
ingly, although the heart displayed little retention of this
molecular imaging agent, the uptake as measured ex vivo
was increased in the PAH animals from 0.14 6 0.02 %ID/g

FIGURE 1. Plasma kinetics of 99mTc-AM-L in control
group and in monocrotaline-induced PAH (MCT) group.
Fitted 2-compartment-model curves are significantly
different, with a P value less than 0.001.

FIGURE 2. In vivo biodistribution of 99mTc-AM-L in control
group and in monocrotaline-induced PAH (MCT) group. #P ,

0.001 vs. control. *P , 0.05 vs. control.
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to 0.43 6 0.24 %ID/g (P , 0.05). The increased uptake in
the right heart ventricle correlated with right ventricular
weight (r 5 0.83, P , 0.01), although no correlation for the
left ventricle plus septum was shown (r 5 20.58).

Whole-body images of rats 30 min after injection are
presented in Figure 4. Homogeneous bilateral lung uptake
in control rats and a marked reduction of 99mTc-AM-L in

the animals with PAH (barely any lung uptake was visible)
were observed. Dynamic imaging revealed that lung uptake
occurred rapidly within the first lung transit time and was
maintained for 30 min in controls; no evident lung tracer
uptake was seen in the PAH group (Supplemental Video 1;
supplemental materials are available online only at http://
jnm.snmjournals.org).

The heterodimeric adrenomedullin receptor component
RAMP2 was evaluated in lung tissue by Western immuno-
blots. There was a marked reduction of RAMP2 protein
expression (Fig. 5) in PAH rats (P , 0.001).

Studies in anesthetized rats revealed that AM-L injection
in doses representing 10 times the amount used for lung
imaging in this study did not cause any detectable variation
in blood pressure or heart rate.

DISCUSSION

Adrenomedullin is a multifunctional peptide mostly
expressed in endothelial cells and distributed in various
tissues, such as the lung, kidney, and heart (3,5). Previous
studies have observed a high density of binding sites for
adrenomedullin, with high affinity in lung tissues (4,5),
which act as clearance receptors for the peptide (3,6). In rat
lungs, these specific binding sites have been pharmacolog-
ically characterized through binding studies with dissocia-
tion constant and maximum number of binding site values
of 0.66 nmol and 1,760 fmol/mg, respectively (7). More-
over, it has been shown that adrenomedullin binding in rat
lungs can be antagonized by adrenomedullin (22-52) but
not by calcitonin gene-related peptide (8-37), a pharmaco-
logic profile associated with the calcitonin receptorlike
receptor (CLR)–RAMP2 receptor complex (8). Further-
more, intravenous injection of rat 125I-adrenomedullin in
Sprague–Dawley rats showed a rapid distribution of the

FIGURE 3. Ex vivo biodistribution of 99mTc-AM-L in control
group and in monocrotaline-induced PAH (MCT) group.
&P , 0.001 vs. control. *P , 0.05 vs. control. #P , 0.01 vs.
control.

FIGURE 4. Whole-body scans 30 min after intravenous
99mTc-AM-L injection in control and PAH model animals.

FIGURE 5. Lung tissue protein expression of AM receptor
component RAMP2 in sham and monocrotaline-induced
PAH (MCT) rats.
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peptide, with the lungs retaining most of the radioactive
tracer. The specificity of lung binding with this tracer was
even confirmed by displacement with unlabeled rat adre-
nomedullin (3). Furthermore, we have recently demonstrated
that 99mTc-AM-L specifically binds to human MCF-7 cells
expressing adrenomedullin receptors (6).

We used 99mTc-AM-L for the imaging of pulmonary
circulation and tested its ability to detect the abnormal
pulmonary circulation in a model of PAH. We demon-
strated that this molecular imaging agent can be used to
detect abnormalities of pulmonary microcirculation. In
PAH, lung uptake of 99mTc-AM-L was markedly reduced.
PAH is a disorder characterized by medial hypertrophy of
pulmonary arterioles with intimal proliferation, leading to
obliteration and loss of pulmonary circulation (1). There
currently exists no test that can noninvasively detect this
loss of pulmonary microcirculation. The monocrotaline
model of PAH, although lacking the intimal proliferation
of human PAH, is similarly associated with medial hyper-
trophy with obliteration and loss of pulmonary arterioles
(9,10). The observed reduction in 99mTc-AM-L uptake in
PAH could, therefore, in great part be caused by reduced
pulmonary vascular surface, with loss of adrenomedullin
receptors. We cannot, however, rule out a contribution by
reduced adrenomedullin receptor affinity.

Previous studies have used the basic amine N-N-N9-
trimethyl-N9(2-hydroxy-3-methyl-5-iodobenzyl)-1,3 pro-
panediamine labeled with radioactive iodine (123I-HIPDM)
for lung imaging (11,12). 123I-HIPDM is extracted by the
lungs and, contrary to 99mTc-AM-L, displayed increased
retention in a model of pulmonary hypertension induced by
pulmonary vein banding (11). 123I-HIPDM is a lipophilic
amine that concentrates in lung mitochondria (12) by a
receptor-independent process. Although 123I-HIPDM has
been considered for its potential as a lung vascular imaging
agent, it has not been further developed.

The adrenomedullin receptor is a heterodimeric G-pro-
tein–coupled receptor composed of 2 components, CLR
and RAMP2 (13). The AM1 receptor subtype is composed
of CLR–RAMP2, and the AM2 receptor subtype is com-
posed of CLR–RAMP3. These receptors, compared with
other related peptides such as the calcitonin gene-related
peptide, are distinguished by the greater selectivity of the
AM1 subtype for adrenomedullin (14). Using dog lung
homogenates, we have characterized 1 high-affinity binding
site for AM-L, and using calcitonin family peptides, we
determined the binding site to be the AM1 receptor subtype
(CLR–RAMP2) (15).

Large-scale analysis of the human and mouse tran-
scriptomes revealed that RAMP2 was relatively equally
distributed among most tissues, with the notable exception
of high expression levels in the lungs (16). Human and rat
lungs indeed contain a high density of specific adrenome-
dullin binding sites (4,5), mostly distributed on the vascular
endothelium. This high density is concordant with studies
demonstrating that the lung is an important site for circu-

lating adrenomedullin clearance (2,3). Acute lung injury in
a sepsis model is associated with markedly increased
circulating adrenomedullin levels with concomitant 95%
reduction in lung RAMP2 expression, suggesting that
reduced lung binding and clearance could contribute to
the increased plasma levels (17). In the current study, we
also evaluated lung RAMP2 protein expression and found
that it was markedly reduced by about 80%, consistent with
the approximate 70% reduction in lung uptake that we
found and with the increased (doubling) of plasma 99mTc-
AM-L levels in PAH.

The monocrotaline model of lung injury with PAH is not
selective to pulmonary circulation. Another organ sensitive
to the effect of monocrotaline is the kidney, and previous
studies have used monocrotaline injection as a model of
renal injury (18). Although this study was not designed to
evaluate kidney function, we found that monocrotaline
resulted in reduced kidney uptake of 99mTc-AM-L by about
50%. This suggests that the loss of kidney adrenomedullin
uptake could be used to evaluate kidney damage in this
model, but further studies specifically evaluating the kidney
adrenomedullin system in this model and other more
relevant kidney disease models are required. The observed
increase in liver and heart uptake of 99mTc-AM-L could be
a direct consequence of increased 99mTc-AM-L plasma
levels secondary to reduced lung and kidney clearance with
greater compensatory liver elimination. Of more relevance
to PAH, however, was that 99mTc-AM-L uptake by the heart
was increased in PAH and that the right ventricular uptake
correlated with the severity of right ventricular hypertro-
phy. The heart uptake of 99mTc-AM-L was, however,
low—even in PAH—and the increase could not be detected
in vivo by the g-camera. These results are nevertheless
consistent with studies in rat models of pressure- or
volume-induced left ventricular hypertrophy that have
demonstrated an evident increase of adrenomedullin recep-
tor expression in the heart (19,20). Whether adrenomedul-
lin receptor expression could be used to detect right
ventricular hypertrophy in a larger animal model or in
human subjects will be evaluated in future studies.

The current study has some limitations. The findings of
the current study in the monocrotaline model of PAH
cannot be generalized to all forms of pulmonary hyperten-
sion and will require validation in other pathologic models
to determine the sensitivity and specificity of this approach
for the diagnosis of disorders of pulmonary circulation.

CONCLUSION

Pulmonary uptake of 99mTc-AM-L is reduced in
monocrotaline-induced pulmonary vascular disease and
can be detected in vivo using a nuclear camera. This novel
molecular imaging agent could potentially be used to
diagnose PAH and other disorders of pulmonary circulation
associated with reduced biologic expression or function of
the adrenomedullin receptor.
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