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Abstract: Diabetes is commonly associated with increased risk of cardiovascular morbidity and mortality. Perturba-
tions in sympathetic nervous system (SNS) signaling have been linked to the progression of diabetic heart disease.
Glucose, insulin, and free fatty acids contribute to elevated sympathetic nervous activity and norepinephrine release.
Reduced left ventricular compliance and impaired cardiac function lead to further SNS activation. Chronic elevation
of cardiac norepinephrine culminates in altered expression of pre- and post-synaptic sympathetic signaling elements,
changes in calcium regulatory proteins, and abnormal contraction-excitation coupling. Clinically, these factors mani-
fest as altered resting heart rate, depressed heart rate variability, and impaired cardiac autonomic reflex, which may
contribute to elevated cardiovascular risk. Development of molecular imaging probes enable a comprehensive
evaluation of cardiac SNS signaling at the neuron, postsynaptic receptor, and intracellular second messenger sites of
signal transduction, providing mechanistic insights into cardiac pathology. This review will examine the evidence for
abnormal SNS signaling in the diabetic heart and establish the physiological consequences of these changes, draw-
ing from basic biological research in isolated heart and rodent models of diabetes, as well as from clinical reports.
Particular attention will be paid to the use of molecular imaging approaches to non-invasively characterize and evalu-
ate sympathetic signal transduction in diabetes, including pre-synaptic norepinephrine reuptake assessment using
11C-meta-hydroxyephedrine (11C-HED) with PET or 123]-metaiodobenzylguanidine (123]-MIBG) with SPECT, and post-
synaptic B-adrenoceptor density measurements using CGP12177 derivatives. Finally, the review will attempt to de-
fine the future role of these non-invasive nuclear imaging techniques in diabetes research and clinical care.

Keywords: Sympathetic neuronal imaging, SNS signaling, norepinephrine, B-adrenoceptor, norepinephrine reuptake
transporter

Introduction depress SNS sensitivity.

Diabetes is a prominent risk factor for the devel- Continued advances in molecular imaging have

opment of cardiovascular disease. Patients with
diabetes carry 4 times greater risk of cardiovas-
cular mortality, and constitute a disproportion-
ate cohort of large scale heart failure studies.
The interaction between diabetes and heart
failure is diverse, with many pathways having
been implicated. One factor in common be-
tween the conditions is impairment of the car-
diac sympathetic nervous system (SNS), charac-
terized initially by hyperactivity and elevated
norepinephrine spillover, eventually culminating
in sympathetic denervation and reduced capac-
ity for norepinephrine release. Acute sympa-
thetic activation evokes increased heart rate
and contractility, whereas chronic activation can

led to the characterization of multiple radio-
tracers for the interrogation of the cardiac SNS.
In a preclinical setting, longitudinal non-invasive
imaging studies of sympathetic regulation dur-
ing the development of diabetes and subse-
quent left ventricular dysfunction can provide
important mechanistic insights into cardiac pa-
thology. Long-term clinical application of imag-
ing techniques could be used to stratify cardio-
vascular risk among diabetic patients.

Sympathetic nervous system signal
transduction

The autonomic nervous system is the primary
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nephrine concentration is local-
ized to the sinoatrial node, atrio-
ventricular node, and atria as
compared to the ventricles [2].
Sympathetic stimulation of the
conduction system produces ele-
vated heart rate.

Activation of sympathetic neurons
evokes release of the neurotrans-
mitter norepinephrine into the
synaptic cleft where it binds to G
protein-coupled adrenoceptors at
the cardiomyocyte membrane [3]
(Figure 1). B-Adrenoceptors are
positively coupled to stimulatory

cAMP/PKA signaling cascade,
culminating in enhanced Ca2*
influx and cardiac contractility [4].
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The B2- and Bz-adrenoceptor iso-
forms are also coupled to inhibi-
tory G protein Gai, which reduces
CcAMP production providing bal-
ance in noradrenergic signaling
[3].

Figure 1. Noradrenergic neuroeffector junction. Norepinephrine (NE) is
released into the synaptic cleft where it is bound to postsynaptic [3-
adrenoceptors (B-AR). Stimulation of Gs-coupled B-AR activate adenylate
cyclase (AC) production of CcAMP and downstream activation of protein
kinase A (PKA). cAMP is broken down by phosphordiesterase-4 (PDE4).
NE is recovered to the varicosity by NE reuptake transporter (NET). Ab-
breviations: TH, tyrosine hydroxylase; DOPA, dihydroxyphenylalanine;
DDC, dopamine decarboxylase; DA, dopamine; DBH, dopamine -
hydroxylase; PNMT, phenetanolamine-N-methyltransferase; Epi, epineph-
rine; VMATZ2, vesicular monoamine transporter-2; MAO, monoamine oxi-

dase; COMT, catechol-O-methyltransferase.

extrinsic control of heart rate and contractility.
Sympathetic projections from the central nerv-
ous system synapse at the stellate and thoracic
ganglia, where postganglionic fibres project to
the heart [1, 2]. A complex network of sympa-
thetic neurons innervates the epicardium, with
a homogeneous distribution of fibres to the en-
tire heart. Localized varicosities (boutons) along
the length of the terminal axon act as storage
and release points of norepinephrine forming
relatively dispersed synapses compared to cen-
tral nervous system junctions [1]. Regional tis-
sue concentrations of norepinephrine are con-
sidered the gold standard measurement of car-
diac sympathetic activation. The highest norepi-

315

The sympathetic signal is termi-
nated by active recapture of the
neurotransmitter into the neu-
ronal varicosity by the sodium-
dependent norepinephrine reup-
take transporter (NET) via the
uptake-1 pathway [5, 6]. Norepi-
nephrine is further packaged into
neuronal vesicles by vesicular
monoamine transporter-2
(VMAT2) [7, 8] or metabolized by
monoamineoxidase (MAO) and
catechol-O-methyltransferase
(COMT) [9].

Diabetic heart
Metabolic and contractile adaptation

The complex changes in metabolic and contrac-
tile cardiac function in the progression of diabe-
tes have been extensively reviewed [10, 11].
Briefly, the diabetic heart exhibits a shift in
metabolic substrate preference to almost exclu-
sive utilization of fatty acids over glucose [12,
13]. This shift exacerbates insulin resistance
[14, 15] and contributes to the accumulation of
lipid metabolites [16, 17] and advanced glyca-
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tion end products [18, 19], leading to oxidative
stress and myocardial fibrosis. These structural
and metabolic changes culminate in the deterio-
ration of contractile function, manifesting ini-
tially as reduced ventricular compliance and
abnormal diastolic function, progressing to mild
systolic impairment [20, 21]. To compensate for
failing systolic function, the SNS may be acti-
vated.

Circulating factors

In addition to the compensatory activation, ele-
vated plasma concentration of several factors
have been shown to augment SNS activity. Ele-
vated endogenous or exogenous glucose pro-
duces elevated circulating levels of norepineph-
rine [22-24]. Similarly, hyperinsulinemia has
been linked to increased SNS activity [25, 26].
Administration of exogenous fatty acids en-
hances muscle sympathetic nerve activity by
45%, with resultant increases in heart rate and
blood pressure [27].

Diabetic cardiac autonomic neuropathy

Diabetic autonomic neuropathy is a late stage
complication of prolonged diabetes character-
ized by the development of neuroaxonal dystro-
phy, a swelling of distal neuronal axons without
relative neuron loss [28]. Whereas early diabe-
tes has been associated with elevated sympa-
thetic tone, autonomic neuropathy results in a
decrease in cardiac norepinephrine content and
an accumulation of neurotrophins consistent
with damage sustained by sympathetic neurons
[29, 30]. Accumulation of advanced glycation
end products, activation of apoptotic signals,
oxidative stress, and elevated basal firing rate
contribute to the degeneration of sympathetic
neurons [31, 32].

SNS in diabetes

The presence of abnormal SNS signaling in the
diabetic heart has been well established, as
evidenced by direct and indirect measurements.
It is unclear as to the order of sympathetic hy-
peractivity and development of insulin resis-
tance, with some investigators purporting that
insulin resistance is precipitated by a primary
increase in sympathetic tone [33, 34], and oth-
ers claiming independent development of insu-
lin resistance and hyperinsulinemia promoting
sympathetic drive [35]. Because of the complex
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interaction of SNS activity, hyperglycemia, hy-
perinsulinemia, metabolism, and insulin resis-
tance it is difficult to define the primary insult.
Recent clinical evaluations have attempted to
define a temporal progression from sym-
pathoadrenal activation to insulin resistance. A
recent meta-analysis has suggested that SNS
dysfunction is present in 51.9% of diabetic pa-
tients, but is likely underestimated due to reli-
ance on somewhat crude tests [36].

Norepinephrine measurements

Elevated norepinephrine turnover and accumu-
lation of neuronal norepinephrine have been
found in diabetic animal models. Ganguly and
colleagues demonstrated a twofold increase in
cardiac and plasma norepinephrine concentra-
tion after 8 weeks of diabetes induced by strep-
tozotocin (STZ) in rats [23]. Studies in isolated
perfused diabetic hearts revealed enhanced
catecholamine turnover, evidenced by elevated
tyramine-induced norepinephrine release, in-
creased initial rate of uptake of 3H-
norepinephrine, and reduced half time of 3SH-
norepinephrine turnover. These parameters
were normalized by treatment with insulin at 4
weeks after diabetes induction [23, 37]. Ele-
vated norepinephrine levels have been de-
scribed in a number of animal models and dura-
tions of diabetes, including STZ-induced type 1
diabetes [38], insulin-resistant intraperitoneal
STZ-induced diabetes [24, 39], Zucker Diabetic
Fatty rats [40], and non-obese Goto-Kakizaki
type 2 diabetic rats [41].

These findings are supported by histofluores-
cence studies using glyoxylic acid, demonstrat-
ing increased fluorescent noradrenergic vari-
cosities after 1 month of STZ-induced diabetes.
In the same study, high performance liquid
chromatography-quantified ventricular norepi-
nephrine levels were elevated by 48-58% in 1
month diabetics compared to controls [42]. At 4
weeks of diabetes, STZ rats show reduced dopa-
mine content in stellate ganglia, but an increase
of ventricular norepinephrine, suggesting en-
hanced local conversion of neurotransmitter. No
change in brain or plasma norepinephrine con-
tent was observed at this time point [43].

Sympathetic nerve activity

Electrode measurement of renal sympathetic
nerve activity showed a reduced ability to adapt
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to volume expansion in STZ diabetic rats com-
pared to controls, associated with a blunted
change in heart rate following phenylephrine
administration [44]. Splanchnic sympathetic
nerve activity response to phenylephrine was
dampened in obese adult Zucker rats compared
to age-matched lean Zucker rats in the absence
of overt diabetes [45].

Baroreceptor reflex

The baroreceptor reflex is an indirect indicator
of SNS activation in the heart, reflecting respon-
siveness to a-adrenergic stimulation. Left aortic
depressor nerve activity measurements taken in
OVE26 transgenic type 1 diabetic mice demon-
strated a reduction in baroreflex control of heart
rate in response to phenylephrine or sodium
nitroprusside [46]. Pressure transducer evalua-
tion in type 1 diabetic rats at baseline com-
pared to non-diabetic controls describe reduced
mean arterial pressure (-12%), heart rate (-13%)
and lower rates of isolvolumic pressure develop-
ment and decay following phenylephrine chal-
lenge [47].

Heart rate variability

Advancement of implantable telemetry trans-
ducer/receiver technology has facilitated longi-
tudinal analysis of sympathetic tone in diabetic
rats. Power spectral analysis provides a surro-
gate measurement of baroreceptor reflex activ-
ity and the quantification of heart rate variability
[48-51].

Heart rate variability (standard deviation of nor-
mal heart rhythm, SDNN) has been demon-
strated to be reduced by 50% (18 vs 36 bpm)
within days of diabetes induction by STZ com-
pared to non-diabetic controls [52, 53]. Low
frequency to high frequency power ratio pro-
gressively increased over time, suggesting decli-
nation of high frequency (parasympathetic) and
mid frequency (sympathetic) density [53]. Treat-
ment with insulin was insufficient to restore
heart rate variability to control levels, though
there was a a modest recovery of heart rate:
362 vs 266 vs 303 bpm in non-diabetic, dia-
betic, and insulin-treated diabetic rats, respec-
tively [54].

In Goto-Kakizaki non-obese type 2 diabetic rats

a less prominent but significant reduction of
heart rate variability SDNN compared to non-
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diabetic controls was observed at 2 months
(-24%) and 7 months (-16%), but was attenu-
ated at 15 months of age (-5%) [55]. This is con-
sistent with reduced heart rate variability during
aging [55], with parallel changes in NET expres-
sion and reuptake function reported [56]. The
differences in heart rhythm derive in part from
extended duration of electrocardiogram QRS
complex with no difference in QT interval be-
tween groups [55]. Prolonged QRS is consistent
with delayed repolarization as observed in STZ
rats [67-59].

Continuous telemetric monitoring in db/db type
2 diabetic mice describes a blunting of barore-
flex regulation of heart rate, calculated by se-
quence method and cross-spectral analysis.
Whereas blockade of sympathetic signaling with
metoprolol decreased heart rate substantively
in db/db mice, the effect was negligible in db/+
mice, consistent with constitutive activation of
the cardiac SNS [60]. Atropine blockade of para-
sympathetic tone was also blunted in db/db
mice compared to db/+ controls [60]. Con-
versely, study of non-obese diabetic mice
showed the presence of sympathetic neuropa-
thy, evidenced by elevated baroreceptor reflex
activity that was not attenuated by metoprolol
administration [61]. Heart rate variability meas-
urement demonstrated reduced standard devia-
tion of R-R interval in db/db mice compared to
db/+ controls [60].

Power spectrum density analysis of systolic arte-
rial pressure in diabetic rats revealed a progres-
sive reduction of intermediate frequency (0.25-
0.65 Hz), the range generally corresponding to
sympathetic modulation of vascular tone, re-
maining fairly consistent over 1 to 18 weeks
after STZ induction of diabetes [62].

These findings have been replicated in the clini-
cal population. A study of young Norwegian
males demonstrated that those in the highest
quartile elevation of plasma norepinephrine
during cold pressor test showed elevation of
fasting plasma glucose level and homeostasis
model assessment of insulin resistance at 18-
years follow-up. This observation suggests that
early sympathetic dysfunction may partially un-
derlie subsequent development of insulin resis-
tance and pre-diabetes [63]. A similar result
was obtained by heart rate variability analysis
over 8 year follow up in the Atherosclerosis Risk
in Communities (ARIC) trial. In this case, indi-
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Table 1. B-Adrenoceptor Expression in Diabetic Heart

Diabetic Model Duration Measurement Isoform(s)  Bmax" % Difft Ref
SD, alloxan 35 mg/kgiv 5 days 3H-DHA binding all 4714 -51% [74]
SD, STZ 65 mg/kg ip 2 weeks 3H-DHA binding all 3514 -6% [68]

CGP20712 block, high affinity B1AR 10+1 -46%

CGP20712 block, low affinity

B2AR 24+1 +37%

WK, STZ 45 mg/kg iv 4-6 3H-CGP12177 binding all 337 -51% [72]
weeks
WK, STZ 60 mg/kg iv 6 weeks Western immunoblotting B1AR -65% [77]
B2AR +61%
BsAR +140%
WK, STZ 55mg/kg iv 8 weeks 125]- CYP binding all 36+4 -31% [73]
SHR, STZ 55 mg/kg iv 8 weeks 125]- CYP binding all 35+5 -34% [73]
SD, STZ 45 mg/kg ip, 8 weeks 3H-CGP12177 ex vivo biodist. all -40% [127]
high fat feeding Western immunoblotting B1AR -15%
B2AR +12%
SD, STZ 65 mg/kg iv 10 3H-CGP12177 binding all 92+4% 41% [76]
weeks
WK, STZ 45 mg/kg iv 14 Western immunoblotting B1AR -45% [67]
weeks B2AR -17%
B3AR +200%
SD, STZ 65 mg/kg iv 13 3H-DHA binding all 28+3 -13% [75]
weeks 23+2 21%
26
weeks

* fmol/mg protein; 1 (Diabetic - Control) / Control x 100%; ¥ fmol/106 cells. SD, Sprague Dawley rat; WK, Wistar Kyoto rat; SHR,
Spontaneously Hypertensive Rat; DHA, dihydroalprenolol; 125]-CYP, 125|-cyanopindolol; biodist, biodistribution

viduals falling in the lowest quartile of heart rate
variability (either standard deviation of R-R in-
terval or low-frequency power) were 60% more
likely than the highest quartile to develop insu-
lin resistance or diabetes [64]. It has been rea-
soned that sustained sympathetic activation
may augment lipid metabolism, leading to ele-
vated circulating fatty acids and insulin resis-
tance [64].

B-Adrenoceptor expression

The persistent elevation of catecholamines
evokes downregulation of cardiomyocyte -
adrenoceptors, and a shift in the isoform popu-
lation to favour Gi-coupled PBo-adrenoceptors.
This pattern is well characterized in the develop-
ment of heart failure [65, 66], and has been
extensively described in diabetes as well, in-
cluding rats [67, 68], large animal models [69],
and the patient population [70]. Reduced B-
adrenoceptor expression has been consistently
described in type 1 diabetic heart (Table 1),
evidenced by significant reductions in total B-
adrenoceptor binding in radioligand binding
assays [67, 71-76].

Latifpour and McNeill established time depend-
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ent changes in cardiac autonomic receptor ex-
pression patterns in type 1 diabetic STZ-treated
rats [75]. At 3 months of diabetes compared to
age-matched non-diabetic controls, only 3H-
prazosin binding to o-adrenoceptors was re-
duced (Bmax 66.6 vs 78.8 fmol/mg protein), with
no difference in 3H-dihydroalprenolol or 3H-
quinuclidinyl  benzilate binding to B-
adrenoceptors and muscarinic cholinergic re-
ceptors, respectively. By 6 months of untreated
diabetes, binding to all three receptors was re-
duced by 21-28% (a-adrenoceptor: 56.4 vs
72.2; B-adrenoceptor: 22.5 vs 28.6; muscarinic:
84.8 vs 117.4 fmol/mg protein) [75].

Reduced B-adrenoceptor density in diabetes
reflects a shift in relative expression of -
adrenoceptor subtypes as determined by West-
ern immunoblotting [67]. Quantification of
Coomassie staining showed a shift in B1:B2:B3
expression profile from 62:30:8 in control to
40:36:23 in diabetic rat hearts [67]. This shift is
similar to that observed during sympathetic hy-
peractivity in the development of heart failure
[65]. In the same study, normalization of blood
glucose by daily insulin injection for only 2
weeks following 12 weeks of chronic diabetes
was sufficient to revert expression patterns to
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normal, with a B1:B2:B3 expression profile of
57:33:10 [67]. Displacement of 3H-
dihydroalprenolol by cold CGP20712 to distin-
guish high affinity B1-adrenoceptor binding from
low affinity B2-adrenoceptor identified a shift in
relative expression (B1:B2) from 52:48 in control
to 30:70 in untreated diabetics, restored to
40:60 by insulin [68]. These findings establish
the critical involvement of glycemia in the main-
tenance of B-adrenoceptor expression.

After 2.5 months of diabetes, internalization of
B-adrenoceptors is evident, as determined by
binding assays with the cell-surface imperme-
able 3H-CGP12177 compared to lipophilic 125]-
iodocyanopindolol [76]. This observation sug-
gests an increase in the internalization of [-
adrenoceptors during diabetes, prior to overt
degradation, which, in the context of other dihy-
droalprenolol studies, is suggested to occur by 6
months of diabetes. Treatment over 48 hours
with insulin partially restored membrane sur-
face 3H-CGP12177 binding sites [76]. The rapid
response to insulin suggests that early internali-
zation and impairment of B-adrenoceptor signal-
ing is readily reversible by glycemic control.

The altered expression patterns of myocardial -
adrenoceptors bear functional consequences.
The reduced maximum rate of left ventricle dP/
dtmax was associated with a reduction of isopro-
terenol-induced adenylate cyclase activity after
4 weeks of untreated diabetes, suggesting al-
teration of upstream signaling mediators [71].
Paradoxically, pressure transducer evaluation in
type 1 diabetic rats following administration of
low-dose Bi-adrenoceptor agonist dobutamine
(1 pg/kg) showed nearly double maximal iso-
volumic pressure development and decay com-
pared to controls. Insulin treatment normalized
the response in diabetic rats. This suggests an
increased sensitivity to B-adrenergic stimula-
tion, consistent with an upregulation of [1-
adrenoceptors [47]. However, no attempt to
quantify adrenoceptors was performed in this
study.

In isolated perfused diabetic hearts (6 weeks
post STZ), left ventricular developed pressure
was significantly lower than controls by as much
as 50% at higher left atrial filling pressure, asso-
ciated with a 50% reduction in relative B1-
adrenoceptor expression [77]. Treatment with
the Bsi-adrenoceptor antagonist metoprolol not
only increased expression of B-adrenoceptors in
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diabetic hearts, but also improved mechanical
performance in left ventricular pressures [77].
Sharma and colleagues further demonstrated
concomitant improvement in metabolic perform-
ance in metoprolol-treated rats, characterized
by an 80% increase in glucose oxidation, 39%
decrease of palmitate oxidation, driven in part
by a reduction in carnitine palmitoyl transferase-
1B expression and activity [78, 79].

Downstream noradrenergic signaling

In addition to changes in innervation and recep-
tors, downstream targets of the SNS have also
been studied in diabetes. As early as 8 days
after diabetes induction, the response of ade-
nylate cyclase to B-adrenergic stimulation was
ablated, whereas other pathways of adenylate
cyclase activation remained intact [80]. No dif-
ference in dihydroalprenolol binding was ob-
served [80], suggesting a functional uncoupling
of adenylate cyclase from myocardial -
adrenoceptors. Additional evidence suggests
that adenylate cyclase and cAMP inotropic ef-
fects are independently impaired in diabetes,
with reduced contractile force observed in iso-
lated perfused hearts following stimulation with
adenylate cyclase activator forskolin, exogenous
dibutyryl cAMP, or 3-isobutyl-1-methylxanthine
(IBMX) [81]. Reduced expression of pB-
adrenoceptors in isolated perfused 4 week dia-
betic heart also affects calcium mobilization,
wherein diabetic rats exhibit lower intracellular
Ca2*+ following stimulation with isoproterenol
[82]. This anomaly would impair the contractile
response to sympathetic stimulation and stress.

SNS imaging targets with PET and SPECT

Tracer-based imaging of the SNS has gained
traction in recent years, progressing toward
more mainstream clinical application. Targets of
molecular imaging include evaluation of neuron
integrity at the NET and evaluation of postsy-
naptic expression of p-adrenoceptors at the
cardiomyocyte membrane (reviewed in [9, 83])
(Figure 2A). Additional autonomic targets in-
clude muscarinic receptors [84], angiotensin Il
type 1 receptors [85, 86] and intracellular sig-
naling elements phosphodiesterase-4 [87] and
diacylglycerol [88], though the validation of
these tracers is at present unclear [89]. The
bulk of SNS imaging has been focused on pre-
synaptic measurements of reuptake function
and postsynaptic adrenoceptor density.
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[90, 91]. In PET, 11C-meta-
hydroxyephedrine  (11C-
HED), 21C-phenylephrine,
and 11C-epinephrine have
been evaluated with vary-
ing degrees of success
(reviewed in [9, 92]). The
development, characteri-
zation, and application of
these radiotracers have
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Figure 2. Established probes for evaluation of cardiac SNS. (A) Targets for mo-
lecular imaging in the sympathetic signaling include (1) presynaptic nervous
integrity at NET; (2) postsynaptic B-AR density; and (3) indirect evaluation of
CAMP levels and PKA activation at PDE4. (B) Chemical structures of probes for

neurohormonal interrogation.

Neuronal imaging agents are generally ana-
logues of norepinephrine (Figure 2B), that are
taken up via the sodium-dependent NET
(uptake-1) pathway. In SPECT, the prevalent
tracer is radio-iodinated metaiodobenzylgua-
nidine (1231-MIBG). Availability and regulation
has limited 123]-MIBG use to research purposes,
but recent advances have revealed an added-
value of neuronal imaging using 123|-MIBG
among heart failure patients, which may accel-
erate its application as a clinical diagnostic tool
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Briefly, retention of 123]-
MIBG was shown to be
reduced by blockade of
NET (uptake-1) [94] and
following sympathectomy
by phenol application in
the canine heart [99],
though a high degree of
extraneuronal uptake (via
uptake-2) is consistently
observed in many animal
species. Heart transplant
recipients reflect this ob-
servation, with a complete
lack of early and late 123]-
MIBG uptake by myocar-
dium devoid of sympa-
o) thetic innervation [9]. 123|-

| J
OH
wCHs
HN_
"CH;
OH

HC-HED

/ MIBG has been applied in

nuclear cardiology to ex-
amine post-myocardial
infarct healing [96, 97],
arrhythmia [98, 99], and
progression of congestive
heart failure [100]. Re-
duced contrast between
the heart and the medi-
astinum is characteristic
of impaired neuronal func-
tion, which also manifests as enhanced late
tracer washout [90, 98, 101].

11C-HED PET imaging

Advantages of the PET tracer 11C-HED include
high neuronal compared to extraneuronal up-
take [102], long neuronal retention time due to
partial packaging in vesicles [103], and meta-
bolic stability due to resistance to catechola-
mine metabolism by MAO or COMT [104]. Due
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Figure 3. Sample 11C-HED myocardial images. (A) Rat 11C-HED coronal image obtained using Siemens Inveon DPET
small animal camera showing heart and liver uptake. (B) Reoriented 11C-HED PET cardiac image from a patient with

obstructive sleep apnea obtained using GE Discovery D690 PET/VCT 64 camera.

to its lipophilicity, 21C-HED can passively diffuse
from the neuronal varicosity, and is also subject
to active release during signal transduction.
Kinetic studies have demonstrated the depend-
ence of 11C-HED retention on the availability of
NET, established as susceptibility to blockade or
displacement by the NET inhibitor desipramine.
This has been observed in isolated perfused rat
heart [94], ex vivo biodistribution in rats [105-
107] and dogs [94, 108] and more recently
using small animal PET in rats [93] and mice
[109]. Retention of 11C-HED is also subject to
competition for limited reuptake sites with en-
dogenous and exogenous neurotransmitter, as
demonstrated by treatments with the precursor
and false neurotransmitter metaraminol [107,
109], treatments to enhance endogenous nore-
pinephrine such as tranylcypromine [105] and
by infusion of exogenous norepinephrine [105].
Clinical applications of 11C-HED have included
post-infarct neuronal remodeling [110], tracking
of post-transplant reinnervation [111, 112],
arrhythmia [113, 114], congestive heart failure
[115-117], hibernating myocardium [118, 119],
hypertrophic cardiomyopathy [120], and coro-
nary artery disease [121]. Evaluation of 11C-HED
in rats (Figure 3A) has demonstrated similar
image quality to clinical images (Figure 3B),
though accelerated tracer washout due to
heightened basal sympathetic tone is observed
in rats compared to humans [93].
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11C-Phenylephrine is subject to metabolism by
MAO to 11C-methylamine, complicating kinetic
modeling [93, 122]. 11C-Epinephrine holds
promise as a sympathetic neuronal marker with
the added complication of labeled metabolites
[93, 123]. Retention properties of both of these
tracers are similar to 11C-HED, with advanta-
geous and disadvantageous characteristics
(reviewed in [9]). Effectively, retention of 123|-
MIBG or 11C-HED provides a dynamic semi-
gquantitative measurement of reuptake, storage,
and release of norepinephrine from myocardial
sympathetic neuronal varicosities.

110-CGP12177 PET imaging

Non-invasive determination of B-adrenoceptor
density is another target of interest in imaging
the cardiac SNS. The bulk of research has been
conducted using the non-selective 11C-
CGP12177 and its derivatives (Figure 2B). La-
beled with tritium, CGP12177 has been utilized
in binding assays to determine B-adrenoceptor
density ex vivo [124, 125]. As a radiotracer,
CGP12177 shows high and sustained uptake in
myocardium compared to surrounding tissues in
rat hearts, and is selectively blocked up to 90%
by B-blockers propranolol, atenolol and unla-
beled compound [126, 127]. Complicated syn-
thesis has limited the use of 11C-CGP12177 to
some extent, though some clinical applications
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Figure 4. Sample (R)-11C-rolipram images. (A) Rat (R)-11C-rolipram sagittal
whole body image obtained using Siemens Inveon DPET small animal cam-
era showing heart, brain, and liver uptake. (B) Coinjection of cold (R)-

been limited to preclinical
evaluations, but ex vivo biodis-
tribution studies suggest that
CGP12177 is a suitable radio-
tracer for longitudinal evalua-
tion of B-adrenoceptor density
in the diabetic heart [127].

8.5x10% Bg/ce

(R)-11C-Rolipram PET imaging

(R)-*1C-Rolipram (Figure 2B)
has been characterized in
small animals for evaluation of
phosphodiesterase-4  expres-
sion in the heart, providing an
indirect index of intracellular
cAMP activation. Preliminary
evaluation of (R)-11C-rolipram
imaging has illustrated quality
myocardium-to-blood and myo-
cardium-to-background con-
trast and specific binding in
rats (Figure 4AB) and dogs
(Figure 4C) [132, 133]. Car-
diac binding of (R)-11C-rolipram
was enhanced by treatments
elevating endogenous norepi-
nephrine and reduced when
phosphodiesterase-4 is
blocked [133, 134]. By con-

4.0x10% Ba/cc

rolipram blocks the specific binding of (R)-11C-rolipram to phosphodiesterase trast in animal models of

-4 in brain and heart. (C) Summed canine (R)-11C-rolipram coronal image
obtained using ECAT-ART cardiac PET camera shows myocardial uptake.

have emerged, including use in post-myocardial
infarction [128], heart failure [117, 129], hiber-
nating myocardium [119], and non-ischemic
cardiomyopathy [130, 131]. A correlation has
been described between pre- and post-synaptic
function, as assessed with 11C-HED and 11C-
CGP12177, respectively, with similar reduction
in sympathetic neuron integrity and myocardial
B-adrenoceptor density observed among sub-
jects with congestive heart failure [116, 129]. A
similar correlation was described to early and
delayed late heart-to-mediastinal ratio of 123|-
MIBG [131]. In a small scale trial in patients
with stable chronic heart failure due to idio-
pathic cardiomyopathy, B-adrenoceptor density
measured by 11C-CGP12177 PET predicted 20
month response to carvedilol treatment,
wherein the patients with the lowest CGP12177
binding showed the greatest improvement in
left ventricular ejection fraction [130]. Applica-
tion of CGP12177 in the diabetic heart has
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chronic obesity and acute adri-
amycin-induced cardiotoxicity,
characterized by elevated sym-
pathetic drive and catechola-
mine levels, no increase in (R)-11C-rolipram car-
diac binding was observed in response to block-
ade of the NET by desipramine and increased
synaptic norepinephrine [135, 136]. This finding
is consistent with downregulation of [-
adrenoceptors.

Preclinical imaging of SNS in diabetes

The development of specific radiotracers and
dedicated small animal imaging systems has
facilitated the interrogation of cardiac sympa-
thetic nervous integrity in rodent models of dia-
betes using SPECT and PET imaging, ex vivo
biodistribution, and autoradiography techniques
(Table 2).

123]-MIBG preclinical imaging in diabetes

A small number of preliminary imaging studies
have been conducted using radioiodinated 123|-
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Table 2. Summary of Preclinical Myocardial Presynaptic Imaging Studies in Diabetic Rodents

Model Duration Tracer Method Finding Ref

SD, STZ 55 mg/kg iv 4 weeks 125|-MIBG  ex vivo autoradiogra- -13% inferior LV retention [140]
phy

SD, STZ 45 mg/kg ip, 8 weeks 11C-HED ex vivo biodistribution -12% LV retention [24]

high fat feeding

WK, STZ 50 mg/kg ip 6 months  11C-HED ex vivo biodistribution -33% distal LV retention [30]

9 months -40% proximal LV retention

-44% distal LV retention

Goto Kakizaki 8 weeks 125|-MIBG  ex vivo autoradiogra- -23% anterior LV retention [41]

phy -41% inferior LV retention

WK, STZ 60 mg/kg iv 8 weeks 123-MIBG  pinhole SPECT -58% counts x kg / pixel [139]
+61% washout rate

SHR, STZ 60 mg/kg 8 weeks 123-MIBG  pinhole SPECT -58% counts x kg / pixel [139]
+34% washout rate

Zucker Obese 22 weeks  123-MIBG  pinhole SPECT +272% counts x kg / pixel [139]
+44% washout rate

WK, STZ 60 mg/kg iv 8 weeks 123|-MIBG ~ small animal SPECT +64% washout rate [138]

mice, STZ 35 mg/kg 7 months  123|-MIBG  small animal SPECT +95% LV washout rate [137]

ipx5d

+14% initial LV uptake

SD, Sprague Dawley; WK, Wistar Kyoto; SHR, Spotaneously Hypertensive Rat; 123I-MIBG, metaiodobenzylguanidine; 11C-HED, hy-

droxyephedrine

MIBG in diabetic rodents. Small animal SPECT
imaging revealed maintained uptake but en-
hanced myocardial washout of 123-MIBG over
30-120 min after injection among STZ diabetic
C57/BI6 mice compared to controls (41 vs
21%). Liver washout and urinary excretion were
also accelerated. 3H-Desipramine binding assay
demonstrated a reduction of NET density (Bmax)
in hearts of diabetic compared to non-diabetic
mice (136 vs 244 fmol/mg protein) with no
change in binding affinity (kq) [137]. Maintained
initial uptake with enhanced washout suggests
the presence of functional sympathetic nerve
terminals and elevated sympathetic tone, with
downregulation of NET consistent with other
models of diabetes [24, 41].

Similar observations were made using pinhole
SPECT studies in Wistar STZ rats, with washout
acceleration to 21.0 as compared to 12.8 %/h
in non-diabetic controls [138]. Evaluation of 123|-
MIBG in STZ rats at 8 weeks demonstrated re-
duced uptake at 60 min after injection com-
pared to age-matched healthy controls and ac-
celerated washout over 4 hours (36 vs 22%).
The altered tracer kinetics were corroborated by
an elevation of plasma norepinephrine (3.6 vs
2.4 nmol/1) and reduced B-adrenoceptor expres-
sion measured by 125]-cyanopindolol binding
assay (36 vs 52 fmol/mg protein) [139]. In com-
paring Zucker obese with lean rats at 22 weeks
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of age, obese animals displayed higher initial
uptake of 123-MIBG (0.67 vs 0.18 counts x kg
body weight / pixel x injected dose). However,
the washout was significantly accelerated in
obese compared to lean rats (44 vs 19%) [139].
No change in norepinephrine was observed, but
B-adrenoceptor density was 15% lower in
Zucker obese rats.

In ex vivo studies, regional distribution of 125|-
MIBG was compared with sestamibi (MIBI) using
autoradiographic techniques in STZ diabetic
rats to discern sympathetic neuronal density
and perfusion, respectively. A decrease in infe-
rior wall 125-MIBG distribution absorption ratio
was observed in 10 week diabetic rats, with no
comparable decrease observed in MIBI distribu-
tion. By contrast, no difference was reported in
control rats. These observations correlated to
an increase in regional norepinephrine levels in
diabetic compared to non-diabetic rats (8.2 vs
4.3 pg/g anterior wall; 8.7 vs 3.9 pg/g inferior
wall) and a moderate decrease in inferior wall
NET density (641 vs 809 fmol/mg protein) as
measured by S3H-desipramine binding assay
[140]. This suggests that while blood flow was
maintained, a regional impairment of anterior
sympathetic innervation was apparent. In non-
obese type 2 diabetic Goto-Kakizaki rats (8
weeks old), the same investigators described
maintained MIBI and a moderate decrease in
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125|-MIBG inferior to anterior wall distribution
absorption ratio. No difference in regional car-
diac norepinephrine concentration was de-
tected between Goto-Kakizaki and non-diabetic
rats, but a dramatic reduction of NET density
was observed by binding assay (263 vs 364
fmol/mg protein anterior wall; 251 vs 459 fmol/
mg protein inferior wall) [41].

11C-HED preclinical imaging in diabetes

Distribution of 11C-HED has been assessed in
STZ-induced diabetic rats using gamma count-
ing techniques. At 6 months of diabetes, STZ
rats exhibited a significant 33% reduction of 11C
-HED retention restricted to the distal left ventri-
cle compared to non-diabetic controls, with a
mild but significant increase in left ventricle
norepinephrine (711 vs 600 ng/g proximal; 613
vs 491 ng/g distal). By 9 months of diabetes,
this defect was observed in the entire left ventri-
cle, with reduced HED accumulation by 40-44%
in proximal and distal left ventricle segments. At
the 9 month timepoint, significant reduction of
norepinephrine (503 vs 694 ng/g proximal; 351
vs 536 ng/g distal) and nerve growth factor (4.1
vs 10.1 ng/g proximal; 2.9 vs 7.4 ng/g distal)
was described. Taken together these data indi-
cated that while autonomic neuropathy was
present at 9 months, this was preceded (at 6
months) by a regional dysregulation of sympa-
thetic neurons during which norepinephrine
release was not impeded [30].

A similar result was obtained at 2 months of
diabetes in STZ diabetic rats fed high fat diet to
produce insulin resistance. Retention of 11C-
HED in cardiac regions was globally reduced by
15-30%, with a corresponding increase in car-
diac norepinephrine levels (20%) and a de-
crease in NET expression (-17%) compared to
age-matched, high fat diet-fed controls. Immu-
nostaining for tyrosine hydroxylase confirmed
the maintenance of intact sympathetic neurons
in the left ventricle of diabetic rats [24]. Collec-
tively, these studies have built a foundation for
further longitudinal evaluation of sympathetic
dysregulation in the diabetic rodent heart.

Postsynaptic preclinical imaging in diabetes
To date, no small animal imaging has been con-
ducted using 12C-CGP12177 derivatives to visu-

alize cardiac B-adrenoceptors. In high fat diet-
fed STZ diabetic rats, 8 weeks of hyperglycemia
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was shown to reduce specific binding of 3H-
CGP12177 to cardiac B-adrenoceptors by 30-
40% compared to controls [127]. This result
was in conjunction with a significant decrease in
relative myocardial Bi-adrenoceptor expression
and no change in relative Bo-adrenoceptor ex-
pression compared to controls [127], consistent
with receptor internalization and degradation
following sustained hyperglycemia. Norepineph-
rine levels in hyperglycemic rats were elevated
2.5 fold in plasma and 1.2 fold in myocardium
[24]. This study supports the suitability of 11C-
CGP12177 for longitudinal study of membrane
B-adrenoceptor expression during the develop-
ment and treatment of diabetes.

The evidence of altered adenylate cyclase regu-
lation [80] suggests a potential role for the
phosphodiesterase-4 inhibitor (R)-11C-rolipram
as a surrogate marker of CAMP activity during
the development of diabetic cardiomyopathy. In
conditions of sympathetic hyperactivity such as
diabetes, examination of myocardial phosphodi-
esterase-4 expression and activity may provide
insight into the development of signaling abnor-
malities.

Clinical imaging of SNS in diabetes
123|-MIBG clinical imaging in diabetes

SNS imaging studies in the diabetic patient
population have largely been limited to investi-
gation of presynaptic nervous integrity using 123
-MIBG SPECT or 11C-HED PET. Evaluation of post
-synaptic B-adrenoceptors in human subjects
has been limited. The trials have overwhelm-
ingly focused on type 1 diabetes and the devel-
opment of autonomic neuropathy, though some
instances of early sympathetic dysregulation in
diabetes have also been described (Table 3).

Mean late heart-to-mediastinal ratio of 123|-
MIBG uptake was significantly lower in diabetic
subjects compared to non-diabetic subjects,
regardless of heart failure progression. Among
diabetic patients, lower heart-to-mediastinal 123|
-MIBG late uptake ratio (<1.60) was associated
with three times greater rate of heart failure
progression as compared to diabetic patients
with a normal (>1.60) heart-to-mediastinal 123|-
MIBG uptake ratio (33.5 vs 11.2% event rate)
[141]. There was no difference in plasma nore-
pinephrine levels between diabetic and non-
diabetic subjects, suggesting greater prognostic
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Table 3. Summary of Clinical Myocardial Presynaptic Imaging Studies in Diabetic Patients

Tracer N Groups Finding

Ref

11C-HED 10 type 1 diabetic

- reduced retention index (-30%) in diabetics [144]

11 healthy controls - increased retention index (+25%) 3y follow-up, good control
- decreased retention index (-14%) 3y follow-up, poor control

11C-HED 16 diabetic MNA
12 diabetic
10 non-diabetic
11C-HED 23 CAD

13 non-diabetic
123MIBG 11 diabetic

- increased area of retention defects (36% of LV) in MNA patients [147]
compared to diabetic controls (<1% of LV)

- slightly lower retention (-2.5%, p=0.0007) at 1y follow up in [146]
10 type 2 diabetic  diabetic CAD patients

- no change in non-diabetic CAD patientsat 1y

- reduced 1-y follow-up uptake score in poor glucose control [145]

- no change 1y follow-up 123]-MIBG uptake in good glucose control

123-MIBG 7 CAN

- reduced H/M ratio in CAN patients [143]

26 healthy controls - correlation of H/M ratio to early diastolic tissue velocity

(r2=0.32, p=0.01)
- enhanced washout in hypertensive diabetic (+20%) [142]
- lower H/M ratio in hypertensive diabetic (-14%)

123MIBG 33 type 2 diabetic
15 hypertensive
18 normotensive
123-MIBG 961  NYHAII-lI
343 diabetic
618 non-diabetic

- lower H/M ratio in diabetics vs non-diabetics [141]
- lower H/M ratio in diabetics with heart failure progression

MNA, microangiopathy; CAD, coronary artery disease; CAN, cardiac autonomic neuropathy; H/M heart-to-mediastinal

ratio

power from neuronal imaging.

Greater impairment in baroreflex sensitivity was
found among hypertensive type 2 diabetic pa-
tients as compared to normotensive diabetics,
paralleled by a modest decrease in 123-MIBG
uptake (heart-to-mediastinum ratio) at early and
delayed stages and an increased washout rate
[142]. No difference in high and low frequency
power heart rate variability or plasma norepi-
nephrine was found between these subgroups
of diabetics [142].

In a study of 114 patients, autonomic function
testing by heart rate variability and reflex tests
identified 16 patients with cardiac autonomic
neuropathy. Patients with neuropathy exhibited
a modest decrease in 123|-MIBG heart to medi-
astinal ratio compared to those without (1.6 vs
1.8) which significantly correlated with reduced
resting tissue Doppler peak early diastolic veloc-
ity (4.7 vs 6.3 cm/s) [143]. Regional analysis
demonstrated denervation particularly localized
to the anterior and lateral walls of the ventricle
[143].

11C-HED clinical imaging in diabetes
Stevens and colleagues described a defect in

11C-HED retention in ~7-9% of the distal left
ventricle of diabetic patients, consistent with
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sympathetic denervation or dysinnervation
[144]. At 3 years follow up, among patients who
subsequently achieved good glycemic control
this deficit of 11C-HED retention index was re-
duced by 77% compared to the first scan, and
average retention index score in proximal and
distal segments improved by 30%. By contrast,
among patients with poor glycemic control the
size of the apical defect was increased by
340%, with distal segments showing a further
21% decrease in retention index [144]. Interest-
ingly, no improvement in autonomic reflex test
scores was observed among the patients with
good glycemic control [144]. A similar capacity
for recovery was shown in a 1 year follow-up
scintigraphy study among type 1 diabetic pa-
tients, wherein patients achieving glycosylated
hemoglobin <8% exhibited significant reduction
of global and regional 123|-MIBG uptake score
[145].

In the presence of coronary artery disease, fixed
defects of 11C-HED retention remain, but were
not complicated by the presence of diabetes.
The defect size of 11C-HED did not increase in
size or severity over a 1 year follow up among
coronary artery disease patients during normal
therapy [146]. These patients exhibited good
glucose control, with HbAlc levels of 6.9+0.9%,
matching the cutoff value for glycemic control
previously identified [144]. However, in seg-
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ments with severely reduced coronary flow re-
serve, a significant reduction of 11C-HED reten-
tion was observed, which was purported to re-
flect ischemic rather than hyperglycemic neu-
ronal damage [146].

Indeed, in a small cohort Pop-Busui and col-
leagues identified a significant difference in 11C-
HED retention as affected area among type 1
diabetic patients with early microangiopathy as
compared to the stable patient population. Dia-
betic patients showed generally lower plasma
norepinephrine levels at rest, an amplified re-
sponse to the cold pressor test, baroceptor re-
flex impairment, and echocardiographic indica-
tors of diastolic dysfunction [147]. In addition,
myocardial blood flow reserve was reduced in
diabetics compared to healthy subjects, and
reduced further in the diabetic group with early
microangiopathy [147]. This loss of flow reserve
may derive from loss of vascular response to
norepinephrine stimulation, consistent with con-
stitutively hyperactivated sympathetic nervous
drive. Together, these observations support the
presence of abnormal noradrenergic signaling
and presynaptic sympathetic function even in
the absence of diabetic autonomic neuropathy.

Recent clinical investigations with 123]-MIBG
have made a strong case for the prognostic
value of molecular imaging of the cardiac SNS.
Heart-to-mediastinal uptake ratio of 123|-MIBG
(<1.60 threshold) was independently predictive
of heart failure progression, arrhythmic events,
cardiac death, and all-cause mortality among a
heart failure patient population over a two year
period [90]. While this study did not directly
evaluate the benefit of 123|-MIBG imaging in
these patients, it provides a solid foundation for
the use of sympathetic imaging data in the
stratification of patient risk to inform long term
treatment options. Subjects with events had a
modest elevation of plasma norepinephrine
compared with event-free subjects (722 vs 642
pg/ml), but norepinephrine levels alone were
not of prognostic value in the study [90]. In pre-
vious reports, plasma norepinephrine has been
identified as an independent predictor of car-
diac events in heart failure patients [148].

Collectively, the clinical data strongly support
the utility of 123-MIBG SPECT and 11C-HED PET
imaging in stratifying risk of cardiovascular
events among diabetic patients, particularly
progression to heart failure and sudden cardiac
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death. The regression of sympathetic defects to
glycemic control underscores the relationship
between hyperglycemia, norepinephrine, and
cardiac noradrenergic signaling, and suggests
that altered regulation of sympathetic neuronal
signaling precedes overt neuropathy.

Future perspectives

Considerable evidence from basic and clinical
studies have established the presence of abnor-
mal SNS signaling in the diabetic heart, as both
a consequence and cause of systolic and dia-
stolic dysfunction. Diabetes evokes elevated
systemic and cardiac norepinephrine, leading to
blunted baroreceptor adrenergic reflex, reduced
heart rate variability, and downregulation of
signaling elements including presynaptic NET
and postsynaptic B-adrenoceptors (Figure 5).
These abnormalities partially underlie the
added risk of cardiovascular morbidity and mor-
tality incurred by the diabetic population. As
molecular imaging research in this area pro-
gresses, a number of opportunities and ques-
tions stand to be addressed.

As discussed in this review, the bulk of present
studies have focused on the development of
sympathetic neuronal changes in type 1 diabe-
tes, with limited imaging and non-imaging
evaluation in the type 2 diabetic population.
Preclinical imaging studies in established mod-
els of type 2 diabetes may provide additional
insight into the progression of autonomic neu-
ropathy and sympathetic signaling abnormali-
ties in the development of diabetes. Some evi-
dence suggests that neuropathy is either de-
layed or absent in this population, providing the
opportunity to study sympathetic hyperactivity
and increased myocardial norepinephrine re-
lease and the effects of therapies to dampen
this sympathetic signal.

The continued development of micro imaging
techniques will permit a longitudinal assess-
ment of diabetes progression in small animal
models. Basic research suggests that denerva-
tion is preceded by a transient period of sympa-
thetic hyperactivity, which may contribute to the
deterioration of myocardial performance. Serial
studies in diabetic animals would facilitate the
complementary analysis of sympathetic neu-
ronal imaging, functional measures such as
echocardiography and left ventricular hemody-
namics, and in vitro determination of pathologi-
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Figure 5. Schematic of sympathetic nervous activation in diabetes and physiological consequences. Shift in myocar-
dial metabolism to fatty acids over glucose stimulate nonesterified fatty acid (NEFA) accumulation and insulin resis-
tance, elevated glucose and insulin levels, and accumulation of lipid metabolites, collagen, and advanced glycation
end products (AGE), leading to reduced left ventricular compliance and SNS activation. Chronic elevation of NE leads
to downregualtion of NET and B-adrenoceptors with several functional consequences.

cal mechanisms. These studies can be further
translated to clinical imaging application,
wherein cardiovascular risk may be identified by
PET or SPECT.

In addition to established imaging of sympa-
thetic nevous integrity (11C-HED, 123]-MIBG) and
B-adrenoceptor density (:1C-CGP12177), con-
tinuing research can explore novel neurohor-
monal targets in diabetes. Indirect measure-
ments of cAMP levels by (R)-11C-rolipram may
provide a complementary measurement of sym-
pathetic tone in diabetes. While the majority of
research to date has focused on the sympa-
thetic signaling axis, changes in parasympa-
thetic neuronal signaling may also play a role in
diabetic cardiac risk. Evaluation of myocardial
muscarinic receptors using 11C-
methylquinuclidinyl benzilate (}2C-MQNB) may
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provide additional information on cardiac func-
tion in diabetes. The development of 11C-labeled
angiotensin Il type 1 receptor antagonists pro-
vide the opportunity for dynamic evaluation of
altered angijotensin Il signaling, which partially
regulates sympathetic tone. Moreover, diabetic
patients treated with angiotensin Il type 1 re-
ceptor blockers have been shown to exhibit im-
proved cardiovascular outcomes.

In the long term, the literature demonstrates
that abnormalities in SNS signaling identified
using PET and SPECT imaging may be of value
in the identification of diabetic patients at great-
est risk of cardiac disease, even prior to the
development of autonomic neuropathy. Given
the link between hyperglycemia and elevated
norepinephrine, sympathetic neuronal imaging
may be further applied to evaluate myocardial
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effects of, and thereby guide, anti-diabetic ther-

apy.

Acknowledgement

JTT held a Doctoral Research Award from the
Heart and Stroke Foundation of Canada. RSB is
a Heart and Stroke Foundation of Canada Ca-

reer

Investigator, Tier 1 University of Ottawa

Chair in Cardiovascular Disease Research, and
the Goldfarb Chair in Cardiac Imaging Research.

Address correspondence to: Dr. Jean DaSilva, Na-
tional Cardiac PET Centre, University of Ottawa Heart
Institute, 40 Ruskin Street, Ottawa, Ontario, Canada,
K1Y 4W7 Tel: 613-798-5555 x 19704; Fax: 613-761
-5406; E-mail: JDasilva@ottawaheart.ca

References

(1]

(2]

(3]

(4]

(5]

(7]

(8]

328

Ardell JL. Intrathoracic Neuronal Regulation of
Cardiac Function. In: Armour JA, Ardell JL, edi-
tors. Basic and Clinical Neurocardiology. New
York: Oxford University Press; 2004. p. 118-
152.

Crick SJ SMN, Anderson RH. Neural supply of
the heart. In: Ter Horst GJ, editors. The nervous
system and the heart. Humana Press Inc;
2000. p. 3-54.

Brodde OE, Bruck H and Leineweber K. Cardiac
adrenoceptors: physiological and pathophysi-
ological relevance. J Pharmacol Sci 2006; 100:
323-337.

Adams DJ and Cuevas J. Electrophysiological
Properties of Intrinsic Cardiac Neurons. In: Ar-
mour JA, Ardell JL, editors. Basic and Clinical
Neurocardiology. New York: Oxford University
Press; 2004. p. 1-60.

Backs J, Haunstetter A, Gerber SH, Metz J,
Borst MM, Strasser RH, Kubler W and Haass M.
The neuronal norepinephrine transporter in
experimental heart failure: evidence for a post-
transcriptional downregulation. J Mol Cell Car-
diol 2001; 33: 461-472.

Hoffman BB and Lefkowitz RJ. Catecholamines,
Sympathomimetic Drugs, and Adrenergic Re-
ceptor Antagonists. In: Hardman JGL, Lee E.,
editors. Goodman & Gilman's The Pharmacol-
ogical Basis of Therapeutics. Ninth Edition. New
York: McGraw-Hill; 1995. p. 199-248.

Hoard JL, Hoover DB, Mabe AM, Blakely RD,
Feng N and Paolocci N. Cholinergic neurons of
mouse intrinsic cardiac ganglia contain
noradrenergic enzymes, norepinephrine trans-
porters, and the neurotrophin receptors tropo-
myosin-related kinase A and p75. Neuroscience
2008; 156: 129-142.

DaSilva JN, Kilbourn MR and Mangner TJ. Syn-
thesis of [11C]Jtetrabenazine, a vesicular mono-
amine uptake inhibitor, for PET imaging stud-

(10]

(11]

(12]

[13]

(14]

[15]

(16]

(17]

(18]

[19]

ies. App Rad Isot 1993; 44: 673-676.

Raffel D and Wieland D. Assessment of cardiac
sympathetic nerve integrity with positron emis-
sion tomography. Nucl Med Biol 2001; 28: 541-
559.

Taegtmeyer H, McNulty P and Young ME. Adap-
tation and maladaptation of the heart in diabe-
tes: Part I: general concepts. Circulation 2002;
105: 1727-1733.

Young ME, McNulty P and Taegtmeyer H. Adap-
tation and maladaptation of the heart in diabe-
tes: Part II: potential mechanisms. Circulation
2002; 105: 1861-1870.

Kerbey AL, Randle PJ, Cooper RH, Whitehouse
S, Pask HT and Denton RM. Regulation of pyru-
vate dehydrogenase in rat heart. Mechanism of
regulation of proportions of dephosphorylated
and phosphorylated enzyme by oxidation of
fatty acids and ketone bodies and of effects of
diabetes: role of coenzyme A, acetyl-coenzyme
A and reduced and oxidized nicotinamide-
adenine dinucleotide. Biochem J 1976; 154:
327-348.

Bruce CR, Hoy AJ, Turner N, Watt MJ, Allen TL,
Carpenter K, Cooney GJ, Febbraio MA and Krae-
gen EW. Overexpression of carnitine palmitoyl-
transferase-1 in skeletal muscle is sufficient to
enhance fatty acid oxidation and improve high-
fat dietinduced insulin resistance. Diabetes
2009; 58: 550-558.

Hajduch E, Turban S, Le Liepvre X, Le Lay S,
Lipina C, Dimopoulos N, Dugail | and Hundal
HS. Targeting of PKCzeta and PKB to caveolin-
enriched microdomains represents a crucial
step underpinning the disruption in PKB-
directed signalling by ceramide. Biochem J
2008; 410: 369-379.

Savage DB, Petersen KF and Shulman Gl.
Mechanisms of insulin resistance in humans
and possible links with inflammation. Hyperten-
sion 2005; 45: 828-833.

Huynh K, Kiriazis H, Du XJ, Love JE, Jandeleit-
Dahm KA, Forbes JM, McMullen JR and Ritchie
RH. Coenzyme Q(10) attenuates diastolic dys-
function, cardiomyocyte hypertrophy and car-
diac fibrosis in the db/db mouse model of type
2 diabetes. Diabetologia 2012; 55: 1544-
1553.

Wang G, Li W, Lu X and Zhao X. Riboflavin alle-
viates cardiac failure in Type | diabetic cardio-
myopathy. Heart Int 2011; 6: e21.

Norton GR, Candy G and Woodiwiss AJ. Amino-
guanidine prevents the decreased myocardial
compliance produced by streptozotocin-
induced diabetes mellitus in rats. Circulation
1996; 93: 1905-1912.

Candido R, Forbes JM, Thomas MC, Thallas V,
Dean RG, Burns WC, Tikellis C, Ritchie RH,
Twigg SM, Cooper ME and Burrell LM. A breaker
of advanced glycation end products attenuates
diabetes-induced myocardial structural
changes. Circ Res 2003; 92: 785-792.

Am J Nucl Med Mol Imaging 2012;2(3):314-334



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

329

Imaging cardiac SNS in diabetes

Li J, Zhu H, Shen E, Wan L, Arnold JM and Peng
T. Deficiency of racl blocks NADPH oxidase
activation, inhibits endoplasmic reticulum
stress, and reduces myocardial remodeling in a
mouse model of type 1 diabetes. Diabetes
2010; 59: 2033-2042.

Li Y, Ma J, Zhu H, Singh M, Hill D, Greer PA,
Arnold JM, Abel ED and Peng T. Targeted inhibi-
tion of calpain reduces myocardial hypertrophy
and fibrosis in mouse models of type 1 diabe-
tes. Diabetes 2011, 60: 2985-2994.

Levin BE, Govek EK and Dunn-Meynell AA. Re-
duced glucose-induced neuronal activation in
the hypothalamus of diet-induced obese rats.
Brain Res 1998; 808: 317-319.

Ganguly PK, Beamish RE, Dhalla KS, Innes IR
and Dhalla NS. Norepinephrine storage, distri-
bution, and release in diabetic cardiomyopathy.
Am J Physiol 1987; 252: E734-739.

Thackeray JT, Radziuk J, Harper ME, Suuronen
EJ, Ascah KJ, Beanlands RS and Dasilva JN.
Sympathetic nervous dysregulation in the ab-
sence of systolic left ventricular dysfunction in
a rat model of insulin resistance with hypergly-
cemia. Cardiovasc Diabetol 2011; 10: 75.

Fein FS, Strobeck JE, Malhotra A, Scheuer J and
Sonnenblick EH. Reversibility of diabetic cardio-
myopathy with insulin in rats. Circ Res 1981;
49: 1251-1261.

Kern W, Peters A, Born J, Fehm HL and
Schultes B. Changes in blood pressure and
plasma catecholamine levels during prolonged
hyperinsulinemia. Metabolism 2005; 54: 391-
396.

Florian JP and Pawelczyk JA. Sympathetic and
haemodynamic responses to lipids in healthy
human ageing. Exp Physiol 2010; 95: 486-497.
Schmidt RE, Dorsey DA, Beaudet LN and Peter-
son RG. Analysis of the Zucker Diabetic Fatty
(ZDF) type 2 diabetic rat model suggests a neu-
rotrophic role for insulin/IGF-I in diabetic auto-
nomic neuropathy. Am J Pathol 2003; 163: 21-
28.

leda M and Fukuda K. New aspects for the
treatment of cardiac diseases based on the
diversity of functional controls on cardiac mus-
cles: the regulatory mechanisms of cardiac
innervation and their critical roles in cardiac
performance. J Pharmacol Sci 2009; 109: 348-
353.

Schmid H, Forman LA, Cao X, Sherman PS and
Stevens MJ. Heterogeneous cardiac sympa-
thetic denervation and decreased myocardial
nerve growth factor in streptozotocin-induced
diabetic rats: implications for cardiac sympa-
thetic dysinnervation complicating diabetes.
Diabetes 1999; 48: 603-608.

Stevens MJ, Dayanikli F, Raffel DM, Allman KC,
Sandford T, Feldman EL, Wieland DM, Corbett J
and Schwaiger M. Scintigraphic assessment of
regionalized defects in myocardial sympathetic
innervation and blood flow regulation in dia-

[32]

(33]

(34]

(35]

[36]

(37]

(38]

[39]

[40]

[41]

(42]

[43]

(44]

betic patients with autonomic neuropathy. J Am
Coll Cardiol 1998; 31: 1575-1584.

Ewing DJ, Bellavere F, Espi F, McKibben BM,
Buchanan KD, Riemersma RA and Clarke BF.
Correlation of cardiovascular and neuroendo-
crine tests of autonomic function in diabetes.
Metabolism 1986; 35: 349-353.

Landsberg L, Saville ME and Young JB. Sym-
pathoadrenal system and regulation of ther-
mogenesis. Am J Physiol 1984; 247: E181-
189.

Facchini FS, Stoohs RA and Reaven GM. En-
hanced sympathetic nervous system activity.
The linchpin between insulin resistance, hyper-
insulinemia, and heart rate. Am J Hypertens
1996; 9: 1013-1017.

Jamerson KA, Julius S, Gudbrandsson T,
Andersson O and Brant DO. Reflex sympathetic
activation induces acute insulin resistance in
the human forearm. Hypertension 1993; 21:
618-623.

Jyotsna VP, Sahoo A, Sreenivas V and Deepak
KK. Prevalence and pattern of cardiac auto-
nomic dysfunction in newly detected type 2
diabetes mellitus. Diabetes Res Clin Pract
2009; 83: 83-88.

Ganguly PK, Dhalla KS, Innes IR, Beamish RE
and Dhalla NS. Altered norepinephrine turnover
and metabolism in diabetic cardiomyopathy.
Circ Res 1986; 59: 684-693.

Akiyama N, Okumura K, Watanabe Y, Hashi-
moto H, Ito T, Ogawa K and Satake T. Altered
acetylcholine and norepinephrine concentra-
tions in diabetic rat hearts. Role of parasympa-
thetic nervous system in diabetic cardiomyopa-
thy. Diabetes 1989; 38: 231-236.

Marsh SA, Dell'italia LJ and Chatham JC. Inter-
action of diet and diabetes on cardiovascular
function in rats. Am J Physiol Heart Circ Physiol
2009; 296: H282-292.

Marsh SA, Powell PC, Agarwal A, Dell'ltalia LJ
and Chatham JC. Cardiovascular dysfunction in
Zucker obese and Zucker diabetic fatty rats:
role of hydronephrosis. Am J Physiol Heart Circ
Physiol 2007; 293: H292-298.

Kiyono Y, lida Y, Kawashima H, Ogawa M,
Tamaki N, Nishimura H and Saji H. Norepineph-
rine transporter density as a causative factor in
alterations in MIBG myocardial uptake in
NIDDM model rats. Eur J Nucl Med Mol Imaging
2002; 29: 999-1005.

Felten SY, Peterson RG, Shea PA, Besch HR, Jr.
and Felten DL. Effects of streptozotocin diabe-
tes on the noradrenergic innervation of the rat
heart: a longitudinal histofluorescence and
neurochemical study. Brain Res Bull 1982; 8:
593-607.

Gallego M, Setien R, Izquierdo MJ, Casis O and
Casis E. Diabetes-induced biochemical changes
in central and peripheral catecholaminergic
systems. Physiol Res 2003; 52: 735-741.

Patel KP and Zhang PL. Baroreflex function in

Am J Nucl Med Mol Imaging 2012;2(3):314-334



[45]

[46]

[47]

(48]

[49]

(50]

[51]

(52]

(53]

(54]

[55]

[56]

330

Imaging cardiac SNS in diabetes

streptozotocin (STZ) induced diabetic rats. Dia-
betes Res Clin Pract 1995; 27: 1-9.

Schreihofer AM, Mandel DA, Mobley SC and
Stepp DW. Impairment of sympathetic barore-
ceptor reflexes in obese Zucker rats. Am J
Physiol Heart Circ Physiol 2007; 293: H2543-
2549,

Gu H, Epstein PN, Li L, Wurster RD and Cheng
ZJ. Functional changes in baroreceptor affer-
ent, central and efferent components of the
baroreflex circuitry in type 1 diabetic mice
(OVE26). Neuroscience 2008; 152: 741-752.
Borges GR, de Oliveira M, Salgado HC and
Fazan R, Jr. Myocardial performance in con-
scious streptozotocin diabetic rats. Cardiovasc
Diabetol 2006; 5: 26.

Kuwahara M, Yayou K, Ishii K, Hashimoto S,
Tsubone H and Sugano S. Power spectral analy-
sis of heart rate variability as a new method for
assessing autonomic activity in the rat. J Elec-
trocardiol 1994; 27: 333-337.

Ramaekers D, Beckers F, Demeulemeester H
and Aubert AE. Cardiovascular autonomic func-
tion in conscious rats: a novel approach to fa-
cilitate stationary conditions. Ann Noninvasive
Electrocardiol 2002; 7: 307-318.

Bertram D, Barres C, Cheng Y and Julien C.
Norepinephrine reuptake, baroreflex dynamics,
and arterial pressure variability in rats. Am J
Physiol Regul Integr Comp Physiol 2000; 279:
R1257-1267.

Mills PA, Huetteman DA, Brockway BP, Zwiers
LM, Gelsema AJ, Schwartz RS and Kramer K. A
new method for measurement of blood pres-
sure, heart rate, and activity in the mouse by
radiotelemetry. J Appl Physiol 2000; 88: 1537-
1544,

Howarth FC, Jacobson M, Naseer O and
Adeghate E. Short-term effects of streptozoto-
cin-induced diabetes on the electrocardiogram,
physical activity and body temperature in rats.
Exp Physiol 2005; 90: 237-245.

Howarth FC, Jacobson M, Shafiullah M and
Adeghate E. Long-term effects of streptozotocin
-induced diabetes on the electrocardiogram,
physical activity and body temperature in rats.
Exp Physiol 2005; 90: 827-835.

Howarth FC, Jacobson M, Shafiullah M and
Adeghate E. Effects of insulin treatment on
heart rhythm, body temperature and physical
activity in streptozotocin-induced diabetic rat.
Clin Exp Pharmacol Physiol 2006; 33: 327-331.
Howarth FC, Jacobson M, Shafiullah M and
Adeghate E. Long-term effects of type 2 diabe-
tes mellitus on heart rhythm in the Goto-
Kakizaki rat. Exp Physiol 2008; 93: 362-369.
Kiyono Y, Kanegawa N, Kawashima H, lida Y,
Kinoshita T, Tamaki N, Nishimura H, Ogawa M
and Saji H. Age-related changes of myocardial
norepinephrine transporter density in rats: im-
plications for differential cardiac accumulation
of MIBG in aging. Nucl Med Biol 2002; 29: 679-

(57]

(58]

(59]

[60]

[61]

(62]

(63]

[64]

[65]

(66]

[67]

[68]

[69]

[70]

684.

Hekimian G, Khandoudi N, Feuvray D and
Beigelman PM. Abnormal cardiac rhythm in
diabetic rats. Life Sci 1985; 37: 547-551.

Chen L, Wang L, Xu B, Ni G, Yu L, Han B, Yu X,
Wang K, Lai Y, Zhou S and Zhu Q. Mechanisms
of alphal-adrenoceptor mediated QT prolonga-
tion in the diabetic rat heart. Life Sci 2009; 84:
250-256.

Gallego M and Casis 0. Regulation of cardiac
transient outward potassium current by norepi-
nephrine in normal and diabetic rats. Diabetes
Metab Res Rev 2001; 17: 304-309.

Goncalves AC, Tank J, Diedrich A, Hilzendeger
A, Plehm R, Bader M, Luft FC, Jordan J and
Gross V. Diabetic hypertensive leptin receptor-
deficient db/db mice develop cardioregulatory
autonomic dysfunction. Hypertension 2009;
53: 387-392.

Gross V, Tank J, Partke HJ, Plehm R, Diedrich A,
da Costa Goncalves AC, Luft FC and Jordan J.
Cardiovascular autonomic regulation in Non-
Obese Diabetic (NOD) mice. Auton Neurosci
2008; 138: 108-113.

Fazan R Jr, Ballejo G, Salgado MC, Moraes MF
and Salgado HC. Heart rate variability and
baroreceptor function in chronic diabetic rats.
Hypertension 1997; 30: 632-635.

Flaa A, Aksnes TA, Kjeldsen SE, Eide | and
Rostrup M. Increased sympathetic reactivity
may predict insulin resistance: an 18-year fol-
low-up study. Metabolism 2008; 57: 1422-
1427.

Carnethon MR, Golden SH, Folsom AR, Haskell
W and Liao D. Prospective investigation of auto-
nomic nervous system function and the devel-
opment of type 2 diabetes: the Atherosclerosis
Risk In Communities study, 1987-1998. Circu-
lation 2003; 107: 2190-2195.

Bristow MR. Changes in myocardial and vascu-
lar receptors in heart failure. J Am Coll Cardiol
1993; 22: 61A-71A.

Dell'ltalia LJ and Ardell JL. Sympathetic Nervous
System in the Evolution of Heart Failure. In:
Armour JA, Ardell JL, editors. Basic and Clinical
Neurocardiology. New York: Oxford University
Press; 2004. p. 340-367.

Dincer UD, Bidasee KR, Guner S, Tay A, Ozce-
likay AT and Altan VM. The effect of diabetes on
expression of betal-, beta2-, and beta3-
adrenoreceptors in rat hearts. Diabetes 2001;
50: 455-461.

Sellers DJ and Chess-Williams R. The effect of
streptozotocin-induced diabetes on cardiac
beta-adrenoceptor subtypes in the rat. J Auton
Pharmacol 2001; 21: 15-21.

Avendano GF, Agarwal RK, Bashey RI, Lyons
MM, Soni BJ, Jyothirmayi GN and Regan TJ.
Effects of glucose intolerance on myocardial
function and collagen-linked glycation. Diabetes
1999; 48: 1443-1447.

Swan JW, Anker SD, Walton C, Godsland IF,

Am J Nucl Med Mol Imaging 2012;2(3):314-334



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

[81]

(82]

331

Imaging cardiac SNS in diabetes

Clark AL, Leyva F, Stevenson JC and Coats AJ.
Insulin resistance in chronic heart failure: rela-
tion to severity and etiology of heart failure. J
Am Coll Cardiol 1997; 30: 527-532.

Atkins FL, Dowell RT and Love S. beta-
Adrenergic receptors, adenylate cyclase activ-
ity, and cardiac dysfunction in the diabetic rat. J
Cardiovasc Pharmacol 1985; 7: 66-70.
Matsuda N, Hattori Y, Gando S, Akaishi Y, Kem-
motsu O and Kanno M. Diabetes-induced down-
regulation of betal-adrenoceptor mRNA expres-
sion in rat heart. Biochem Pharmacol 1999;
58: 881-885.

Beenen OH, Batink HD, Pfaffendorf M and van
Zwieten PA. Beta-andrenoceptors in the hearts
of diabetic-hypertensive rats: radioligand bind-
ing and functional experiments. Blood Press
1997; 6: 44-51.

Ingebretsen CG, Hawelu-Johnson C and Inge-
bretsen WR Jr. Alloxan-induced diabetes re-
duces beta-adrenergic receptor number without
affecting adenylate cyclase in rat ventricular
membranes. J Cardiovasc Pharmacol 1983; 5:
454-461.

Latifpour J and McNeill JH. Cardiac autonomic
receptors: effect of longterm experimental
diabetes. J Pharmacol Exp Ther 1984; 230:
242-249.

Kashiwagi A, Nishio Y, Saeki Y, Kida Y, Kodama
M and Shigeta Y. Plasma membrane-specific
deficiency in cardiac beta-adrenergic receptor
in streptozocin-diabetic rats. Am J Physiol
1989; 257: E127-132.

Sharma V, Parsons H, Allard MF and McNeill JH.
Metoprolol increases the expression of beta(3)-
adrenoceptors in the diabetic heart: effects on
nitric oxide signaling and forkhead transcription
factor-3. Eur J Pharmacol 2008; 595: 44-51.
Sharma V, Dhillon P, Wambolt R, Parsons H,
Brownsey R, Allard MF and McNeill JH.
Metoprolol improves cardiac function and
modulates cardiac metabolism in the strepto-
zotocin-diabetic rat. Am J Physiol Heart Circ
Physiol 2008; 294: H1609-1620.

Sharma V, Dhillon P, Parsons H, Allard MF and
McNeill JH. Metoprolol represses PGClalpha-
mediated carnitine palmitoyltransferase-1B
expression in the diabetic heart. Eur J Pharma-
col 2009; 607: 156-166.

Gotzsche 0. The adrenergic beta-receptor ade-
nylate cyclase system in heart and lymphocytes
from streptozotocin-diabetic rats. In vivo and in
vitro evidence for a desensitized myocardial
beta-receptor. Diabetes 1983; 32: 1110-1116.
Gando S, Hattori Y, Akaishi Y, Nishihira J and
Kanno M. Impaired contractile response to beta
adrenoceptor stimulation in diabetic rat hearts:
alterations in beta adrenoceptors-G protein-
adenylate cyclase system and phospholamban
phosphorylation. J Pharmacol Exp Ther 1997;
282: 475-484.

op den Buijs J, Miklos Z, van Riel NA, Prestia

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

CM, Szenczi O, Toth A, Van der Vusse GJ, Szabo
C, Ligeti L and Ivanics T. beta-Adrenergic activa-
tion reveals impaired cardiac calcium handling
at early stage of diabetes. Life Sci 2005; 76:
1083-1098.

Yoshinaga K, Chow BJ, deKemp R, Thorn S,
Ruddy T, Davies RA, DaSilva J and Beanlands
R. Application of cardiac molecular imaging
using positron emission tomography in evalua-
tion of drug and therapeutics for cardiovascular
disorders. Curr Pharm Des 2005; 11: 903-932.
Delahaye N, Le Guludec D, Dinanian S, Del-
forge J, Slama MS, Sarda L, Dolle F, Mzabi H,
Samuel D, Adams D, Syrota A and Merlet P.
Myocardial muscarinic receptor upregulation
and normal response to isoproterenol in dener-
vated hearts by familial amyloid polyneuropa-
thy. Circulation 2001; 104: 2911-2916.
Hadizad T, Kirkpatrick SA, Mason S, Burns K,
Beanlands RS and Dasilva JN. Novel O-[(11)C]
methylated derivatives of candesartan as an-
giotensin 1l AT(1) receptor imaging ligands:
radiosynthesis and ex vivo evaluation in rats.
Bioorg Med Chem 2009; 17: 7971-7977.
Higuchi T, Fukushima K, Xia J, Mathews WB,
Lautamaki R, Bravo PE, Javadi MS, Dannals RF,
Szabo Z and Bengel FM. Radionuclide imaging
of angjotensin Il type 1 receptor upregulation
after myocardial ischemia-reperfusion injury. J
Nucl Med 2010; 51: 1956-1961.

DaSilva JN, Lourenco CM, Meyer JH, Hussey D,
Potter WZ and Houle S. Imaging cAMP-specific
phosphodiesterase-4 in human brain with (R)-
[11C]rolipram and positron emission tomogra-
phy. Eur J Nucl Med Mol Imaging 2002; 29:
1680-1683.

Otani H, Kagaya Y, Imahori Y, Yasuda S, Fujii R,
Chida M, Namiuchi S, Takeda M, Sakuma M,
Watanabe J, Ido T, Nonogi H and Shirato K.
Myocardial 11C-diacylglycerol accumulation
and left ventricular remodeling in patients after
myocardial infarction. J Nucl Med 2005; 46:
553-559.

Kenk M, Thomas AJ, Lortie M, deKemp RA,
Beanlands RS and DaSilva JN. PET Measure-
ments of cAMP-Mediated Phosphodiesterase-4
with (R)-[11C]Rolipram. Current Radiopharma-
ceuticals 2011; 4: 44-58.

Jacobson AF, Senior R, Cerqueira MD, Wong
ND, Thomas GS, Lopez VA, Agostini D, Weiland
F, Chandna H and Narula J. Myocardial iodine-
123 meta-iodobenzylguanidine imaging and
cardiac events in heart failure. Results of the
prospective ADMIRE-HF (AdreView Myocardial
Imaging for Risk Evaluation in Heart Failure)
study. J Am Coll Cardiol 2010; 55: 2212-2221.

Am J Nucl Med Mol Imaging 2012;2(3):314-334



Imaging cardiac SNS in diabetes

[91] Bravo PE and Bengel FM. The Role of Cardiac
PET in Translating Basic Science into the Clini-
cal Arena. J Cardiovasc Transl Res 2011; 4:
425-436.

[92] Lautamaki R, Tipre D and Bengel FM. Cardiac
sympathetic neuronal imaging using PET. Eur J
Nucl Med Mol Imaging 2007; 34 Suppl 1: S74-
85.

[93] Tipre DN, Fox JJ, Holt DP, Green G, Yu J,
Pomper M, Dannals RF and Bengel FM. In vivo
PET imaging of cardiac presynaptic sympatho-
neuronal mechanisms in the rat. J Nucl Med
2008; 49: 1189-1195.

[94] DeGrado TR, Hutchins GD, Toorongian SA, Wie-
land DM, Schwaiger M. Myocardial Kinetics of
Carbon-11-Meta-Hydroxyephedrine: Retention
Mechanisms and Effects of Norepinephrine. J
Nucl Med 1993; 34: 1287-1293.

[95] Dae MW, De Marco T, Botvinick EH, O'Connell
JW, Hattner RS, Huberty JP and Yuen-Green
MS. Scintigraphic assessment of MIBG uptake
in globally denervated human and canine
hearts—-implications for clinical studies. J Nucl
Med 1992; 33: 1444-1450.

[96] Kasama S, Toyama T, Sumino H, Kumakura H,
Takayama Y, Ichikawa S, Suzuki T and Kuraba-
yashi M. Long-term nicorandil therapy improves
cardiac sympathetic nerve activity after reperfu-
sion therapy in patients with first acute myocar-
dial infarction. J Nucl Med 2007; 48: 1676-
1682.

[97] Kasama S, Toyama T, Sumino H, Kumakura H,
Takayama Y, Minami K, Ichikawa S, Matsumoto
N, Sato Y and Kurabayashi M. Prognostic value
of cardiac sympathetic nerve activity evaluated
by [123lJm-iodobenzylguanidine imaging in
patients with ST-segment elevation myocardial
infarction. Heart 2011; 97: 20-26.

[98] Boogers MJ, Borleffs CJ, Henneman MM, van
Bommel RJ, van Ramshorst J, Boersma E, Dib-
bets-Schneider P, Stokkel MP, van der Wall EE,
Schalij MJ and Bax JJ. Cardiac sympathetic
denervation assessed with 123-iodine metaio-
dobenzylguanidine imaging predicts ventricular
arrhythmias in  implantable cardioverter-
defibrillator patients. J Am Coll Cardiol 2010;
55:2769-2777.

[99] Bax JJ, Kraft O, Buxton AE, Fjeld JG, Parizek P,
Agostini D, Knuuti J, Flotats A, Arrighi J, Muxi A,
Alibelli MJ, Banerjee G and Jacobson AF. 123 |-
mIBG scintigraphy to predict inducibility of ven-
tricular arrhythmias on cardiac electrophysiol-
ogy testing: a prospective multicenter pilot
study. Circ Cardiovasc Imaging 2008; 1: 131-
140.

[100] Currie GM, Igbal B, Wheat JM, Wang L, Trifuno-
vic M, Jelinek HF and Kiat H. Risk Stratification
in Heart Failure Using 123I-MIBG. J Nucl Med
Technol 2011; 39: 295-301.

[101] Narula J and Sarkar K. A conceptual paradox of
MIBG uptake in heart failure: retention with
incontinence! J Nucl Cardiol 2003; 10: 700-

332

704.

[102]Raffel DM and Chen W. Binding of [3H]
mazindol to cardiac norepinephrine transport-
ers: kinetic and equilibrium studies. Naunyn
Schmiedebergs Arch Pharmacol 2004; 370: 9-
16.

[103] Wieland DM, Rosenspire KC, Hutchins GD, Van
Dort M, Rothley JM, Mislankar SG, Lee HT,
Massin CC, Gildersleeve DL, Sherman PS and
et al. Neuronal mapping of the heart with 6-
[18F]fluorometaraminol. J Med Chem 1990;
33: 956-964.

[104] Fuller RW, Snoddy HD, Perry KW, Bernstein JR
and Murphy PJ. Formation of alpha-
methylnorepinephrine as a metabolite of meta-
raminol in guinea pigs. Biochem Pharmacol
1981; 30: 2831-2836.

[105] Thackeray JT, Beanlands RS and Dasilva JN.
Presence of Specific 11C-meta-
Hydroxyephedrine Retention in Heart, Lung,
Pancreas, and Brown Adipose Tissue. J Nucl
Med 2007; 48: 1733-1740.

[106] Rosenspire KC, Haka MS, Van Dort ME, Jewett
DM, Gildersleeve DL, Schwaiger M and Wieland
DM. Synthesis and preliminary Evaluation of
Carbon-11-Meta-Hydroxyephedrine: A  False
Transmitter Agent for Heart Neuronal Imaging. J
Nucl Med 1990; 31: 1328-1334.

[107]Law MP, Osman S, Davenport RJ, Cunningham
VJ, Pike VW and Camici PG. Biodistribution and
metabolism of [N-methyl-11C]m-
hydroxyephedrine in the rat. Nucl Med Biol
1997; 24: 417-424.

[108] Caldwell JH, Kroll K, Li Z, Seymour K, Link JM
and Krohn KA. Quantitation of presynaptic car-
diac sympathetic function with carbon-11-meta-
hydroxyephedrine. J Nucl Med 1998; 39: 1327-
1334.

[109]Law MP, Schafers K, Kopka K, Wagner S,
Schober O and Schafers M. Molecular imaging
of cardiac sympathetic innervation by 11C-
mHED and PET: from man to mouse? J Nucl
Med 2010; 51: 1269-1276.

[110]Allman KC, Wieland DM, Muzik O, Degrado TR,
Wolfe ER, Jr. and Schwaiger M. Carbon-11 hy-
droxyephedrine with positron emission tomo-
graphy for serial assessment of cardiac adren-
ergic neuronal function after acute myocardial
infarction in humans. J Am Coll Cardiol 1993;
22:368-375.

[111]Bengel FM, Ueberfuhr P, Hesse T, Schiepel N,
Ziegler Sl, Scholz S, Nekolla SG, Reichart B and
Schwaiger M. Clinical determinants of ventricu-
lar sympathetic reinnervation after orthotopic
heart transplantation. Circulation 2002; 106:
831-835.

[112]Schwaiger M, Hutchins GD, Kalff V, Rosenspire
K, Haka MS, Mallette S, Deeb GM, Abrams GD
and Wieland D. Evidence for regional catechola-
mine uptake and storage sites in the trans-
planted human heart by positron emission to-
mography. J Clin Invest 1991; 87: 1681-1690.

Am J Nucl Med Mol Imaging 2012;2(3):314-334



Imaging cardiac SNS in diabetes

[113] Kies P, Wichter T, Schafers M, Paul M, Schafers
KP, Eckardt L, Stegger L, Schulze-Bahr E, Ri-
moldi O, Breithardt G, Schober O and Camici
PG. Abnormal myocardial presynaptic norepi-
nephrine recycling in patients with Brugada
syndrome. Circulation 2004; 110: 3017-3022.

[114]Sasano T, Abraham MR, Chang KC, Ashikaga H,
Mills KJ, Holt DP, Hilton J, Nekolla SG, Dong J,
Lardo AC, Halperin H, Dannals RF, Marban E
and Bengel FM. Abnormal sympathetic innerva-
tion of viable myocardium and the substrate of
ventricular tachycardia after myocardial infarc-
tion. J Am Coll Cardiol 2008; 51: 2266-2275.

[115]Hartmann F, Ziegler S, Nekolla S, Hadamitzky
M, Seyfarth M, Richardt G and Schwaiger M.
Regional patterns of myocardial sympathetic
denervation in dilated cardiomyopathy: an
analysis using carbon-11 hydroxyephedrine and
positron emission tomography. Heart 1999; 81.:
262-270.

[116]Ungerer M, Bohm M, Elce JS, Erdmann E and
Lohse MJ. Altered expression of beta-
adrenergic receptor kinase and beta 1-
adrenergic receptors in the failing human heart.
Circulation 1993; 87: 454-463.

[1171Ungerer M, Weig HJ, Kubert S, Overbeck M,
Bengel F, Schomig A and Schwaiger M. Re-
gional pre- and postsynaptic sympathetic sys-
tem in the failing human heart-regulation of
beta ARK-1. Eur J Heart Fail 2000; 2: 23-31.

[118]Luisi AJ, Fallavollita JA, Suzuki G, deKemp R,
Haka MS, Toorongian SA and Canty JM Jr. Re-
gional 11C-Hydroxyephedrine Uptake in Hiber-
nating Myocardium: Chronic Inhomogeneity of
Sympathetic Innervation in the Absence of In-
farction. J Nucl Med 2005; 46: 1368-1374.

[119]John AS, Mongillo M, Depre C, Khan MT, Ri-
moldi OE, Pepper JR, Dreyfus GD, Pennell DJ
and Camici PG. Pre- and post-synaptic sympa-
thetic function in human hibernating myocar-
dium. Eur J Nucl Med Mol Imaging 2007; 34:
1973-1980.

[120] Schafers M, Dutka D, Rhodes CG, Lammertsma
AA, Hermansen F, Schober O and Camici PG.
Myocardial presynaptic and postsynaptic auto-
nomic dysfunction in hypertrophic cardio-
myopathy. Circ Res 1998; 82: 57-62.

[121] Bulow HP, Stahl F, Lauer B, Nekolla SG, Schuler
G, Schwaiger M and Bengel FM. Alterations of
myocardial presynaptic sympathetic innervation
in patients with multi-vessel coronary artery
disease but without history of myocardial infarc-
tion. Nucl Med Commun 2003; 24: 233-239.

[122]Del Rosario RB, Jung Y-W, Caraher J, Chak-
raborty PK and Wieland DM. Synthesis and
Preliminary Evaluation of [11C]-(-)-Phenylephrine
as a Functional Heart Neuronal PET Agent. Nucl
Med Biol 1996; 23: 611-616.

[123]Nguyen NT, DeGrado TR, Chakraborty P, Wie-
land DM and Schwaiger M. Myocardial kinetics
of carbon-11-epinephrine in the isolated work-
ing rat heart. J Nucl Med 1997; 38: 780-785.

333

[124]1Mohell N and Dicker A. The beta-adrenergic
radioligand [3H]CGP-12177, generally classi-
fied as an antagonist, is a thermogenic agonist
in brown adipose tissue. Biochem J 1989; 261.:
401-405.

[125] Affolter H, Hertel C, Jaeggi K, Portenier M and
Staehelin M. (-)-S-[3H]CGP-12177 and its use
to determine the rate constants of unlabeled
beta-adrenergic antagonists. Proc Natl Acad Sci
USA 1985; 82: 925-929.

[126]Van Waarde A, Elsinga PH, Brodde O-E, Visser
GM and Vaalburg W. Myocardial and pulmonary
uptake of S-1'[18F]fluorocarazolol in intact rats
reflects radioligand binding to -adrenoceptors.
European Journal of Pharmacology 1995; 272:
159-168.

[127]Thackeray JT, Parsa-Nezhad M, Kenk M, Thorn
SL, Kolajova M, Beanlands RS and Dasilva JN.
Reduced CGP12177 binding to cardiac beta-
adrenoceptors in hyperglycemic high-fat-diet-
fed, streptozotocin-induced diabetic rats. Nucl
Med Biol 2011; 38: 1059-1066.

[128] Link JM, Stratton JR, Levy W, Poole JE, Shoner
SC, Stuetzle W and Caldwell JH. PET measures
of pre- and post-synaptic cardiac beta adrener-
gic function. Nucl Med Biol 2003; 30: 795-803.

[129] Caldwell JH, Link JM, Levy WC, Poole JE and
Stratton JR. Evidence for pre- to postsynaptic
mismatch of the cardiac sympathetic nervous
system in ischemic congestive heart failure. J
Nucl Med 2008; 49: 234-241.

[130]Naya M, Tsukamoto T, Morita K, Katoh C, Nishi-
jima K, Komatsu H, Yamada S, Kuge Y, Tamaki
N and Tsutsui H. Myocardial beta-adrenergic
receptor density assessed by 11C-CGP12177
PET predicts improvement of cardiac function
after carvedilol treatment in patients with idio-
pathic dilated cardiomyopathy. J Nucl Med
2009; 50: 220-225.

[131] Tsukamoto T, Morita K, Naya M, Inubushi M,
Katoh C, Nishijima K, Kuge Y, Okamoto H,
Tsutsui H and Tamaki N. Decreased myocardial
beta-adrenergic receptor density in relation to
increased sympathetic tone in patients with
nonischemic cardiomyopathy. J Nucl Med
2007; 48: 1777-1782.

[132] Lortie M, DaSilva JN, Kenk M, Thorn S, Davis D,
Birnie D, Beanlands RS and deKemp RA. Analy-
sis of (R)- and (S)-[(11)C]rolipram kinetics in
canine myocardium for the evaluation of phos-
phodiesterase-4 with PET. Mol Imaging Biol
2012; 14: 225-236.

[133]Thomas AJ, DaSilva JN, Lortie M, Renaud JM,
Kenk M, Beanlands RS and deKemp RA. PET of
(R)-11C-rolipram binding to phosphodiesterase-
4 is reproducible and sensitive to increased
norepinephrine in the rat heart. J Nucl Med
2011; 52: 263-269.

[134]Kenk M, Greene M, Thackeray J, Dekemp RA,
Lortie M, Thorn S, Beanlands RS and Dasilva
JN. In vivo selective binding of (R)-[(11)C]
rolipram to phosphodiesterase-4 provides the

Am J Nucl Med Mol Imaging 2012;2(3):314-334



Imaging cardiac SNS in diabetes

basis for studying intracellular cAMP signaling
in the myocardium and other peripheral tis-
sues. Nucl Med Biol 2007; 34: 71-77.

[135]Kenk M, Thackeray JT, Thorn SL, Dhami K,
Chow BJ, Ascah KJ, Dasilva JN and Beanlands
RS. Alterations of pre- and postsynaptic
noradrenergic signaling in a rat model of adria-
mycin-induced cardiotoxicity. J Nucl Cardiol
2010; 17: 175-176.

[136] Greene M, Thackeray JT, Kenk M, Thorn SL,
Bevilacqua L, Harper M-E, Beanlands RS and
DaSilva JN. Reduced In Vivo Phosphodiesterase
-4 Response to Norepinephrine Challenge in
Diet-Induced Obese Rats. Can J Physiol Phar-
macol 2009; 87: 196-202.

[137]Kusmic C, Morbelli S, Marini C, Matteucci M,
Cappellini C, Pomposelli E, Marzullo P, L'Abbate
A and Sambuceti G. Whole-body evaluation of
MIBG tissue extraction in a mouse model of
long-lasting type Il diabetes and its relationship
with norepinephrine transport protein concen-
tration. J Nucl Med 2008; 49: 1701-1706.

[138] Goethals LR, Weytjens CD, De Geeter F, Droog-
mans S, Caveliers V, Keyaerts M, Vanhove C,
Van Camp G, Bossuyt A and Lahoutte T. Re-
gional quantitative analysis of small animal
myocardial sympathetic innervation and initial
application in streptozotocin induced diabetes.
Contrast Media Mol Imaging 2009; 4: 174-182.

[139] Dubois EA, Kam KL, Somsen GA, Boer GJ, de
Bruin K, Batink HD, Pfaffendorf M, van Royen
EA and van Zwieten PA. Cardiac iodine-123
metaiodobenzylguanidine uptake in animals
with diabetes mellitus and/or hypertension. Eur
J Nucl Med 1996; 23: 901-908.

[140] Kiyono Y, lida Y, Kawashima H, Tamaki N, Nishi-
mura H and Saji H. Regional alterations of myo-
cardial norepinephrine transporter density in
streptozotocin-induced diabetic rats: implica-
tions for heterogeneous cardiac accumulation
of MIBG in diabetes. Eur J Nucl Med 2001; 28:
894-899.

[141] Gerson MC, Caldwell JH, Ananthasubramaniam
K, Clements IP, Henzlova MJ, Amanullah A and
Jacobson AF. Influence of diabetes mellitus on
prognostic utility of imaging of myocardial sym-
pathetic innervation in heart failure patients.
Circ Cardiovasc Imaging 2011; 4: 87-93.

334

[142] Takahashi N, Nakagawa M, Saikawa T, Ooie T,
Yufu K, Shigematsu S, Hara M, Sakino H, Ka-
tsuragi |, Okeda T, Yoshimatsu H and Sakata T.
Effect of essential hypertension on cardiac
autonomic function in type 2 diabetic patients.
J Am Coll Cardiol 2001; 38: 232-237.

[143]Sacre JW, Franjic B, Jellis CL, Jenkins C,
Coombes JS and Marwick TH. Association of
cardiac autonomic neuropathy with subclinical
myocardial dysfunction in type 2 diabetes. JACC
Cardiovasc Imaging 2010; 3: 1207-1215.

[144]Stevens MJ, Raffel DM, Allman KC, Schwaiger
M and Wieland DM. Regression and progres-
sion of cardiac sympathetic dysinnervation
complicating diabetes: an assessment by C-11
hydroxyephedrine and positron emission tomo-
graphy. Metabolism 1999; 48: 92-101.

[145] Muhr-Becker D, Weiss M, Tatsch K, Wolfram G,
Standl E and Schnell 0. Scintigraphically as-
sessed cardiac sympathetic dysinnervation in
poorly controlled type 1 diabetes mellitus: one-
year follow-up with improved metabolic control.
Exp Clin Endocrinol Diabetes 1999; 107: 306-
312.

[146] Fricke E, Eckert S, Dongas A, Fricke H, Preuss
R, Lindner O, Horstkotte D and Burchert W.
Myocardial sympathetic innervation in patients
with symptomatic coronary artery disease: fol-
low-up after 1 year with neurostimulation. J
Nucl Med 2008; 49: 1458-1464.

[147] Pop-Busui R, Kirkwood I, Schmid H, Marinescu
V, Schroeder J, Larkin D, Yamada E, Raffel DM
and Stevens MJ. Sympathetic dysfunction in
type 1 diabetes: association with impaired myo-
cardial blood flow reserve and diastolic dys-
function. J Am Coll Cardiol 2004; 44: 2368-
2374.

[148] Cohn JN, Levine TB, Olivari MT, Garberg V, Lura
D, Francis GS, Simon AB and Rector T. Plasma
norepinephrine as a guide to prognosis in pa-
tients with chronic congestive heart failure. N
Engl J Med 1984; 311: 819-823.

Am J Nucl Med Mol Imaging 2012;2(3):314-334




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


