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A novel 18F-labeled tracer, LMI1195 (N-[3-bromo-4-(3-18F-fluoro-

propoxy)-benzyl]-guanidine), is being developed for sympathetic

nerve imaging; its high specificity for neural uptake-1 mechanism
has previously been demonstrated in cell associative studies and in

rabbit and nonhuman primate studies assessing heart uptake. The

aim of this study was to investigate the mechanisms of 18F-LMI1195
cardiac uptake in the rat, which is known to contain norepinephrine

uptake mechanisms beyond uptake-1. Methods: Tracer accumula-

tion in the heart was studied over time after intravenous administra-

tion of 18F-LMI1195 in healthy male Wistar rats by quantitative in vivo
PET imaging. The uptake mechanism was assessed by pretreatment

with the nonselective norepinephrine uptake-1 and norepinephrine

uptake-2 inhibitor phenoxybenzamine (50 mg/kg intravenously; n 5 4),

the selective norepinephrine uptake-1 inhibitor desipramine (2 mg/kg
intravenously; n 5 4), or saline control (intravenously; n 5 4).

Results: 18F-LMI1195 produced high and sustained heart uptake

allowing clear delineation of the left ventricular wall over 60 min after

tracer administration. Pretreatment with phenoxybenzamine mark-
edly reduced the 18F-LMI1195 cardiac uptake when compared with

controls. In contrast, there was preserved 18F-LMI1195 uptake after

desipramine pretreatment. Conclusion: In rats, cardiac uptake of
18F-LMI1195 was significantly inhibited by phenoxybenzamine but

not desipramine, suggesting 18F-LMI1195 is a substrate for the up-

take-2 mechanism and is consistent with the rat heart having a dom-

inant level of the mechanism.
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The sympathetic nervous system is an essential element for
the regulation of cardiac function, adapting to the daily changing
demands of physiologic conditions. It is well known that chronic
hyperactivation of this system in patients with heart failure plays
an important role in the vicious cycle of advanced disease pro-

gression by increasing myocardial energy requirements, afterload,
and arrhythmias (1). Radionuclide imaging techniques provide
noninvasive information about cardiac sympathetic innervation
and nerve activity (2,3). These techniques uniquely facilitate un-
derstanding of the local cardiac sympathetic nervous system in
physiologic and pathologic conditions, in contrast to blood tests,
which only assess systemic sympathetic conditions.
Most commonly used for cardiac sympathetic nerve imaging

are norepinephrine analog tracers, including 123I-metaiodobenzyl-
guanidine for SPECT and 11C-hydroxyephedrine for PET (2–5).
The PET assay is superior to SPECT in terms of quantification and
temporal and spatial resolution. However, the clinical application
of 11C-hydroxyephedrine is limited because of the short radio-
active half-life of 11C (;20 min), which requires costly on-site
cyclotron-dependent radionuclide production for the tracer synthe-
sis and also has limitations for catecholamine turnover assessment
by delayed scans. On the other hand, 18F PET tracers, which have
a longer radioactive half-life of approximately 110 min, have a
significant potential to overcome the disadvantages of conven-
tional 11C-labeled sympathetic nerve PET imaging tracers by dis-
tribution of the tracer from a central cyclotron facility in a manner
similar to 18F-FDG (6). Additionally, this class of tracers may
provide higher flexibility in the design of study protocols using
delayed or prolonged imaging, possibly contributing to the
broader application of this methodology in research and clinical
applications (6–9). However, there are no clinically established
18F-labeled sympathetic nerve PET tracers yet.
Recently, a novel 18F-labeled PET tracer, LMI1195 (N-[3-bromo-

4-(3-18F-fluoro-propoxy)-benzyl]-guanidine), was introduced. This
tracer, based on a benzylguanidine structure, shares similarities
with the clinically established sympathetic nerve SPECT tracer
123I-metaiodobenzylguanidine. Initial characterization of this new
compound has been reported by Yu et al. (10). High human nor-
epinephrine transporter binding affinity was proven by experiments
using cell membranes overexpressing human norepinephrine trans-
porter andhumanneuroblastomacells (10).Furthermore, byperform-
ing in vivo norepinephrine neural uptake-1 blocking experiments
with desipramine in New Zealand White rabbits and nonhuman pri-
mates, resulting in significant cardiac tracer uptake reduction, a high
selectivity for norepinephrine transporters was proven.
Rat models have been the most widely and successfully used

heart failure models in basic and translational research (11). How-
ever, it is known that there are significant species differences in the
existence of norepinephrine uptake mechanisms in rat hearts, com-
pared with primate hearts (12–15). Therefore, the aim of this study
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was to investigate the mechanisms of the PET tracer 18F-LMI1195

uptake in the rat hearts.

MATERIALS AND METHODS

Animals

In all of our experiments, healthy male Wistar rats weighting 250–

300 g were used. Experimental protocols were approved by the re-

gional governmental commission of animal protection (Regierung von

Oberbayern, Germany) and conformed to the guidelines of the U.S.

National Institutes of Health.

Tracer Production and Experimental Protocols

Synthesis and quality control of 18F-LMI1195 were performed us-

ing a previously described procedure (10). 18F-LMI1195, with a radio-

chemical purity of 98% or more and specific activity of 600 GBq/

mmol or more, was used in the biologic evaluation and small-animal

PET studies.
Two series of experiments were performed (Fig. 1). The first pro-

tocol was designed to assess the systemic and myocardial tracer dis-

tribution of 18F-LMI1195 over 60 min (n 5 4). Shortly before an

injection of 37 MBq of 18F-LMI1195 via the tail vein, a dynamic

PET scan for an interval of 60 min was initiated (Fig. 1). The second

protocol was designed to evaluate the cardiac 18F-LMI1195 uptake

mechanism. Animals were pretreated with phenoxybenzamine (50

mg/kg intravenously; nonselective blockage of neural uptake-1 and

nonneural uptake-2) (Sigma Aldrich Co.), desipramine (2 mg/kg in-

travenously; selective blockage of neural uptake-1) (Sigma Aldrich

Co.), or 0.9% saline as a control group. Ten minutes after these re-

spective pretreatments, 37 MBq of 18F-LMI1195 were administered

via the tail vein. A 10-min dynamic PET session was started shortly

before the tracer injection. Animals were euthanized immediately

after the imaging sessions; hearts and blood were obtained for ex vivo

analysis with autoradiography (CR35 Bio; Raytest) and g-counter

(Wallac 1480-011 Automatic g-Counter; PerkinElmer).

PET Acquisition and Reconstruction

All animals were maintained anesthetized during the whole ex-

periment by 2% isoflurane. All scans were obtained using a dedicated

small-animal PET/CT system (Inveon microPET/CT; Siemens Pre-

clinical Solutions). The animals were placed prone on the PET/CT

gantry, and CT images of the chest were acquired. CT data were

acquired with the voltage set to 80 kV, a tube current of 500 mA, and
a total rotation angle of 220� with 121 projections. CT data were

reconstructed using filtered backprojection with the Shepp filter set

to the Nyquist frequency, followed by PET image acquisition in list-

mode format. The data were sorted into 3-dimensional sinograms,

which were then rebinned with a Fourier algorithm to reconstruct

dynamic images using a 2-dimensional ordered-subset expectation

maximization algorithm. The reconstructed dynamic images consisted

of the following frames: 12 · 15 s, 7 · 60 s, and 5 · 10 min adding up to

1 h and 12 · 15 and 7 · 60 s adding up to 10 min. All images were

corrected for 11F decay, randoms, and dead time; correction for atten-

uation was not performed.

PET Data Analysis

The obtained PET images were analyzed with the public domain
tool AMIDE imaging software (version 1.01). Time–activity curves

were generated using 3-dimensional regions of interest, which were

manually placed in the myocardium, blood pool (left ventricle), lung,

liver, kidney, adrenal glands, bone, and muscle. The mean radioactivity

concentration within the region of interest was converted to Becquerels

per centimeter cubed and expressed as percentage injected dose per

centimeter cubed (%/ID/cm3).

Statistics

Data were presented as mean 6 SD. Comparison of continuous

variables between multiple groups was performed by ANOVA using

ranks (Kruskal–Wallis test), followed by the Dunn multiple-contrast

hypothesis test to identify different pairs of groups. A value of P less

than 0.05 was considered statistically significant. Statistical analysis

was performed with StatMate III (ATMS Co., Ltd.).

RESULTS

18F-LMI1195 Distribution

Figure 2 shows the time course of the systemic 18F-LMI1195
distribution by in vivo PET analysis of healthy rats over 60 min

after tracer injection.
Cardiac uptake including left ventricular blood-pool activity of

18F-LMI1195 was discriminable in the first frame after tracer in-

jection (0–3 min). On the second frame image (3–10 min), the left

ventricular wall was clearly delineable from the blood pool be-

cause of the rapid clearance of blood tracer activity. The left

ventricular wall remained clearly visible until the end of the last

frame (50–60 min). The time–activity curve analysis of the abso-

lute tracer concentration in the myocardium showed a high and

stable tracer activity (;2 %ID/cm3) throughout the scan time of

60 min, with minimal washout over time (0.4% per min).
Regional 18F-LMI1195 distribution in the healthy myocardium

by in vivo PET and ex vivo autoradiography is demonstrated in

Figure 3. In vivo PET showed homogeneous tracer uptake through-

out the left ventricular wall. Ex vivo autoradiography proved there

was homogeneous tracer uptake into the myocardium, including

the right ventricular wall. Lack of delineation of the right ventric-

ular wall by in vivo PET might be due to the partial-volume artifact

caused by the thinness of the right ventricular wall.
Notably, 18F-LMI1195 liver uptake remained low, compared

with the heart, facilitating the evaluation of inferior wall activity.

Slightly increased bone activity in later frames was observed, sug-

gesting the presence of some free 18F-fluoride, a possiblemetabolite

from 18F-LMI1195. Renal excretion of 18F-LMI1195 tracer activity

is indicated by the transitional high renal tracer uptake.

Cardiac Uptake Blocking

Figure 4 shows the PET results of blockage of the nonselec-
tive neural uptake-1 and nonneural uptake-2 mechanism with

FIGURE 1. Schematic diagram illustrating protocols for PET im-

aging. iv 5 intravenous injection; LMI 5 18F-LMI1195.
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phenoxybenzamine and the selective blockage of the neural
uptake-1 mechanism with desipramine on myocardial 18F-
LMI1195 uptake in healthy rat hearts. Treatment with phenoxy-
benzamine (50 mg/kg intravenously) decreased the myocardial
18F-LMI1195 uptake, whereas treatment with desipramine (2 mg/
kg intravenously) did not change myocardial 18F-LMI1195 uptake,
compared with the untreated control group. Myocardial tracer con-
centration 10 min after tracer injection was 2.356 0.59 %ID/cm3 in
the control group, 1.206 0.04 %ID/cm3 (vs. control, P, 0.001) in
the phenoxybenzamine group, and 2.59 6 0.37 %ID/cm3 in the
desipramine group (vs. control, P 5 not significant).

DISCUSSION

This study indicates a potential use for the novel 18F-labeled
tracer 18F-LMI1195 in the imaging of norepinephrine uptake in rat
hearts. There was a clear delineation of the left ventricular myo-
cardium in healthy animals, with minimal tracer washout as shown
by 1-h dynamic in vivo PET. Moreover, low tracer uptake in the
liver is beneficial for evaluating the inferior wall tracer uptake
without scatter artifact. 18F-LMI1195 is also specific for cardiac
norepinephrine uptake, as proven by blocking studies with
phenoxybenzamine, a nonselective norepinephrine uptake-1 and
-2 blocker (16,17). However, different from the previously
reported studies with rabbit and nonhuman primate hearts (10),
we found no reduction of cardiac 18F-LMI1195 uptake by selec-
tive neural uptake-1 blocker (12) pretreatment with desipramine in
rats, suggesting a significant contribution of the nonselective up-
take-2 mechanism to cardiac 18F-LMI1195 uptake in the rat heart.
Although neural norepinephrine uptake-1 is the major mechanism
of norepinephrine handling in nerve terminals reflecting sympa-
thetic nerve activity, the nonneural uptake-2 mechanism also con-
tributes to the removal of norepinephrine from the synaptic cleft
and changes in pathologic conditions (12,16,18). Recently, it has
been suggested that the nonneural uptake-2 mechanism is involved
in provoking arrhythmias and in the progression of heart failure

(16,18–20). Therefore, these results imply
that 18F-LMI1195 has the potential to be
a new class of assay to facilitate research
into the understanding of cardiac norepi-
nephrine uptake-2 mechanism in various
heart diseases and might be used for mon-
itoring the effects of medication on the
norepinephrine uptake in rat models.
Several 18F-labeled tracers for sympa-

thetic nerve imaging, including 18F-meta-
raminol, 18F-3,4-dihydroxyphenylalanine,
and 18F-labeled benzylguanidines, have
been reported to offer the potential for im-
aging the sympathetic nervous system but
have to be further established in terms of
synthesis simplicity and tracer specificity
before introduction into the broader clini-
cal application (21–23). 18F-LMI1195 is
another recently introduced 18F-labeled
PET tracer for sympathetic nerve imaging
based on a benzylguanidine structure that
shares similarities with 123I-metaiodoben-
zylguanidine. 18F-LMI1195 can be syn-
thesized by a single-step nucleophilic sub-
stitution reaction, followed by a high-

performance liquid chromatography purification with a high radio-
chemical yield. Yu et al. reported the initial evaluation of this novel
tracer in cells and animal models (10). The affinity and uptake
kinetics of 18F-LMI1195 were similar to those of norepinephrine
in vitro experiments using human norepinephrine transporter over-
expressing cell membranes and human neuroblastoma cells. The
specificity of the cardiac 18F-LMI1195 uptake for neural up-
take-1 mechanism was studied in rabbits and nonhuman pri-
mates using the selective neural uptake-1 blocker desipramine.
Pretreatment with a maximum of 1 mg/kg reduced the cardiac

FIGURE 3. Short-axis heart images from healthy rat by in vivo 18F-
LMI1195 PET (top), ex vivo 18F-LMI1195 autoradiography (middle),

and hematoxylin and eosin staining (bottom). Homogeneous 18F-

LMI1195 distribution throughout left ventricular wall can be seen.
ARG 5 autoradiography.

FIGURE 2. (A) Example of dynamic PET/CT image in coronal section of healthy rat using
18F-LMI1195 at different time points after tracer injection. (B) Average time–activity curves of

different organs assessed by PET imaging. Stable increase of cardiac 18F-LMI1195 uptake
throughout whole scan can be observed.
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18F-LMI1195 uptake in rabbits by approximately 82%, whereas
123I-metaiodobenzylguanidine heart uptake was reduced by ap-
proximately 53% using the same protocol; the results in non-
human primates showed a similar pattern. These experimental
results indicate that 18F-LMI1195 might allow for highly spe-
cific cardiac neural imaging in human hearts using PET. Fur-
thermore, in a clinical phase 1 study, increased myocardial up-
take and tolerability with radiation dose comparable to that of
other commonly used PET tracers in humans were suggested,
warranting further clinical phase 2 studies to elucidate its po-
tential applications in patients with heart diseases (24,25).
The focus of the present study was to investigate the cardiac

18F-LMI1195 uptake mechanism in rat hearts. Although the rat is
one of the most commonly used animals for heart failure models
(11), it has been reported to have significant variations in myocar-
dial norepinephrine handling, compared with human and other
species, including the high existence of nonneural uptake-2 mech-
anism (12–15). After the release of norepinephrine from the syn-
apse, removal of norepinephrine from the cleft, an important process
for terminating the norepinephrine-mediated sympathetic nerve
stimulation, is mainly attributed to 2 different mechanisms. One
is the reuptake of norepinephrine by the neural uptake-1 trans-
porter back into the synapse for subsequent reuse. The second
mechanism is the nonneural uptake-2 into the myocytes, followed
by degradation by catechol-O-methyltransferase and monoamine
oxidase, which has lower affinity to norepinephrine than to the
uptake-1 mechanism. In rat hearts, Fiebig et al. demonstrated a
significantly high contribution to the norepinephrine removal from
the nerve terminal via the uptake-2 mechanism equal to that of the
uptake-1 mechanism, especially in the presence of relatively low
concentrations of norepinephrine (13,26).

Desipramine is one of the most commonly used selective uptake-1
blocking agents. The precise complex structure and molecular mech-
anism of inhibition of the norepinephrine transporter, the molecule
responsible for neural uptake-1, by desipramine has been identified
recently (27). The successful reduction in uptake of the cardiac 11C-
labeled PET tracer 11C-hydroxyephedrine in rat hearts using the
same blockage protocol (a 2 mg/kg dose of desipramine 10 min be-
fore tracer administration) has been reported (28). On the other hand,
cardiac uptake of the SPECT tracer 123I-metaiodobenzylguanidine
was preserved in the same way as 18F-LMI1195 in the present data
(28). 18F-LMI1195 and 123I-metaiodobenzylguanidine share a ben-
zylguanidine-analog structure, possibly explaining the similarity
of response to the blocker. It stands to reason that in addition
to the species variations for the norepinephrine uptake mecha-
nisms, affinity differences relating to structure may exist be-
tween the neural uptake-1 and nonneural uptake-2 mechanisms.
Iversen et al. were the first to describe the second norepinephrine

uptake pathway, the nonneural uptake-2 mechanism, in isolated rat
heart experiments, in 1965 (12). Recently, the transporter OCT3
has been identified to be the mediator of the nonneural uptake-2
mechanism (29,30). Potent inhibitors for this mechanism include
metanephrine (31,32), steroids (33), and phenoxybenzamine (17,34).
The substance we used in our experiments, phenoxybenzamine,
is based on a haloalkylamide structure and is reported to be a
highly potent and irreversible inhibitor of the uptake-2 mecha-
nism; however, phenoxybenzamine also blocks the neural up-
take-1 mechanism simultaneously (17). Therefore, to characterize
the 18F-LMI1195 uptake mechanism, we combined the nonselec-
tive phenoxybenzamine blocking experiments with selective neu-
ral uptake-1 blocking with desipramine to further elucidate the
contribution of the uptake-2 mechanism.

FIGURE 4. Example coronal and transverse in vivo 18F-LMI1195 PET images (upper) and averaged time–activity curves of 10-min

dynamic PET acquisition (lower) after different pretreatments: control saline (A), 50 mg/kg dose of phenoxybenzamine (B), and 2 mg/kg

dose of desipramine (C). Significant reduction of cardiac 18F-LMI1195 uptake is seen after phenoxybenzamine treatment.
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CONCLUSION

There is a clear and stable delineation of the left ventricular wall
using the novel 18F-labeled benzylguanidine analog 18F-LMI1195,
indicating a feasibility to perform in vivo cardiac imaging in rat
hearts. In contrast to the previous results of high 18F-LMI1195
affinity to the neural uptake-1 mechanism by in vitro human nor-
epinephrine transporter experiments and in vivo rabbit and non-
human primate experiments, a high contribution of 18F-LMI1195
uptake via the nonneural uptake-2 mechanism was found in rat hearts.
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