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Abstract

Purpose ''C-Hydroxyephedrine (HED) and radioiodinated
metaiodobenzylguanidine ('**1/'*'I-MIBG) are catechol-
amine analogue tracers for sympathetic nerve positron emis-
sion tomography/single photon emission computed
tomography (PET/SPECT) imaging. In contrast to humans,
rat hearts demonstrate high nonneural catecholamine
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uptake-2 in addition to neural uptake-1, the contributions
of which to tracer accumulation are not fully elucidated.
Methods Wistar rats were studied using the following pre-
treatments: uptake-1 blockade with desipramine 2 mg/kg IV,
both uptake-1 and -2 blockade with phenoxybenzamine
50 mg/kg IV, or control with saline IV. HED or '*I-MIBG
was injected 10 min after pretreatment, and rats were
sacrificed 10 min later. Heart to blood tissue count ratio
(H/B ratio) was obtained using a gamma counter. To deter-
mine regional tracer uptake, dual-tracer autoradiography
was performed with HED and '*'I-MIBG in Wistar rats with
chronic infarction by transient coronary occlusion and re-
perfusion and in healthy control rats. Local tracer distribu-
tions were analyzed, and the infarcted rats’ local tracer
distributions were compared with histology.

Results The H/B ratios in control hearts were 34.4+1.7 and
25.5+2.1 for HED and '**I-MIBG, respectively. Desipramine
led to a significant decrease in HED (3.2+0.5, p<0.0001),
while there was no change in '*I-MIBG (25.5+6.4, p=n.s.).
Phenoxybenzamine led to a significant decrease in both HED
and '?I-MIBG (3.5+0.02, 4.3£0.7, p<0.0001). Only HED
showed a subepicardium-subendocardium gradient in healthy
control hearts which is consistent with physiological in-
nervation, while '*'I-MIBG was evenly distributed
throughout the myocardium. "*'I-MIBG uptake defect
closely matched the scar area determined by histology
[3.842.3 % (*'I-MIBG defect) vs 4.0+2.4 % (scar)].
However, the scar area was clearly exceeded by the
HED uptake defect (9.1£2.2 %, p<0.001).

Conclusion HED uptake showed high specificity to neural
uptake-1 in rat hearts. On the other hand, '**I/"*'I-MIBG
demonstrated distinct characters of regional tracer distribu-
tion and uptake mechanism that are compatible with signif-
icant contribution of nonneural uptake-2.
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Introduction

The function of the autonomic sympathetic nervous system
is crucial and implies fast reactions to physiological changes
due to exercise, for example, where hemodynamic parame-
ters like heart rate and stroke volume need to be adjusted
rapidly. The cardiac sympathetic nerve innervation and ac-
tivity are affected in various conditions, especially in cardiac
diseases including coronary artery disease [1]. Particularly,
the importance of cardiac sympathetic nerve activation in
the initiation and development process of left ventricular
cardiac remodeling needs to be emphasized [2, 3].

Nuclear medicine has powerful tools to assess the distribu-
tion and activity of sympathetic innervation. The most com-
monly used norepinephrine analogue radiotracers are
"'C-hydroxyephedrine (HED) for positron emission tomogra-
phy (PET) and '**I-metaiodobenzylguanidine (MIBG) for
single photon emission computed tomography (SPECT). For
the assessment of sympathetic nerves, these radiotracers need
to be taken up by the neuronal-specific uptake-1 into sympa-
thetic nerve terminals, leaving only a negligible amount to be
taken up by the uptake-2 mechanism into nonneural cells. In
human hearts, HED and MIBG have been established for this
purpose in a number of clinical studies [2, 4-6].

The rat heart is a well-established model for various cardiac
diseases including ischemic heart disease and had been widely
used to investigate therapy approaches [7-9]. The recent intro-
duction of dedicated high-resolution small animal SPECT and
PET systems allows noninvasive assessment of radionuclide
tracer distribution in rat hearts [10, 11]. This imaging assay is
considered to be of significant value because it enables longi-
tudinal experiments with multiple observations over time.
However, since species differences are reported between hearts
of rodents and large mammals including humans, the specific-
ity of the tracer kinetics must be analyzed before applying
those clinically established tracers in rodent models [12].

As a consequence, we aimed to determine the contributions
of neural uptake-1 and nonneural uptake-2 to the accumula-
tion of HED and '**I/"*'I-MIBG in the rat heart after pharma-
cological blockade of uptake-1 or uptake-1 and -2 as well as
after induction of myocardial infarction.

Materials and methods
Radiopharmaceuticals

I2.MIBG (AdreView™) and '*'I-MIBG were both kindly
provided by GE Healthcare. '**I-MIBG was used within 2 h
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after calibration time [specific activity 2 mCi/ml (74 MBq/ml),
radiochemical purity >95 %].

HED was synthesized as previously described [13]. Anal-
yses at the end of syntheses revealed specific radioactivities
in the range of 370-740 GBq/umol and radiochemical pu-
rities greater than 98 %.

Animals

For our experiments 32 male Wistar rats (Charles River
Laboratories Inc., Wilmington, MA, USA) each weighing
between 250 and 300 g were used. Animal protocols were
approved by the Johns Hopkins Institutional Animal Care
and Use Committee and conducted according to the Guide
for the Care and Use of Laboratory Animals [14].

Ex vivo tissue counting study

Twenty-two healthy Wistar rats were maintained under an-
esthesia throughout the procedure with 2 % isoflurane. Rats
were assigned to one of the following pretreatments which
were administered via tail vein injection: (1) blockade of the
uptake-1 with desipramine 2 mg/kg IV (Sigma-Aldrich Co.,
St. Louis, MO, USA), (2) blockade of both uptake-1 and -2
with phenoxybenzamine 50 mg/kg IV (Sigma-Aldrich Co.,
St. Louis, MO, USA), or (3) saline IV for establishment of a
control group. Ten minutes after pretreatment application,
the respective radiotracer HED (55.5 MBq) or '**I-MIBG
(0.5 MBq) was injected intravenously. Hearts and blood
were harvested 10 min after tracer injection to obtain tissue
counts using a gamma counter (2480 WIZARD? Automatic
Gamma Counter, PerkinElmer, Waltham, MA, USA). Fol-
lowing weight and decay correction of tissue counts, the
heart to blood tissue count ratio (H/B ratio) was calculated.

Dual-tracer autoradiography study

Myocardial infarction was performed in six healthy Wistar
rats as previously described [7, 15]. Before initiation of the
operation, anesthesia was induced and maintained throughout
the whole procedure using isoflurane at a concentration of 1—
3 % while ventilating animals artificially. Briefly, a left
anterolateral approach was performed in order to visualize
the heart and to locate the left anterior descending artery
(LAD). Then the LAD was occluded for 20 min using a 7-
0 polypropylene suture that was first pulled through the myo-
cardial tissue beneath the LAD and then threaded through a
small vinyl tube building a small snare. Subsequently reper-
fusion was accomplished by releasing the suture. Effective
coronary occlusion and reperfusion were verified visually by
identification of cyanosis or blush downstream from the suture
following the respective procedure. To establish a group of
sham-operated rats, four additional animals received the same
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procedures exclusive of the execution of occlusion and reper-
fusion. Subsequently, animals’ chests were closed, and the rats
were allowed to recover and received appropriate postopera-
tive pain medication.

After housing for 2 more months, rats were anesthetized
again using 2 % isoflurane, and both HED (111 MBq) and
BILMIBG (0.0925 MBq) were injected via tail vein. After
10 min of tracer administration, hearts were harvested, fro-
zen, and cut into 20-um short axis slices using a cryostat
(CM1800, Leica). Dual-tracer autoradiography was
performed to assess HED and '*'I-MIBG uptake as de-
scribed before [16]. To obtain the distribution of HED,
autoradiography plates (Multi Sensitive Phosphor Screens,
PerkinElmer, Waltham, MA, USA) were exposed to the
short axis slices immediately for 45 min and thereafter
imaged using a digital autoradiographic system (Cyclone
Storage Phosphor scanner, Packard). Twelve hours later,
after complete decay of ''C, the tissue samples were again
imaged for the distribution of '*'I-MIBG by exposing
autoradiography plates for 3 weeks. Subsequently, for
determination of the scar area, the short axis slices were
stained using the standard Verhoeff-van Gieson (VVG)
staining procedure.

All obtained images were then analyzed using the ImageJ
software (National Institutes of Health; http://rsbweb.nih.gov/
ij/) [17]. To quantify autoradiography tracer uptake distribu-
tion pattern in noninfarcted control hearts, regions of interest
(ROIs) were drawn for the anterior, lateral, septal, and inferior
walls on midventricular short axis slices. In addition, to mea-
sure transverse distribution pattern, ROIs were drawn in the
subepicardial and in the subendocardial wall portion.
Obtained results (dpm/mm?) were then normalized to account
for differences in the amount of tracer injected. In the infarcted
hearts, scar area and area of tracer uptake defect were deter-
mined by manual contouring in midventricular short axis
slices using digitally obtained photography images of VVG
and autoradiographic images, respectively. Then, percentages
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Fig. 1 Results of the ex vivo tissue counting study. Using ''C-
HED, the heart to blood tissue count ratio (H/B ratio) decreases
significantly after blockade of uptake-1 with desipramine 2 mg/
kg. There is no additional drop of the H/B ratio after administra-
tion of the uptake-1 and -2 blocker phenoxybenzamine 50 mg/kg

of'the scar and tracer uptake defect area in left ventricular short
axis slices were calculated.

Statistical analysis

All results are displayed as mean + SD. The two-tailed
paired Student’s ¢ test was used to compare differences
between two dependent groups, and the two-tailed indepen-
dent Student’s 7 test for differences between independent
groups. Multiple group comparisons were performed using
analysis of variance (ANOVA). Correlations are expressed
as R? indicating the Pearson correlation coefficient. A
p value of less than 0.05 was assumed to be statistically
significant. MedCalc for Windows, version 11.6.1.
0 (MedCalc Software, Mariakerke, Belgium) was used
for all statistical analysis.

Results

Ex vivo tissue counting of HED and '*’I-MIBG in rats:
controls, after blockade of uptake-1, and after blockade of
uptake-1 and -2

Figure 1 summarizes the results of the ex vivo tissue counting
study for HED and '*’I-MIBG. The H/B ratio of HED was
34.4+1.7 in the control group. There was a significant de-
crease of the H/B ratio to 3.2+0.5 (p<0.0001) after
blocking the uptake-1 with desipramine 2 mg/kg. After
blockade of both uptake-1 and -2 by the administration
of phenoxybenzamine 50 mg/kg, there was no additional
decline of the H/B ratio (3.5+£0.02, p<0.0001 vs control, p =
n.s. vs uptake-1 blockade). This indicates the high specificity
of HED uptake for the uptake-1 mechanism.

For '**I-MIBG the H/B ratio in the saline-treated control
group was 25.5+2.1 and did not change after uptake-1
blockade (25.5+6.4, p = n.s.). However, pretreatment with

m Control

O Desipramine
2magkg

Phenoxybenzamine
50 ma/kg

v *p<0.0001 vs. Control

12.MIBG

indicating specificity of HED to uptake-1. Using '*’I-MIBG,
however, the H/B ratio is not affected by the blockade of up-
take-1 with desipramine 2 mg/kg. The H/B ratio declines signif-
icantly only after administration of the uptake-1 and -2 blocker
phenoxybenzamine 50 mg/kg
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the uptake-1 and -2 blocker phenoxybenzamine led to a
significant drop of the H/B ratio to 4.3+0.7 (»p<0.0001 vs
control, p<0.002 vs uptake-1 blockade) suggesting signifi-
cant contribution of tracer uptake via the nonneural uptake-2
mechanism.

Dual-tracer autoradiography of HED and "*'I-MIBG in the
healthy myocardium and in a chronic model of coronary
occlusion and reperfusion

Both HED and MIBG showed homogenecous distribution
among the left ventricular walls within the healthy myocar-
dium [anterior, septal, inferior, and lateral walls: 7,382+374,
6,958+446, 7,334+642, and 7,513+444 dpm/mmz, n.s.
(HED); 7,657+67, 7,626+233, 7,719+£306, and 7,992+
63 dpm/mm?, n.s. ("*'I-MIBG), respectively]. However,
the accumulation of ''C-HED is significantly higher in the
epicardial wall portion as compared to the endocardial wall
portion (epicardial 8,087+116 dpm/mm? vs endocardial
6,378+524 dpm/mmz, p<0.05; Fig. 2), which is consistent
with the physiological distribution of sympathetic nerves in
the healthy rat heart. On the other hand, there was no
significant difference when comparing the accumulation of
BI-MIBG between the epicardial and the endocardial wall
portion (epicardial 7,926+98 dpm/mm? vs endocardial
7,594+262 dpm/mm?>, n.s.; Fig. 2).

Analyzing rat hearts 2 months after coronary occlusion and
reperfusion revealed the following results (Fig. 3): the scar
areca showed an extent of 4.0+2.4 % as determined by VVG
staining, and there was no significant difference to the uptake
defect of "*'I-MIBG which was found to be 3.8+2.3 % (n.s.).
Furthermore, there was a significant correlation between the

Fig. 2 Short axis slices of the
dual-tracer autoradiography
study using '*'I-MIBG and
HED. ROIs were drawn in the
subepicardial and in the
subendocardial wall portion to
compare tracer distribution.
BIMIBG demonstrates an
even distribution throughout the
myocardium (a), while HED
shows a gradient from the
subepicardial to the
subendocardial wall portion (b)
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scar area and the "*'I-MIBG defect which almost showed
unity (y=0.98x+0.3, R*=0.94, p<0.01). However, the defect
size of HED clearly exceeded both the '*'I-MIBG defect and
the scar area (9.1£2.2 %, p<0.001 vs scar/MIBQG), reflecting
the ischemic damage to sympathetic nerves which is known to
be bigger than the infarction area [18].

Discussion

In the present study, we compared the uptake mechanism of
the sympathetic nerve imaging tracers ''C-HED and
23/ -MIBG in rat hearts after blockade of uptake-1 or
both uptake-1 and -2 using the same experimental setting.
HED uptake showed high specificity to neural uptake-1 in
rat hearts indicating favorable characters for sympathetic
nerve imaging. However, it is of note that MIBG uptake in
the early phase after tracer injection demonstrated signifi-
cant contribution of nonneural uptake-2 in rat hearts. In
addition, we directly compared the regional distribution of
these two tracers in a rat model of ischemia/reperfusion and
in control hearts using a dual-tracer autoradiographic ap-
proach. We again found significant differences in the distri-
bution pattern between HED and '#’I/"*'I-MIBG.

We used desipramine and phenoxybenzamine to block
either uptake-1 alone, or both uptake-1 and -2, in our ex
vivo tissue counting experiment, respectively. Desipramine
is one of the most potent uptake-1 inhibitors and has been
evaluated in a large number of studies both in animals
including rats hearts as well as in humans [19-22]. Also,
phenoxybenzamine is well known as an uptake-1 and -2
inhibitor and was shown in a study of the isolated perfused
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Fig. 3 Representative short
axis slices of Verhoeff-van
Gieson (VVG) staining, "*'I-
MIBG, and HED distribution in
a rat model of chronic ischemia/
reperfusion. Scar area using
VVG staining and uptake defect
sizes using "*'I-MIBG or HED
images were identified. Scar
area and '*'I-MIBG defect area
are significantly smaller than
the HED defect (a). There is
close correlation between the
scar area and the '*'I-MIBG
defect almost reaching unity (b,
broken white line represents
line of unity)

%Defect

rat heart to be able to block both mentioned uptake mecha-
nisms by about 88 % [20, 23].

MIBG tracers were kindly provided by GE Healthcare
and showed both high specific activity and radiochemical
purity. MIBG was used within 2 h after calibration time at
the supplier. Regarding the relatively long half-life of '**I or
1311, respectively, this short delay should not significantly
alter these specifications. HED was synthesized as previ-
ously described at our institution [13], also revealed both
high specific activities and radiochemical purities, and was
used directly after synthesis. High specific activities are an
important prerequisite in this study, as with low specific
activity the specific uptake should be less pronounced.

Our ex vivo tissue counting study showed that for HED
both the uptake-1 blockade with desipramine and uptake-1
and -2 blockade with phenoxybenzamine led to approximately
90 % decline in the H/B ratio. These results indicate that HED
is specifically taken up by the uptake-1 and only to a negligi-
ble amount by the uptake-2 in rat hearts. This is consistent
with one of the early experiments using the isolated perfused
rat heart where strong inhibitory effects of uptake-1 blockade
with desipramine to the cardiac HED accumulation were
demonstrated [22]. Another recent report showed that HED
uptake to the heart, which was assessed by in vivo small
animal PET imaging, could be effectively blocked by desip-
ramine [19]. Moreover, we analyzed the local distribution
pattern of HED uptake using an autoradiographic imaging
assay. Interestingly, the HED image demonstrated a decreas-
ing gradient from the subepicardium to the subendocardium in
the healthy rat hearts. This transmural pattern of sympathetic
nerve distribution is also reported in mice hearts and was
assessed by tyrosine hydroxylase (TH) immunofluorescence

I-131 MIBG

y=0.7x + 6.1
R*=0.62
p=n.s.

" y=0.98x+ 0.3
R®=0.94
P<0.01

%Defect MIBH/HED

%Defect VWG

staining [24]. Our preliminary evaluation with TH staining in
the healthy rat heart found a similar gradient of innervation
(1:0.29, ratio of nerve density between subepicardium and
subendocardium). Therefore, the tracer distribution pattern
could be a reflection of the physiological sympathetic inner-
vation in rat hearts. Furthermore, in the coronary occlusion
and reperfusion model, we found that the HED defect
exceeded the scar area. Since we used a rat model of transient
coronary occlusion and reperfusion (20 min), the scar area
was observed to be only a small proportion within the area at
risk [7]. In patients suffering from myocardial infarction, it is
known that the damage to sympathetic nerves exceeds the
infarct size and represents the area at risk [18]. Therefore, our
observation of the HED defect exceeding the scar area may
reflect the area of ischemic damage to sympathetic nerves
during coronary occlusion.

In contrast to the HED blockade study, '**I-MIBG uptake
was not affected by the uptake-1 blockade with desipramine
even though both experiments were conducted using exactly
the same protocol. In addition, since the uptake was de-
creased by more than 80 % after administration of the
uptake-1 and -2 blocker phenoxybenzamine, these results
indicate that '*>I-MIBG is taken up to a certain degree by
the nonneural uptake-2 into the rat heart and only to a
limited degree by both the uptake-1 and the nonspecific
extracellular uptake. Furthermore, in the autoradiographic
study in healthy rat hearts, '*'I-MIBG was distributed even-
ly throughout the myocardium. This result may also indicate
high uptake-2 contribution by cardiomyocytes, which are
evenly distributed throughout the left ventricle, as the phys-
iological pattern of sympathetic nerve distribution from the
subepicardium to the subendocardium was not reflected by
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this study. Finally, the defect in the uptake of '*'I-MIBG in
the model of chronic ischemia/reperfusion closely correlated
with the scar area which again showed a distinct pattern
from the HED defect that clearly exceeded the scar area.

Our results suggest that there are species-dependent dif-
ferences in uptake-1 and -2 components. Data on the direct
comparison of the affinity of HED and MIBG to the uptake
mechanisms in different species are rare. Several studies
suggest that the affinity of both substances is comparable
[25]. Another point that needs to be considered, however, is
the density of the uptake mechanisms, which is known to
differ in species [26]. Studies suggest that humans have the
highest density of the uptake-1 when comparing to dogs,
rats, and rabbits. Consequently, humans may have a higher
contribution of uptake-1 to the removal of catecholamines
from the synaptic cleft when compared to animals.

In a study by Sisson et al. similar results were obtained
[27]. This group assessed the cardiac uptake of '**I-MIBG
and *H-norepinephrine (*H-NE) in rat hearts. Interestingly,
this group found that the uptake of *H-NE was significantly
more reduced by uptake-1 blockade or even after the selec-
tive destruction of noradrenergic neurons by the application
of 6-hydroxydopamine. Although, a direct comparison to
our study may not be feasible as different rat species (female
Sprague-Dawley rats) were used. Another study which
points out the differences in catecholamine handling in
different animals was conducted by Tobes et al. [28]. In this
study pretreatment with desipramine even led to an increase
of the cardiac '*’I-MIBG uptake in dogs, indicating that the
dog might also not be an ideal model to study cardiac
sympathetic innervation if conclusions about humans are
thought to be drawn. In a recent publication, Yu and col-
leagues demonstrated in an ex vivo tissue counting study
that pretreatment with desipramine 1 mg/kg in rabbits leads
to a 53 % decrease of the '**I-MIBG uptake to the heart at
1 h after tracer injection [29]. Accordingly, when using the
catecholamine analogue tracer '*’I-MIBG, the rabbit might
be a better animal model for sympathetic nerve imaging
since the specificity for neural uptake-1 seems to be higher
in rabbits than the specificity in rat hearts as indicated by our
experiments. For this reason, the combination of animal
model and tracer for the purpose of studying sympathetic
nerve imaging needs to be chosen carefully.

The specificity of MIBG for neural uptake-1 in the human
heart is well documented by '*’I-MIBG imaging early after
heart transplantation showing absence of tracer accumulation
in the heart [30]. During the transplantation process, the
allograft becomes completely denervated and reinnervation
occurs in the time course of 1 year post-transplantation. In
addition, the prognostic value of MIBG imaging is reported in
several clinical studies. For example, in the prospective
ADMIRE-HF study (AdreView Myocardial Imaging for Risk
Evaluation in Heart Failure), 961 patients with heart failure
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were studied [2]. In a subsequent multivariate analysis, it was
demonstrated that patients with a low heart to mediastinum
ratio and, thus, less uptake of 123]_MIBG in the heart, were at
higher risk for both cardiac and all-cause death independent of
other factors like ejection fraction, age, or brain natriuretic
peptide (BNP) [2]. Unlike those clinical reports, our experi-
ment data in rat hearts showed high contribution of nonneural
uptake-2 for MIBG uptake.

These facts indicate that tracers utilizable in humans
might not be always appropriate for research purposes in
certain animal models. The growing clinical use of and
interest in cardiac sympathetic nerve imaging justifies even
more detailed investigation of catecholamine handling both
in animals and in humans. Our study should be seen as a
stimulus for additional research of the available sympathetic
nerve imaging tracers to help elucidate the underlying com-
plex uptake mechanisms.

Conclusion

Even though HED and '**I-MIBG are established norepi-
nephrine analogue tracers for use in clinical practice in
human hearts, animal models must be chosen carefully
using these tracers. Our results indicate that the accumula-
tion of '**I-MIBG in the rat heart has a high contribution of
nonneural uptake-2, while HED is mainly and specifically
taken up by neural uptake-1 into sympathetic nerve termi-
nals. HED is suitable for sympathetic nerve imaging when
conducting rat experiments, while '*>I-MIBG shows distinct
species variations in the uptake contributions of uptake-1
and -2 when compared to the human heart.
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