
Presence of Specific 11C-meta-Hydroxyephedrine
Retention in Heart, Lung, Pancreas, and Brown
Adipose Tissue

James T. Thackeray1,2, Rob S. Beanlands1,2, and Jean N. DaSilva1,2

1Cardiovascular PET Molecular Imaging Program, National Cardiac PET Centre, Division of Cardiology, University of Ottawa Heart
Institute, Ottawa, Ontario, Canada; and 2Department of Cellular and Molecular Medicine, Faculty of Medicine, University of Ottawa,
Ottawa, Ontario, Canada

11C-meta-Hydroxyephedrine (HED) is used in cardiac PET as an
index of norepinephrine (NE) reuptake transporter (NET) density
and synaptic NE levels. Whereas cardiac uptake is well docu-
mented, tracer retention in other tissues with rich noradrenergic
innervation is unclear. Dysfunctional sympathetic nervous sys-
tem (SNS) function in extracardiac metabolic storage tissues
(i.e., adipose tissue and skeletal muscle) and endocrine organs
contributes to several disorders. The aim of this study was to de-
termine the potential of HED as an index of NE function in brown
adipose tissue, lung, pancreas, skeletal muscle, and kidney by
identifying NET-specific retention and determining the presence
of radiolabeled metabolites. Methods: Male Sprague–Dawley
rats were administered HED and sacrificed at 30 min after tracer
injection. Tissues were rapidly excised and counted for radioac-
tivity, and relative tracer retention was quantified. Pretreatment
with NET inhibitors established specific HED accumulation.
The effect of elevated NE was tested by subcutaneous minipump
NE infusion or inhibition of monoamine oxidase. Column-switch
high-performance liquid chromatography (HPLC) was used to
analyze the presence of radiolabeled metabolites in heart, brown
adipose tissue, pancreas, and plasma. Results: NET-specific re-
tention was observed in heart, brown adipose tissue, lung, and
pancreas but not in liver, skeletal muscle, or kidney. A dose-
dependent response of HED accumulation to treatments elevating
NE levels was established in tissues exhibiting specific uptake. At
30 min after tracer administration, HPLC analysis revealed 93%–
95% of total radioactivity signal derived from unchanged HED in
heart, pancreas, and brown adipose tissue compared with 61%
6 8% unchanged HED in plasma. Conclusion: In addition to the
heart, lung, pancreas, and brown adipose tissue exhibit specific
and NE-responsive uptake of HED, supporting the potential for
novel PET studies of SNS integrity in these tissues.
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The sympathetic nervous system (SNS) is a primary
extrinsic control mechanism mediating cardiac function,
metabolic processes, and adaptation to stress. In normal

conditions, the neurotransmitter norepinephrine (NE) is re-
leased from the presynaptic bouton into the synapse, where it
binds to and stimulates adrenoceptors on pre- and post-
synaptic cells. Excess NE is recycled into the presynaptic
neuron by active transport via the uptake-1 NE reuptake
transporter (NET) (1,2).

In myocardium, the SNS modulates heart rate, cardiac

output, and stroke volume (2). In metabolic storage tissues,
SNS activation stimulates 2 key processes: lipolysis—the
breakdown of lipids primarily in white adipocytes—and
thermogenesis—the uncoupling of mitochondrial energet-
ics promoting heat release over energy storage, primarily in
brown adipocytes and skeletal muscle (3). The SNS also

partially controls pancreatic secretion of insulin and glu-
cagon, hormones that regulate energy homeostasis by
promoting glucose packaging and liberation, respectively
(4). A growing body of evidence suggests that SNS dys-
function may be concomitantly involved in several cardiac

pathologies (5,6), obesity (7), and diabetes mellitus (8).
11C-meta-Hydroxyephedrine (HED) is routinely applied

in cardiac PET to assess sympathetic innervation (9,10). As
an analog of NE, the tracer is actively recaptured into the
neuron via NET, providing a quantitative indication of
presynaptic sympathetic nervous integrity and function
(2,9,11). Moreover, HED is resistant to the NE–metabolizing

enzymes monoamine oxidase (MAO) and catechol-O-
methyltransferase (9). Characterization studies of HED
have demonstrated dependence of retention on the function-
ality and availability of NET (12,13), confirming specificity
in myocardium, spleen, and adrenal glands (9,11,14). Phar-
macokinetic studies performed in animal models and iso-

lated organ systems (2,9,11,15) have implied a correlation
between NE concentration and clearance rate of HED
(2,15). Metabolite analyses in rats, guinea pigs, dogs, and
humans revealed that metabolites detected in plasma and
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liver are not present in cardiac tissue, facilitating qualitative
image analysis and clinical interpretation (9,11,16).

Whereas cardiac retention of HED has been well docu-
mented and applied in several cardiovascular and auto-
nomic disorders (10,13,14,17,18), uptake in other tissues
with rich noradrenergic innervation remains equivocal. In
this study, we analyzed the effect of treatments altering
synaptic NE levels on specific retention of HED. Addition-
ally, we examined the potential of HED to assess SNS
innervation in brown adipose tissue, lung, pancreas, white
adipose tissue, skeletal muscle, liver, and kidney by iden-
tifying NET-specific retention and determining the presence
of radiolabeled metabolites in these tissues.

MATERIALS AND METHODS

Materials
HED was synthesized as described previously (9) and purified

by semipreparative high-performance liquid chromatography
(HPLC) using a Luna C18 column (250 · 10 mm, 10 mm,
Phenomenex; 5:95 acetonitrile [MeCN]/0.1 M ammonium formate
[v/v]; 7 mL/min; retention time [Rt], 7 min). After solvent removal
via rotary evaporation, HED was reconstituted in 50:44:6 0.9%
saline/water/8.4% sodium bicarbonate (v/v/v) before injection.
High radiochemical purity (.99%) and specific activity (7.4–
55.5 GBq/mmol; 400–1,500 mCi/mmol) were obtained. Desipra-
mine hydrochloride, nisoxetine hydrochloride, metaraminol bitar-
trate, tranylcypromine hydrochloride, and norepinephrine bitartrate
were purchased from Sigma-Aldrich and dissolved in 0.9% saline.
Osmotic minipumps (Alzet 2001D) were obtained from Durect
Corp. and prepared for implantation in a laminar flow fume hood.
Pumps were filled to maximal capacity with dissolved NE or
saline. To ensure even flow at the time of the experiment, pumps
were equilibrated at 37�C for 3 h before implantation.

Animals
Animal experiments were conducted in accordance with the

recommendations of the Canadian Council on Animal Care and
with approval from the Animal Care Committee of the University
of Ottawa. Adult male Sprague–Dawley rats (225–275 g at time of
experiment) were obtained from Charles River Canada and were
housed in a temperature-controlled animal facility under a 12-h
light/dark cycle with food and water ad libitum.

Osmotic minipumps were implanted subcutaneously under light
anesthesia (1%–2% isoflurane). Briefly, a 0.5-cm oblique incision
was made lateral to the midline at the lower cervical level. A
subcutaneous pocket was created using surgical scissors, the pump
was inserted, and the incision was closed using surgical clips.
Animals were treated with buprenorphine (0.3 mg/kg subcutane-
ously) 1 h before the experiment. Sham animals were implanted with
a minipump containing saline using an identical surgical procedure.

Ex Vivo Biodistribution
Biodistribution studies were performed in conscious animals as

described previously (19). Briefly, 51.8–74 MBq (1.4–2.0 mCi at
time of first injection) of HED were injected as a 0.1- to 0.3-mL
bolus into the lateral tail vein of each restrained rat. Tail veins
were vasodilated using an infrared heat lamp to facilitate injection.
In each individual experiment, all animals received approximately
the same mass dose of HED (0.24–1.26 mg). Animals were
sacrificed by decapitation at a defined time point after tracer

injection (15, 30, 45, 60, and 90 min). A sample of trunk blood
was collected into heparinized tubes. Heart, kidney, pancreas, and
samples of lung, liver, intrascapular brown adipose tissue, abdom-
inal white adipose tissue, and quadriceps femoris were rapidly
excised, weighed, and counted (decay corrected) for radioactivity
in a g-counter along with 1% standard dilutions of HED injection
volume. Tracer retention is expressed as the percentage of injected
dose per gram of tissue (%ID/g).

Pharmacologic Studies
Drug treatments and doses were selected according to previous

experiments. To evaluate NET-specific retention of HED, animals
were pretreated with the NET inhibitor desipramine (10 mg/kg
intraperitoneally 30 min earlier) (9,11) or nisoxetine (10 mg/kg
intraperitoneally 30 min earlier) (20). Synaptic competition for
neuronal reuptake was tested by coadministration of the HED
precursor and NE analog metaraminol (1.3 mg/kg intravenous
coinjection) (11). The effect of acute elevations of synaptic NE
was assessed by pretreatment with the MAO inhibitor tranylcy-
promine (0.5–10 mg/kg intraperitoneally 1 h earlier) (21) or
subcutaneous NE minipump infusion at 0.05, 0.15, and 0.45
mg/kg/h over 6 h after surgery (0.3, 0.9, and 2.7 mg/kg cumulative
dose) (22). Animals were sacrificed at 30 min after tracer injection
and tissues were processed as described.

HPLC Column-Switch Apparatus
A combined and modified HPLC protocol incorporating the

column-switch methodology developed by Hilton et al. (23) and
the weak cation-exchange solid-phase HED extraction reported by
Link et al. (16) was applied to capture HED and similar protonated
metabolites while eluting nonprotonated metabolites, proteins, and
other macromolecules before introduction onto the analytic col-
umn. Briefly, the HPLC apparatus consisted of 2 pumps (Waters):
one eluting solvent A (1:99 MeCN/water [v/v]) at 2 mL/min
across the capture cartridge (Alltech Direct-Connect refillable
guard column, 2 · 20 mm) packed with 50 mg of weak cation-
exchange sorbent (WCX, Waters Oasis) and fitted with 2.5-mm
frits (Alltech, 2-mm filter elements); and the other delivering
solvent B (5:95 MeOH/aqueous 50 mM ammonium formate, 0.27
mM ethylenediaminetetraacetic acid, 0.346 mM 1-octane sulfonic
acid [v/v]) at 1 mL/min across the cation-exchange analytic
column (Partisil SCX, 250 · 4.6 mm, 10 mm; Phenomenex).
Eluents of both columns were analyzed in series by ultraviolet
(UV) absorbance detection at 280 nm (Waters 486) and coinci-
dence radiation detection (Bioscan). Signals were integrated using
the PeakSimple Six-Port Chromatography Data System (Chromato-
graphic Specialties), analyzed using PeakSimple 3.29 software
and are presented as the percentage of total noise- and decay-
corrected radioactivity signal accounted for by 11C-labeled me-
tabolites (retained or unretained by the WCX resin) and by
unmetabolized HED.

Samples (#2 mL) were injected onto the capture column, al-
lowing proteins and macromolecules to elute as measured by UV
detection. After 4–5 min, column flow was then switched, deliv-
ering solvent B across the capture cartridge and eluting retained
contents onto the analytic column. Under these conditions, au-
thentic HED was retained (.99%) on the WCX sorbent (Rt, 14
min after column/solvent switch). The capture column was
reactivated between runs under MeOH and water and then
reequilibrated under solvent A before the next injection. Standard
cation-exchange (MCX, Waters Oasis), anion-exchange (MAX,
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Waters Oasis), hydrophilic lipophilic balanced (HLB, Waters
Oasis), and activated alumina (type WA4, Sigma) sorbents were
also tested for their ability to retain HED.

Plasma and Tissue Radiolabeled Metabolite Analysis
Restrained animals were injected with 370–444 MBq (10–12

mCi) of HED and sacrificed 30 min later. A high radioactive dose
was used to analyze multiple tissues in a single animal, using the
HPLC column-switch system as described to accommodate for
radioactive decay. Heart (n 5 3), brown adipose tissue (n 5 4),
and pancreas (n 5 3) were rapidly dissected and a plasma sample
(n 5 6) was obtained from centrifuged blood (3,000g, 4,000 rpm,
5 min). Tissues were processed for injection on the HPLC system
as described previously (19). Briefly, samples were homogenized
in 80:20 ethanol/water (v/v) using a Polytron tissue homogenizer.
Tissue homogenates were separated using an ultracentrifuge at
82,000g (22,000 rpm) for 15 min. Supernatant was extracted and
solvent was removed by rotary evaporation. Remaining residue
was reconstituted under 1:99 MeCN/water (v/v) and microfiltered
at 0.22 mm (Cathivex GS) before injection and testing on HPLC.
Standard control experiments (n 5 6) were assessed for each
formulation using the same procedure as described, but directly
adding authentic HED to tissue or plasma before homogenization.

Statistical Analysis
Statistical comparisons were completed using 1-way ANOVA

on mean retention values applying Bonferroni post hoc tests. All
statistics were performed using SPSS 14.0 software (SPSS Inc.).
Vehicle-treated animals did not deviate significantly from un-
treated controls and, therefore, were pooled for statistical analysis.
Significance was considered at P , 0.05.

RESULTS

HED Ex Vivo Retention Studies

Time-course evaluation revealed high uptake of HED in
myocardial tissue that was maximal (1.66–2.04 %ID/g) at
30 min after tracer injection (Fig. 1A). Due to the relative
uniformity of myocardial tracer retention, left ventricle is
considered representative of the whole heart hereafter. Mod-
erately high HED retention was also observed in brown
adipose tissue, pancreas, and lung, with comparatively
lower levels in white adipose tissue, skeletal muscle, and

kidney (Fig. 1B). Liver uptake was considerable and
surpassed heart values at 45 min after injection. Pretreat-
ment with NET inhibitors significantly reduced tracer
retention in left ventricle, brown adipose tissue, lung, and
pancreas to similar levels (0.20–0.29 %ID/g). Conversely,
no blockade of HED distribution was discerned in liver,
skeletal muscle, kidney, or blood. Reductions of tracer
retention observed after coadministration of the NE analog
metaraminol followed the same tissue distribution as NET
blockade (Fig. 2; Table 1). Modest reductions in tracer

FIGURE 1. Distribution of HED in myocardium (A) and other
peripheral tissues (B) at 15, 30, 45, 60, and 90 min after
intravenous injection in rats. Data are shown as mean %ID/g of
tissue 6 SD (n 5 26 at 30 min; n 5 6 at 15, 45, 60, and 90 min).

FIGURE 2. Effect of blocking NET-
specific HED retention with NE reuptake
inhibitor desipramine (10 mg/kg intraper-
itoneally 30 min earlier) or nisoxetine (10
mg/kg intraperitoneally 30 min earlier) or
increasing competition for reuptake with
NE analog metaraminol (1.3 mg/kg intra-
venous coinjection). Animals were sacri-
ficed at 30 min after HED injection. Data
are shown as mean %ID/g of tissue 6 SD
(controls, n 5 26; desipramine, n 5 7;
nisoxetine, n 5 6; metaraminol, n 5 6);
yP , 0.0001; *P , 0.05 as compared
with controls using 1-way ANOVA with
Bonferroni post hoc comparisons.
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retention observed in white adipose tissue with these
treatments were not statistically significant.

Tranylcypromine or exogenous NE infused subcutane-
ously dose-dependently reduced HED retention in heart,
brown adipose tissue, lung, pancreas, and white adipose
tissue (Fig. 3; Table 2). At the highest administered doses,

significant blockade of HED uptake was comparable to
NET inhibition in tissues displaying specific retention.
Additionally, skeletal muscle HED accumulation was con-
sistently and significantly reduced (9%–13%) by subcuta-
neous infusion of NE but not by tranylcypromine treatment.
No reduction in tracer retention levels after either treatment
was observed in liver, kidney, or blood compared with
controls (Fig. 3).

Radiolabeled Metabolite Analysis

MCX, MAX, HLB, and alumina resins were unable to
retain HED in a satisfactory manner for HPLC analysis.
Contrary to the MCX sorbent, which was shown to bind too
strongly to the tracer, resulting in tailing of the radioactivity
peak after extraction, the WCX resin provided clear adher-
ence and elution of authentic HED (data not shown). 11C-
Labeled metabolites were eluted from the WCX sorbent
before column and solvent switching. At 30 min after
injection, 39% 6 8% of total noise- and decay-corrected
radioactivity represented metabolites in plasma, whereas
61% 6 8% was unchanged HED (Fig. 4A). In contrast,
predominantly unmetabolized HED was observed in heart
(94% 6 2%), brown adipose tissue (95% 6 3%), and
pancreas (92% 6 3%) (Figs. 4B–4D). In standard control
tissue samples with authentic HED, radioactivity present

TABLE 1
Percent Change in HED Uptake After Pharmacologic

Treatment in Tissues Exhibiting NET-Specific Retention

Treatment and dose

Left

ventricle

Brown

adipose Lung Pancreas

Desipramine (n 5 7),

10 mg/kg 30 min earlier

289 271 260 250

Nisoxetine (n 5 6),
10 mg/kg 30 min earlier

285 257 253 249

Metaraminol (n 5 6),

1.3 mg/kg intravenous

coinjection

288 263 258 254

Percent change 5 ([%ID/g treated] 2 [%ID/g control])/(%ID/g

control) · 100%.
Values presented represent significant deviation (P , 0.05) in

%ID/g treated as compared with untreated controls.

FIGURE 3. Effect of elevated NE on
HED retention by pretreatment with MAO
inhibitor tranylcypromine (0.5–10 mg/kg
intraperitoneally 1 h earlier) (A) or subcu-
taneous infusion of NE (0.05–0.45 mg/kg/
h, 6 h) (B). Animals were sacrificed at 30
min after HED injection. Data are shown
as mean %ID/g of tissue 6 SD (tranylcy-
promine: controls, n 5 26; 0.5 mg/kg,
n 5 9; 1 mg/kg, n 5 7; 2 mg/kg, n 5 12;
5 mg/kg, n 5 3; 10 mg/kg, n 5 12; NE:
sham, n 5 8; 0.05 mg/kg/h, n 5 6; 0.15
mg/kg/h, n 5 10; 0.45 mg/kg/h, n 5 9);
yP , 0.0001; *P , 0.05 as compared
with controls using 1-way ANOVA with
Bonferroni post hoc comparisons.
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was solely representative of unchanged HED (data not
shown).

DISCUSSION

Previous examinations of HED retention have focused
primarily on myocardium. However, the SNS is ubiquitous,
forming connections throughout the body to various organ
systems. The data presented here indicate that HED reten-
tion is reduced by NET blockade in myocardium by .85%
and in brown adipose tissue, lung, and pancreas by 49%–
71%. These results demonstrate that HED may be aptly
applied in measuring SNS innervation and function in a
wider array of tissues than considered previously.

Previous examinations (9,11,12) have shown higher
%ID/g values in myocardium (2.7–3.2 %ID/g) than those
reported here. Law et al. demonstrated a slight reduction in
myocardial radioactivity when HED was coinjected with 10
nmol/kg (2.2 mg/kg) unlabeled compound (11). In the
present study, the injected doses of HED overlap this mass
dose (0.9–5.6 mg/kg), which may account for the lower
uptake observed in myocardium and reduce the apparent
uptake in other tissues as well.

Whereas a high signal is consistently detected in the
heart, specific HED retention at lower levels has been
reported previously in the spleen, adrenal glands, and lungs
(9,11). Indeed, binding assays using selective NET inhib-
itors 3H-mazindol and 3H-desipramine have demonstrated
NET densities as high as 250–500 fmol/mg protein in
myocardium (12,13,24). As the vast majority of NE used by
the heart is synthesized within cardiac sympathetic neurons
(25), there is less dependence on circulating NE levels, and
recapture of neurotransmitter is critical for normal cardiac

function. The majority of research on HED has demon-
strated that higher tracer uptake directly correlates with
higher NET density (2,12,13,26). The observation of lower
HED retention in the lungs as compared with the heart
supports earlier reports (9,11). By contrast, the selective
NET inhibitor (R,R)-11C-methyl-reboxetine displayed sim-
ilar binding levels for lung and heart (27). This apparently
high lung uptake of (R,R)-11C-methyl-reboxetine may re-
sult from the greater lipophilicity and, hence, nonspecific
binding of this tracer in comparison with HED.

The presence of NET-specific HED retention in adipose
tissue reflects a regulated network of NE synapses control-
ling lipolytic and thermogenic pathways. Unlike white
adipocytes, brown adipose tissue exhibits a greater degree
of sympathetic innervation as well as blood supply, owing
to its dynamic involvement in both energy homeostasis and
lipid clearance (3,28). NET densities in rat intrascapular
brown adipose tissue have been estimated at 1,700 fmol/mg
protein, as determined with 3H-nisoxetine (29). This higher
value may derive from the lower proportion of protein
within adipocytes as compared with cardiomyocytes (3). In
general, previous work has reported that NET is regulated
in parallel with postsynaptic b-adrenoceptors (24). Ungerer
et al. demonstrated a correlation between the density of
adrenoceptors and NET, as determined by the nonselective
b-adrenoceptor antagonist 3H-CGP12177 and 3H-mazindol
binding, respectively, suggesting that b-adrenoceptor
density may provide a useful proxy measurement of
NET expression (13). Accordingly, brown adipose tissue
b-adrenoceptor density has been shown to be two thirds of
myocardial levels (28), a ratio that is closely reflected by
the current HED measurements at 30 min after injection.
Pancreatic ducts have been shown to contain the majority of
NE in the pancreas, indicating that SNS control is not di-
rectly acting on the heavier secretory cells (30). The degree
of NET and adrenoceptor expression in pancreatic ductile
cells remains contentious.

Lack of specific tracer accumulation in skeletal muscle,
kidney, and liver after NET blockade has been reported
here and elsewhere (11). A greater dispersal of NET and
wider synaptic clefts in skeletal muscle may render block-
ade of reuptake ineffective (1). Studies with the highly
selective NET inhibitor sibutramine have suggested that
doses capable of elevating NE in the heart do not signif-
icantly affect NE levels or vasoconstriction in skeletal
muscle (31). 3H-NE uptake assays have shown slowed
uptake in kidney as compared with heart (26), which may
suggest reduced or diffuse NET expression, though quan-
titative values for kidney have not been reported to our
knowledge.

Interestingly, nonspecific retention of HED as deter-
mined by NET blockade is comparable among heart, brown
adipose tissue, lung, and pancreas and aligns with total
retention in skeletal muscle and kidney, where only non-
specific retention is observed. This uniformity indicates that
tissue differences in total HED accumulation likely derive

TABLE 2
Percent Change in HED Uptake After Pharmacologic

Treatment to Elevate NE in Tissues Exhibiting NET-Specific
Retention

Treatment and dose

Left

ventricle

Brown

adipose Lung Pancreas

Tranylcypromine
0.5 mg/kg (n 5 9) 230 220 11 236

1.0 mg/kg (n 5 7) 235 236 222 238

2.0 mg/kg (n 5 12) 263 222 217 253
5.0 mg/kg (n 5 3) 275 248 249 247

10 mg/kg (n 5 12) 282 268 252 244

NE

0.05 mg/kg/h (n 5 6) 253 113 210 216
0.15 mg/kg/h (n 5 10) 268 19 217 223

0.45 mg/kg/h (n 5 9) 280 240 240 229

Percent change 5 ([%ID/g treated] – [%ID/g control])/(%ID/g

control) · 100%.

All values presented represent significant deviation (P , 0.05) in

%ID/g treated as compared with untreated controls except brown
adipose tissue and lung (tranylcypromine: 0.5, 1.0, 2.0, 5.0 mg/kg;

NE: 0.05, 0.15 mg/kg/h) and pancreas (NE: 0.05 mg/kg/h).
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from NET-specific uptake of the tracer, reflecting differen-
tial SNS neuronal density or NET expression.

Elevations of endogenous NE (via tranylcypromine) or
exogenous NE (subcutaneous infusion) reduced myocar-
dial, brown adipose tissue, lung, pancreatic, and, to a lesser
extent, white adipose retention of HED in a dose-dependent
manner. Tranylcypromine treatment has been reported to
increase tissue NE levels by 60% within 1 h of adminis-
tration (32), evoke elevations of blood pressure and heart
rate (33), and increase the cache of endogenous neuronal
NE stores (34). Additionally, tranylcypromine has low
affinity for NET (inhibitory constant [ki] 5 5 mM) (35).
Despite this, direct inhibition of the transporter is not
anticipated at the low doses used in the present study that
nevertheless evoked significant reductions of cardiac HED
retention. Similar results were obtained with the NE analog
metaraminol, as reported here and elsewhere (11). Studies
in isolated perfused rat hearts have suggested that although
initial HED uptake is unhindered, clearance is hastened in
the presence of NE (2,15), a result that is supported by our
data. Subcutaneous infusion of NE has been shown to ele-
vate tissue (synaptic) and plasma levels of the neurotrans-
mitter (24). Moderately lower HED retention in skeletal muscle
observed following NE infusion—but not with MAO inhi-
bition, NET inhibition, or metaraminol treatment—suggests

that a nonspecific mechanism such as NE-induced vaso-
constriction may contribute to a global reduction in tracer
uptake due to diminished delivery (36). However, the de-
crease in skeletal muscle HED uptake (9%–13%) is minor
compared with the reductions obtained in tissues exhibiting
specific retention, implying that perfusion may only partially
explain the NE results. Taken together, the tranylcypromine,
NE, and metaraminol results strongly suggest that enhanced
synaptic NE significantly reduces HED retention by com-
petitive reuptake, decreased neuronal storage capacity, or in-
creased vesicle release.

The capture of physiologically protonated HED and
metabolites by weak cation-exchange resin in the presence
of a saline gradient has been reported previously (16). We
have demonstrated the ability to adhere protonated HED to
weak cation-exchange sorbent without a saline gradient
using the HPLC column-switch approach (23). Metabolite
analyses in rats, guinea pigs, dogs, and humans indicated
that at 30 min after HED administration, metabolites rep-
resent 30%–50% of total radioactivity in plasma, with no
labeled metabolites present in myocardium (9,11,16). We
report here that, like the heart, there is an absence of 11C-
labeled metabolites in brown adipose tissue and pancreas.
This property, in combination with the presence of NET-
specific HED retention, facilitates PET image analysis and

FIGURE 4. Representative HPLC chromatograms of 11C-labeled peaks at 30 min after HED injection in plasma (A), heart (B),
brown adipose tissue (C), and pancreas (D). Column and solvents were switched 4–5 min after injection onto HPLC; unchanged
HED was eluted at 14 min after column/solvent switch. Radioactivity levels represent total counts and vary, depending on time of
analysis due to isotope decay.
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may allow the application of existing cardiac retention
models to pancreas and brown adipose tissue.

Clinical applications of HED PET have included cardio-
vascular disorders such as acute myocardial infarction (14),
congestive heart failure (10,17), dilated cardiomyopathies
(13), multivessel coronary artery disease (5), and Brugada
syndrome ventricular fibrillation (18), as well as the sys-
temic disorders pheochromocytoma (37), diabetes mellitus
(8), and parkinsonian syndromes such as multisystem
atrophy (38). Imaging of brown adipose tissue, lung, and
pancreas present unique and formidable challenges because
of problems in localization and signal identification for
brown adipose tissue (3), low in vivo tissue density hin-
dering acquisition of high-contrast images for lung (21),
and nonpancreatic abdominal uptake causing poor signal-
to-noise ratios for pancreas (39). Recent use of 18F-FDG in
full-body scanning has revealed anomalous tracer uptake in
areas of supraclavicular fat (40), suggesting that isolation of
brown adipose tissue in large mammals may be possible.
Although lung tissue density remains a problem for neuro-
hormonal imaging, the advent of fused PET/CT technology
may circumvent some of the other challenges to noncardiac
imaging, allowing CT delineation of brown adipose tissue
or pancreas for subsequent PET evalutations.

CONCLUSION

In addition to the heart, NET-specific uptake of HED
without labeled metabolites is observed in lung, pancreas,
and brown adipose tissue, supporting the potential for novel
imaging of SNS integrity in various metabolic disease states.
Moreover, the present study strongly suggests an inverse
correlation between tracer retention and synaptic NE de-
pendent on the presence of NET-specific retention of HED.
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