
ter is ( â€”)-norepinephrine (1, 2). Studies with [3H]norepi

nephrine showing that it is taken up and stored in
sympathetic nervous tissue and released by nerve stimu
lation have formed the basis for its use as an index of
sympathetic nervous function (3). Accordingly, many
studies in animals and humans have used (â€”)-[3H]nore
pinephrine as a tracer to label the endogenous norepi
nephrine pool and assess changes in adrenergic activity
resulting from disease, stress, drugs and other factors by

observing the overflow of labeled norepinephrine and its
metabolites into the plasma (4). Such studies require the
establishment of an equilibrium between (â€”)-[3H}norepi

nephrine and endogenous (â€”)-norepinephrine and in
volve complex, invasive catheterization procedures.
Thus, the need for a method to examine directly norepi
nephrine turnover, as well as other processes associated
with the functional activity of the sympathetic neuron in
organs like the heart, has been recognized (5, 6).

One class of compounds that has been studied for
this purpose is the simple ring fluorinated derivatives of
norepinephrine (7,8). Comparative studies of the biolog
ical activity of simple ring fluorinated derivatives of cat

echolamines relative to the parent catecholamines have
suggested that fluorine substitution produces compounds
which are promising candidates for labeling with â€˜8Ffor
positron emission tomographic studies of sympathetic in
nervation and function (5, 9) (Fig. 1). For example, com
parative studies of racemic 6-fluoronorepinephrine and
norepinephrine indicate that 6-fluoronorepinephrine is a
valid tracer for the presynaptic mechanisms for norepi
nÃ§phrine uptake, storage and release (5). Additionally, it
has been shown that 6-fluorodopamine is taken up by
sympathetic neurons and converted to (â€”)-6-fluoronore
pinephrine by the action of dopamine-f3-hydroxylase (9).

Even though 6-fluorodopamine is a poorer substrate than

(â€”)-Norepinephrineis the principal neurotransmitter of the
mammalian sympathetic nervous system and a major CNS
neurotransmitter.The simple ring fluorinatedderivativesof
(â€”)- and (+)-norepinephrine [(â€”)- and (+)6-fluoronorepi

nephrine] and dopamine (6-fluorodopamine) have been Ia
beled with 18F in high specific activity (2â€”5Ci/@mol) and
evaluated as tracers for (â€”)-norepinephnne.Comparative
PETstudiesof (â€”)and (+)-6-[18F]fluoronorepinephrine[(â€”)-
6-[18F]FNEand (+)-6-[18F]FNE]and 6-[18F]fluorodopamine
(6-[1819FDA)in the samebaboonshowedstrikinglydifferent
kinetics in the heart. Analysis of plasma showed more rapid
metabolism of 6-[18F]FDAwith only 1%â€”2%of 18Fremaining
as parent tracer at 10 mm after injection of 6-[18F]FDA, in
contrast to 28% and 17% remaining after injection of (â€”)and
(+)-6-[18F]FNE. No changes in vital signs were observed at
any time during the study. Pretreatment with desipramine
(0.5 mg/kg), a tricyclic antidepressant drug which interacts
with a binding site associated with norepinephrine reuptake,
markedly decreased cardiac uptake of 6-[18F]FDA and
(â€”)-6-[18F]FNE.However,a greaterblockingeffectwas ob
served for (â€”)-6-[18F]FNE.These studies show that (â€”)and
(+)-6-(18F]FNE are similar to (â€”)-and (+)-norepinephrine in
their patterns of metabolism and clearance in the heart and
that (â€”)-6-[18F]FNEis a promising tracer for endogenous
(â€”)-norepinephrine.
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FIGURE 1. Structuresof (â€”)-norepi
nephrine ((â€”)-NE),(â€”)-6-[18F]fluoronor
epinephnne((â€”)-6-[18F]FNE),(+)-6-[18F1-
fluoronorepinephnne((+)-6-[18F]FNE)and
6-[18F]fluorodopamine(6-[1819FDA).

dopamine for labeling storage pools of norepinephrine
(9), this observation provided the basis for recent mech
anistic PET studies with low specific activity 6-['8F]-
fluorodopamine (6-['8FIFDA), examining its use to image
sympathetic innervation and function in the canine heart
(10,11). While other positron emitters labeled false neu
rotransmitters such as [â€˜8F]fluoro-metaraminol (12â€”14)
and [â€œC@hydroxyephedrine (15, 16) have been used to
visualize adrenergic innervation in the heart, it has been
suggested that the chemical similarity of the ring fluori
nated catecholamines to the parent catecholamines may
result in tracers whose behavior reflects the turnover rate
of endogenous norepinephrine (6,17).

We have recently developed a new synthetic route to
high specific activity â€˜8F-labeled catecholamines, (â€”)-
and (+)-6-['8FJFNE and 6-['8FJFDA, using the nucleo
philic aromatic substitution reaction (18â€”20).This reac
tion provides high specific activity tracers which are de
void of the hemodynamic effects reported for low specific
activity 6-['8F]FDA (10). Since previous studies evaluat
ing the behavior of 6-fluoronorepinephrine as a tracer
have been carried out with the unlabeled racemic mixture
(5), the availability of (â€”)-and (+)-6-['8F]FNE has pro
vided the first opportunity to examine their kinetics and
metabolism. Here, we report comparative PET studies of
(â€”) and (+)-6-['8F]FNE and of 6-['8F]FDA in the same

baboon, including heart uptake, tracer metabolism and
the effect of desipramine, a tricyclic antidepressant drug
which is an inhibitor of norepinephrine reuptake (uptake
1) (21). We also have measured the degree of recovery of
(â€”)-6-['8F]FNE uptake in the heart after treatment with
desipramine.

METHODS

SynthesIs of NCA (+), (â€”)-6-[18FJFNE,6-['8F]FDA
and [13N]H3

Fluonne-18-labeled fluorocatecholamines were prepared via
the nucleophilic aromatic substitution reaction using an NCA
[â€˜8Fjfluorideion as previously reported (19,20). Suitably pro
tected dihydroxyl nitrobenzaldehydes were chosen as precur
sors. Since 6-['8F]FDA is more stable than 6-['8F]FNE in the
harsh conditions required for hydrolyzing the protected catechol
moiety during the synthesis, a commercially available substrate,
6-nitropiperonal, was chosen as the precursor to 6-['8F]FDA

rather than an isopropylidene protected precursor as was used
for 6-['8FIFNE. Purification of 6-['8F]FDA was accomplished
by a semipreparative HPLC (Phenomenex ODS1 column, 25 x
1.0 cm) using 20% methanol in 55 mM citric acid (pH 2.9) as the
mobile phase (retention time of 6-['8F]FDA was 10 mm). The
residue obtained upon rotary evaporation of the solvent was
reconstituted in saline (3 ml), neutralized with sterile 4.2%
NaHCO3 to pH 4 and then sterilized by passage through a 0.22
j@mfilter into a sterile vial for subsequent intravenous injection.
Specific activity, determined by HPLC analysis was about 1â€”2.5
Ci/@mol (EOS). Chemical and radiochemical purities, assayed
by radio-HPLC (Phenomenex ODS1 column, 25 x 0.46 cm) and
radio-TLC (silica; CH3CN:H20:HOAc = 18:2:0.4), were >98%.

Since 6-['8F]FNE contains a chiral center at the benzylic
position, two HPLC purifications were required at the end of
synthesis after nucleophilic substitution, cyanohydrin forma

tion, reduction and deprotection. Semipreparative HPLC (Phe
nomenex ODS1 column, 25 x 1 cm, eluting with 2.5%
CH3COOH) was first used to purify the crude, racemic
6-['8F]FNE. Chiral HPLC (Daicel Crownpak CR(+), 15 x 0.46
cm, eluting with 0.02 M HCIO4)was used to resolve the racemic
mixture to obtain enantiomerically pure (â€”)and (+)-6-['8F]FNE
(19). Rotary evaporation was prohibited for the two enantiomer
fractions collected from the chiral HPLC column since race
mization occurred upon heating and evaporation of the solvent.
Therefore, each fraction (about 2 ml) was directly neutralized
with 4.2% NaHCO3 to pH 4 and followed by passage through a
sterile 0.22 @mfilter into a sterile, pyrogen-free injection vial.
Specific activity was about 0.7â€”1.9Ci/@mol (EOS). Chemical
and radiochemical purities, as well as enantiomeric purity de
termined by radio-HPLC using a Crownpak CR(+) column,
were >99%. For example, from 160mCi of â€˜8F,we obtained 5.5
mCi of each enantiomer at the end of a 150 mm synthesis.

Nitrogen-13-labeled ammonia was prepared and quality con
trol performed as described previously (22).

PET StudIes In Baboons
Adult female baboons were anesthetized and prepared for

PET studies as described previously (23). Scanning was per
formed in a Computer Technology Imaging positron tomograph
(model 931-08/12; 15 slice, 6.5 mm slice thickness, FWHM with
an in-plane resolution of 6.0 x 6.0 mm). The relative myocardial
distribution of â€˜3N-ammoniawas measured to determine the
homogeneity of blood flow. In the case of the desipramine
pretreatment experiment, â€˜3N-ammoniascanning was carried
out before and after injection of desipramine. The same scan
ning protocol as previously described for racemic 6-['8F]FNE

(19) was followed for all the tracers, including (â€”)-6-['8F]FNE,
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(+)-6-['8F]FNE and 6-['8F]FDA. Vital signs were monitored
and recorded throughout the study.

Regions of interest (ROIs), appropriate in size for the reso
lution of the tomograph, were drawn directly on the transaxial
PET images and included the septum and left ventricular wall.
These regions were copied, using software supplied with the
tomograph, onto the same transaxial slice on every dynamic
frame in order to determine if any animal movement had oc
curred during the scanning interval. This multiplanar method of
analysis reduces differences due to changes in position from one
study to the next.

Pretreatmentwith Desiprarnine
An injection of (â€”)-6-['8FJFNE, (+)-6-['8F]FNE or 6-['8F]-

FDA was made into the same baboon (n = 2) on different days
without drug pretreatment (injection dose: 2â€”9mCi; chemical
mass: @0.17 @WmCi).These studies also served as controls to
determine whether pretreatment with desipramine prior to the
administration of the tracers affected the uptake and kinetics of
the tracers in the heart. The same two baboons were pretreated
intravenously with desipramine (0.5 mg/kg) at 40 mm before the
injection of either 6-['8F]FDA or (â€”)-6-['8F]FNE.

Plasma Analysis
Arterial blood was sampled every 2.5 sec using an automatic

blood sampling device (Ole Dich, Denmark) for the first 2 mm
and then at 5, 10, 30, 60 mm and at the end of study. All samples
were centrifuged to Obtain plasma which was counted. Dupli
cate samples at 0, 1, 5, 10, 3z0 and 60 mm were assayed for the
presence of 6-['8FJFDA, (â€”)-6-['8F]FNEor (+)-6-['8F]FNE us
ing a slight modification of a solid phase extraction technique
(24,25). Briefly, plasma was added to 0.5 ml of sodium acetate
buffer (0.2 M, containing EDTA (500 mg/l) and Na2SO3 (635
mg/i), pH 8.2) and the mixture was kept on ice before the assay.
The entire sample was added to an alumina column (200 mg of
activity III alumina, prewashed with sodium acetate buffer). The
effluent and subsequent washings from the column (using 1 ml of
sodium acetate buffer followed by 1 ml ofwater) contained all the
methylated metabolites [products from reaction with catechol
0-methyltransferase (COMT) or reaction with both COMT and
monoamine oxidase (MAO)]. All the metabolites contaitfing the
catechol moiety were then eluted from the alumina column by
the addition of 3 x 1 ml of 0.5 N acetic acid. The acid eluents
were applied to an Alltech cation exchange column. The prod
ucts from the reaction with monoamine oxidase (MAO) were
recovered from both the effluent and first washing (2 ml water)
from the Alltech column. The catecholamine (unchanged parent
tracer) remained on the cation exchange column.

Data Analysis
The kinetics of (â€”)-or (+)-6-['8F]FNE and 6-['8F]FDA in the

myocardium were determined by a number of processes, includ
ing neuronal and extraneuronal uptake, metabolism, vesicular
storage and release. Since a model including all important pro
cesses would be too complex to yield identifiable model param
eters, time-activity data for the different tracers and the arterial
plasma input function have been analyzed in terms of a response
function. The response function is a model independent quantity
which represents the tissue response to a unit impulse of tracer
(26â€”28).Assuming that the kinetics of tracer doses of 6-['8F]-
FDA and 6-['8F]FNE can be described by compartmental anal

ysisâ€”a series of linear, first order coupled differential equa

tionsâ€”thepredicted total radioactivity A(t) (the solution to the
differential equations) for an ROl can be written as

A(t) =g(t)Â®Cp(t), Eq. 1

where Cp is the concentration of the tracer in plasma and g(t)
[referred to as the response function (RF)] is given by

RF = g(t) = @1@1ea,t, Eq. 2

and Â®denotes convolution. The parameters a@and@ are the
eigen values (exponents) and coefficients, respectively, and are

functions of the transfer constants which define the compart
mental model (see Reference 29 for the relationship between
eigen values and model parameters in a three-compartment
model). The response function was approximated as a sum of
exponentials (2 or 3) where the exponent and coefficient (a@and
pi, respectively) were optimized to give the best fit [A(t)1 to the

measured tissue radioactivity [ROI(t)J. Since a variable number
of exponential terms in Equation 2 were required to fit data from
different experiments over the entire time course of the exper

iment, values for the response function were calculated at dis
crete times (0.5, 1, 10, 30, 60 and 90 mm) after injection to
facilitate the comparison of tracer kinetics between experi
ments. The relationship of the parameter a@to the half-life of the
tracer in tissue is given in Equation 3:

RESULTS

ti,2= 0.693/cat. Eq. 3

Response FunctionAnalysis
Values for the response function and exponents for the

PET experiments described in this manuscript are given
in Tables 1, 2 and 3. The time versus the natural log of the
value of the response function [ln(RF)] are inserted in the
plots of time-activity curves (for the same baboon) in
Figures 2, 7 and 8. The response functions are model
independent and provide information about the relative
amount of tissue uptake in response to a unit input with
no input from plasma (after the initial impulse). Since the
response functions from different studies are normalized
to the same unit input, different studies can be compared
directly. In addition, the exponents (aJ can be used to
examine the loss of tracer from tissue and to calculate the

TABLE 1
Response Function (mug/mm) for (â€”)and (+)-6-[1819FNE

in Baboon Heart 0.5 to 90 Minutes After Injection

621NCA 18F-Catecholaminesin the Heartâ€¢Dinget al.



*DMIpretreatmentat40 mmpriorto administrationof 6-118F]FDA.
tRatio is for DM1-to-control.

half-life of tracer in tissue without the continued input
from the plasma. Values for the smallest (slowest) two
exponents are designated as a1 and a2 and are also re
ported in the tables. The slowest of these (a2) is the most
easily determined (and the most important one over most
of the time course of the experiment) and is related to the
overall half-life of retention in tissue while the larger of
the two (a1) is a measure of more rapid processes.

PET Studies in Baboons
Comparative PET studies with (â€”)-6-['8FJFNE, (+)-6-

[â€˜8FJFNEand 6-['8F]FDA were carried out in the same
baboon. There were no significant changes in blood pres
sure, heart and respiratory rates following the injection of
each of the three tracers. This was consistent with the
low chemical mass associated with high specific activity
6-['8F]FDA and (â€”)and (+)-6-['8F]FNE produced by
nucleophilic aromatic substitution reaction with NCA
[â€˜8F]fluorideion.

There was a longer retention of â€˜8Factivity after injec
tion of (â€”)-6-['8F]FNE than for the (+)-enantiomer (Figs.
2 and 3). For example, 86% of the peak â€˜8Fheart uptake
for (â€”)-6-['8F]FNE was retained at 60 mm postinjection,
in contrast to 62% for (+)-6-['8F]FNE (Fig. 2, time-ac
tivity curve for baboon Peace). The more rapid clearance
of (+)-6-['8FJFNE can be seen in the response function
values of Table 1 for both Leah and Peace as well as in
the time-ln(RF) curves inserted in Figure 2 (baboon
Peace). From Table 1, the initial values of the response
function are similar (at 0.5 mm), but by 90 mm, values of
(+)-6-['8F]FNE are 71% (baboon Leah) and 48% (baboon
Peace) of (â€”)-6-['8FJFNE. This more rapid clearance is
also reflected in values of the slowest exponent (a2)
which for (+)-6-['8F]FNE is two to three times greater
than for (â€”)-6-['8F]FNE in both studies. There are also
individual differences between the two baboons. Peace
shows a more rapid washout of (+)-6-['8F]FNE than
Leah even though a1 is larger for Leah. From the re
sponse function itself, the major effect must therefore be
in the slower exponent a2 which is greater for Peace.

TABLE 2
ResponseFunction(mI/g/min)for 6-[18F]FDAin Baboon

Heart at Different Times Before and After Pretreatment with
Desipramine (DM1)(0.5 mg/kg)

An even greater difference in kinetics was observed
when (â€”)-6-['8F]FNE and 6-['8F]FDA were compared in
the same baboon. The uptake curves of (â€”)-6-['8FJFNE
and .6-[18F]FDA (Fig. 4) show an initially higher and
quicker uptake, but faster washout in the heart for
6-['8F]FDA than for (â€”)-6-['8FJFNE (e.g., 86% of the
peak value for (â€”)-6-['8F]FNE remaining in the heart at
60 mm postinjection compared to only 37% for
6-['8F]FDA). The fast washout of 6-['8F]FDA was also
demonstrated in Figure 5 by comparing the PET images
of heart at 90 mm after injection of (â€”)-6-[18F]FNE and
6-['8F]FDA. From Tables 1, 2 and 3, the faster clearance
of 6-['8F]FDA compared to (â€”)-6-['8F]FNE is also evi
dent in the larger value of a2 which is in the range 0.01â€”
0014 min' for 6-['8F]FDA and 0.0005â€”0.003 min' for
(â€”)-6-['8F]FNE. From Figure 4, the uptake in %dose/cc
at 60 mm is greater for (â€”)-6-['8F]FNE than 6-['8F]FDA
by a factor of â€”2.The twofold larger value for the re
sponse function (Tables 1 and 2, baboon Peace) for
6-['8F]FDA is because the metabolism of 6-['8F]FDA is
much greater at earlier times (Fig. 6), as reflected in the
ratio of integrated plasma radioactivity (6-['8F]FDA/(â€”)-
6-['8F}FNE) for baboon Peace which is â€”0.2at 60 mm
(data not shown). Thus, because the response function is
the tissue response normalized to the same unit input, the
response function for 6-['8FJFDA is greater at 60 mm
even though the uptake (%dose/cc) is less than (â€”)-6-
[â€˜8F]FNE.

Appearance Rate of Labeled Metabolites in Plasma
The fraction of â€˜8Fin plasma present as unchanged

parent tracer decreased rapidly for (â€”)and (+)-6-['8F]-

TABLE 3
Response Function (mI/g/min) for (â€”)-6-[18F]FNEin

Baboon Heart at Times from 0.5 to 90 Minutes Before and
After Pretreatment with Desipramine (DM1)(0.5 mg/kg)

Responsefunction(RF)

Baboon Study 0.5 1 10 30 60 90 a1

Carm Control0.42 0.35 0.32 0.29 0.28 0.27 0.06 0.0005
DMI* 0.26 0.0790.0320.0270.0260.0270.23 0.0005
Ratio* 0.62 0.23 0.10 0.09 0.09 0.10 3.8 1.0
DMlt 0.36 0.32 0.25 0.22 0.21 0.19 0.19 0.0023
Ratio* 0.86 0.91 0.78 0.77 0.75 0.71 3.2 4.6

Brie Control 0.52 0.45 0.43 0.41 0.37 0.35 0.0026
DMIt 0.33 0.32 0.25 0.24 0.23 0.22 0.24 0.0011
Ratio* 0.63 0.71 0.58 0.59 0.62 0.63

Peace Control0.290.28 0.25 0.22 0.20 0.19 0.06 0.0023
OMIt 0.22 0.19 0.15 0.13 0.12 0.11 0.15 0.0035
Ratio* 0.76 0.68 0.60 0.59 0.60 0.58

*Fo@yminutesaftersingleDM1treatment.
@Twenty-fourhoursaftersingleDM1treatment.

*Ratiois for DM1-to-control.
5Changesin valuesof cr2after pretreatmenthave relativelylow

significancedueto the very slowclearanceof (â€”)-6-118F]FNEfrom
tissue.

Responsefunction(RF)

BaboonCondition0.5 1 10 30 60 90 a1 a2

PeaceControl2.081.891.300.780.500.330.090.014DMI*0.860.560.320.200.150.120.110.008Ratiot0.410.300.250.250.300.361

.20.57CarmControl

DMI*
Ratiot1

.55
1.40
0.901

.52
1.09
0.721

.12
0.74
0.660.75

0.52
0.690.53

0.43
0.810.09

0.12
1.30.01

0.005
0.5
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FIGURE 2. Uptakeand clearanceof
18Fafter the injection of (â€”)-6-I18FIFNE
(squares)and (+)-6-[18F]FNE(circles) in
baboonheart.Thetimeversusnaturallog
of the responsefunction (ln(Response))is
shown in the insert.
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FNE and for 6-['8F]FDA. In each case, most of the radio
activity was in noncatechol methylated metabolites. Metab
olites appeared more rapidly in plasma for 6-['8FJFDA
than for (â€”) and (+)-6-['8F]FNE. For example, only

EIIANTIOMERSOF 6FME
IN BABOONHEART

c-)( 18F]6F1IE

1%â€”2%of the â€˜8Fremainedas parenttracer at 10 mm
after injection of 6-['8F]FDA, in contrast to 28% and 17%
remaining after injection of (â€”)and (+)-6-['8F]FNE, re
spectively (Fig. 6). Since previous studies with tritium
labeled tracers demonstrated that 6-fluoronorepinephrine
was barely detectable in plasma at any time point after
injection of tntiated 6-fluorodopamine (30), it was as
sumed that the trace amount of 6-['8F]FNE in plasma
arising from 6-[18F]FDA after intravenous injection of
6-[18F]FDA would not interfere with the detection of

FIGURE4. Uptakeandclearanceof 18Fafterinjectionof
6-[18F]FDA(circles)and (â€”)-6-(18F]FNE(squares)in the baboon
heart.

0

0

0

@@JFDA

10 ( ) 8 â€˜FFNE

0
0 I I I
00 20 40 60 80 100

Time (mm.)

FIGURE 3. Imagesofthebaboonheart(2 levels)at 40mm
injectionof (â€”)(top)and(-i-)-6-[18F]FNE(bottom).

NCA 18F-Catecholaminesin the Heartâ€¢Dinget al. 623

0
0

â€”.- 0.06

(I)
0

V 0.04
w
0

C

40 60

Time (mm.)

1â€•

(+)( i8F ]6FME



0
90 MINUTES POST IMJECTIOM

FiGURE 5. Imagesof the baboonheart
(3 levels) at 90 mm after injection of
(â€”)-6-[18F]FNE(top) and 6-I18FIFDA
(bottom). a
6-['8F]FDA. Therefore, the same solid extraction tech
nique was applied to determine the percentages of un
changed catecholamines in plasma after injection of
6-['8F]FNE and 6-['8F]FDA into baboons. The rapid me
tabolism of 6-FDA was previously reported in rats, where
the amount of circulating 6-[3H]FDA decreased to less
than 2%â€”3%by 5 mm after injection of 6-[3H]FDA (30).

FIGURE 6. Percentageof unchanged
tracer In plasma for 6-[18F]FDA(n = 6),
(+)-6[18F]FNE(n = 2) and (â€”)-6-
[18FJFNE(n = 9) at 1, 5, 10, 30 and 60
mmpostmnjection.

DesipraminePretreatment
Flow measurements in the heart using [â€˜3N]ammonia

before and after intravenous injection of desipramine in
dicated that there was no significant change in regional
myocardial blood flow as a result of this drug intervention
(data not shown).

A significant blocking effect was observed with (â€”)-6-
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FIGURE 7. Uptakeand clearanceof
18Fafterthe injectionof (â€”)-6-[18F]FNEin
the baboon heart after a single dose of
desipramine(0.5 mg/kg);control (circles),
pretreatmentwith desipramine40 mm
prior to injection of the radiotracer
(squares) and 24 hr after desipramine
pretreatment(triangles).The time versus
natural log of the response function (In
(Response))is shown In the insert.

[â€˜8FJFNE. Fluorine-18 uptake in the heart was almost
completely blocked at a dose of 0.5 mg/kg of desipramine
(Fig. 7, time-activity curve for baboon Carm). This can
also be seen in the decrease in the value of the response
function for this study [Table 3 and Fig. 7 (insert)J. The
response function ratio (desipramine to control) was 0.1
at 10 mm. The decrease in the response function ratio
with time corresponds to accelerated loss of tracer rela
tive to control (a1 is approximately four times greater
than control).

The measurement of (â€”)-6-[18F]FNE uptake 24 hr after
pretreatment with desipramine revealed a 60%â€”70%re
covery of â€˜8Fuptake in the heart (Fig. 7, baboon Carm).
The response functions (Table 3, n = 3) were 60%â€”80%
of control. The initial washout still was accelerated.

Desipramine pretreatment also decreased the uptake
and response function for 6-['8F]FDA (Fig. 8 and Table
2). From the datain Table 2, onecanseethat the effect
was greater in baboon Peace (maximum reduction in re
sponse function was 0.25 at 10 mm compared to 0.66 for
baboon Carm), even though the administered dose of
desipramine was the same (0.5 mg/kg) for both animals.
The decrease in the response function ratio at the early
time points indicates an initial accelerated washout of
6-['8F]FDA, while the increase in the ratio at later times
indicates that desipramine slows the overall loss from
tissue (smaller a2) so that the clearance half-life for the
slow phase was increased by a factor of â€”2.

DISCUSSION

Circulating (â€”)-norepinephrine undergoes three major
presynaptic processes in the cardiac sympathetic neuron:
(1) uptake 1, in which it interacts with the norepinephrine
reuptake site and is transported into the neuron; (2) stor
age, in which intraneuronal (â€”)-norepinephrine is trans
ported into the intrasynaptic vesicle and stored; and (3)
release, in which stored (â€”)-norepinephrine is released
into the synapse by exocytosis or leaked from the vesicle
into the axoplasm where it is metabolized (31). Although
(â€”)-[@C]norepinephrine would be the ideal PET tracer
for the endogenous substrate, it has only been synthe
sized in racemic form (32). Since neuronal uptake is not
stereospecific (33), the uptake of (Â±)-[â€˜tCjnorepinephrine
would track that of (â€”)-norepinephrine. However, the
stereoselectivity of (â€”)-norepinephrine for the vesicular
transporter (34) would limit the use of the racemic mix
ture for labeling vesicular storage sites and complicate
the interpretation of kinetic data. Additionally the 20.4
mm half-life of â€˜â€˜Cwould limit the examination of clear
ance kinetics. On the other hand, it has been shown that
although fluorine substitution in the sixth position of
norepinephrine changes its postsynaptic activity (7), it
does not significantly alter the behavior of norepinephrine
at the presynaptic terminal (5). Reports that 6-FNE ap
pears to be a valid tracer for the turnover of endogenous
NE support the development of a synthetic route to high

625NCA 18F-Catecholaminesin the Heartâ€¢Dinget al.



0.

S
U)
C
0a.
U)
S

C

TIme (mln.)

0.08

U
U

U)
0
0

t
4@
CFIGURE 8. Uptakeand clearanceof

18Fafter the injectionof 6-[18F)FDA;con
trol (circles) and pretreatmentwith desi
pramine (0.5 mg/kg) at 40 mm prior to
injectionof the radiotracer(squares).The
time versusnaturallog of the response
function (ln(Response)) is shown in the
insert.

Time (mm.)

specific activity (â€”)-6-['8FIFNE (19). The PET studies
described here represent the first biological examination
of the individual enantiomer of 6-fluoronorepinephrine
and extend previous studies with unlabeled racemic 6-flu
oronorepinephrine. Additionally, the ability to compare
each enantiomer of 6-fluoronorepinephrine with 6-fluoro
dopamine in the same baboon provides an important per
spective on the behavior of these â€˜8F-labeledcatechola
mines.

Specific Activfty
By preparing 6-['8F]FNE and 6-['8F]FDA using the

methods described in this manuscript, a specific activity
of 0.7â€”1.9Ci/j.@molfor 6-['8F]FNE and 1â€”2.5Ci/@mol for
6-['8FJFDA at EOS was achieved. The chemical mass at
EOS using a molecular weight of 187 for 6-['8F]FNE and
171 for 6-['8F]FDA was calculated to be 0.27â€”0.1 @.&WmCi
(avg. 0.18 pg/mCi) for 6-['8FIFNE and 0.17â€”0.07pg/mCi
for 6-['8F]FDA (avg. OA j.tg/mCi) which was i0@ times
less than that of 6-['8F]FDA prepared by electrophilic
fluorination (JO). The vasopressor potency of 6-FNE is
about the same as that of (â€”)-NE, thus, the mass of
6-FNE injected could be considered to add to the resting
mass of norepinephrine in the plasma (0.25 ng/ml, (4)). It
is known that 2â€”4j.@g/minof norepinephrine will elicit a
pressor response in humans (35). Thus, if 5 mCi (1 @g)
were injected as a bolus in 1 mm, no pressor effect would
be expected.

Even though the present studies were carried out with
this high specific activity radiotracer and no hemody

namic effects were detected, the chemical mass intro
duced is of the same order as the amount of norepineph
rine in the coronary arteries. For example, the injection
of 5 mCi (1 /Lg)of 6-['8F]FNE into a 70-kg human subject
would give a transient peak concentration reaching the
heart of 1 ng/ml (assuming that the bolus is diluted to
about 1 liter by the time it reaches the heart). Since the
myocardial extraction of 6-['8F]FNE is very high, it is
unlikely that the chemical mass of 6-['8FJFNE affected
the extraction. Moreover, the present PET measure
ments of peak heart uptake permit the calculation of the
concentration of 6-['8F]FNE in nerve terminals (assum
ing heart uptake represents 6-['8FIFNE in nerve termi
nals) to be about 400 pg/cc for an injected dose of 1 @g
and an uptake of 0.04% dose/cc). This is far below the
known concentration of norepinephrine in the human
heart (1.04 @tg/g,(36)) and thus 6-['8F]FNE would be
present in tracer concentration.

Neuronal Uptake
Neuronal uptake is the most important mechanism for

terminating the action of (â€”)-norepinephrine. Thus, the
development and validation of tracers for assessing the
function of the neuronal reuptake system is of potentially
great importance. The ability of (â€”)-6-['8F]FNE to serve
as a substrate for neuronal uptake was examined by pre
treatment with desipramine, a tricyclic antidepressant
drug which is an inhibitor of the norepinephrine reuptake
site (21). It has been shown in rat tissues (such as the left
ventricle, submaxillary gland and spleen) that received
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tritiated dopamine alone, desipramine (4 mg/kg i.v.)
reduced the accumulation of tritiated dopamine by
60%â€”90%and tritiated norepinephrine by 73%â€”94%(9).
Additionally, recent studies in humans with (â€”)-[3HJ
norepinepkrine showed that the human heart is exception
ally dependent on neuronal uptake for in vivo removal of
circulating norepinephrine and that uptake is significantly
reduced in desipramine treated patients (3). In the present
studies, desipramine pretreatment reduced myocardial
uptake for (â€”)-6-['8F]FNE and 6-['8F]FDA. These data
are in reasonable agreement with previous PET studies in
dogs using carrier-added 6-['8F]FDA and pretreatment
with a dose of 2 mgfkg of desipramine (10). Interestingly,
with the relatively low dose of desipramine (0.5 mg/kg)
used in the present study, an almost complete blockade
of â€˜8Fuptake was observed after the injection of (â€”)-6-
[â€˜8F]FNE.Studies 24 hr after desipramine treatment also
showed considerable blocking of (â€”)-6-['8FJFNE uptake.
The greater blocking effect on (â€”)-6-['8FJFNE in compar
ison to 6-['8F]FDA may be due to uptake of 6-['8F]FDA
by other mechanisms in addition to neuronal uptake
and/or a higher selectivity of desipramine for blocking the
neuronal uptake of (â€”)-6-['8FJFNE versus 6-['8FJFDA.
These blocking studies with desipramine and previous
studies indicate that both 6-['8F]FDA and (â€”)-6-
[â€˜8F]FNEwould be useful tracers for the functional ac
tivity of the norepinephrine transporter, although the al
most total blockade of (â€”)-6-['8F]FNE uptake in contrast
to 6-['8F]FDA indicates that the uptake of (â€”)-6-
Eâ€˜8F]FNEintotheneuronismoreselective.

Stereoselectivity
PET studies of (â€”)-6-['8F]FNE with (+)-6-['8F]FNE

allow an examination of the compounds' behavior within
the presynaptic terminal and a comparison with previous
studies of the enantiomers of norepinephrine itself. Pre
vious studies with (â€”)-and (+)-[â€˜4C]and [3H]norepineph
rine have shown that whereas the neuronal uptake of

norepinephrine itself is not stereoselective (33), there is a
preferential accumulation of (â€”)-norepinephrine in stor
age vesicles (34). Once (â€”)-norepinephrine is sequestered
within the vesicle, it is protected from metabolic degra
dation and released from the presynaptic terminal. In
contrast, (+)-norepinephrine is not a substrate for the
vesicular transporter and is exposed to degradative en
zymes like monoamine oxidase within the cytosol. In
vivo studies examining the accumulation of (+)- and (â€”)-
[â€˜4C]norepinephrine in the mouse heart showed that the
concentration of the (+)-enantiomer declined more rap
idly than the (â€”)-enantiomer (37), although the initial
accumulation for the two enantiomers was the same.
Pretreatment with reserpine, which inhibits the vesicular
transporter (38), abolished the stereoselective retention.
An examination of mouse heart tissue for â€˜4C-labeled
metabolites revealed that there are more 0-methylated
metabolites formed from (+)-norepinephrine than from

(â€”)-norepinephrine which is consistent with vesicular
storage of the (â€”)-enantiomer protecting it from metabo
lism (37). Similar results have been reported for the iso
lated perfused rat heart (39) and in tissue slices (40).

The present PET studies showing high uptake and
concentration in myocardial tissue for both (+) and
(â€”)-6-['8FJFNE are consistent with the lack of stereose
lectivity of norepinephrine for uptake 1. In addition, the
faster washout of â€˜8Fradioactivity for (+)-6-['8F]FNE
than (â€”)-6-['8F]FNE is consistent with stereoselective
vesicular compartmentation as was observed with (â€”)-
norepinephrine (37). Analysis of plasma showed more
0-methylated metabolites with (+)-6-['8F]FNE than with
(â€”)-6-['8FJFNE, which is similar to the results from pre
vious measurements of metabolites in mouse heart in
vivo using [â€˜4C]norepinephrine (37).

Comparative Kinetics: (â€”)-and (+)-6-[18FJFNE and
6-I18FIFDA

The most striking result from these studies is the sig
nificantly more rapid clearance of 6-['8F]FDA relative to
(â€”)- and (+)-6-['8F]FNE (Figs. 2 and 4). The slow clear

ance of (â€”)-6-['8F]FNE from the heart is similar to the
long retention time of the endogenous neurotransmitter
(â€”)-norepinephrine in intact animals (37). The half-lives
for the (â€”)-and (+)-enantiomers in mouse heart in vivo
were reported to be 7.6 and 2.5 hr, respectively (37).
Based on response function analysis, the clearance of
(+)-6-['8FJFNE corresponds to a half-life of 1.5â€”2hr.
Because the loss of (â€”)-6-[18F]FNE is so slow, the half
life is less accurately determined, but appears to be
greater than 4 hr. Of all the compounds, 6-['8F]FDA has
the shortest tissue half-life (â€”1hr). For 6-['8F]FDA, the
half-life for the rapid phase (a,) is â€”8mm. Half-lives for
6-['8F]FDA of 22 and 144 mm for the rapid and slow
phase (10) and 13 and 117 mm for the rapid and slow
phase (20) have been reported in canine and baboon
hearts, respectively. The half-lives calculated (based on
the response function) are shorter than those calculated
from time-activity curves since, in the latter case, the
tissue has a continued supply of tracer.

The large difference between the kinetics of (â€”)-6-
[â€˜8F]FNEand 6-['8F]FDA is of relevance in the use of
these â€˜8F-labeledcatecholamines as tracers for endoge
nous norepinephrine, especially with respect to the mea
surement of norepinephrine turnover in vivo. The rela
tionship of 6-['8F]FDA kinetics to discrete biochemical
processes is complex because it is a multistep process
which requires transport of 6-['8FJFDA into@ @euron
via uptake 1, transport of 6-['8FIFDA into the vesicle and
enzymatic conversion (via dopamine f3-hydroxylase) of
6-['8F]FDA to (â€”)-6-['8F]FNE within the vesicle. Al
though all of these steps have been shown to take place
(9,30), the present comparative PET study of 6-['8FJFDA
and (â€”)-6-['8F]FNE in vivo shows a significantly more
rapid clearance of 6-['8F]FDA relative to (â€”)-6-['8FJFNE
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over 2 hr, indicating that the conversion of 6-['8FJFDA to
(â€”)-6-['8FJFNE is not rapid. Previous studies also sup
port this. For example, after injection of 6-[3H]FDA into
rats, the percentage of all the radioactivity in the heart as
6-[3H]FNE was assayed to be 8%, 21% and 40% at 5, 20
and 60 mm, respectively (30). Thus, the PET image after
6-['8FIFDA probably represents increasing amounts of
(â€”)-6-['8F]FNE over the time course of the study as
6-['8F]FDA is converted to (â€”)-6-['8F]FNE and as la
beled metabolites clear from tissue. This is also sup
ported by recent mechanistic studies of low specific ac
tivity 6-['8F]FDA, showing that reserpine did not
appreciably change the clearance of â€˜8Fearly after the
injection of 6-['8FJFDA but did affect clearance after 1 hr
(10).

The more rapid clearance of radioactivity after injec
tion of6-['8FJFDA relative to (â€”)-6-['8F]FNE may be due
to a number of factors including inefficient f3-hydroxyla
tion of 6-['8FJFDA in comparison to dopamine (9) (lead
ing to an effiux of 6-['8F]FDA from storage vesicles),
different reactivities of the two tracers toward the meta
bolizing enzymes such as MAO and COMT or that
6-['8F]FDA may be a poorer substrate for the vesicular
transporter, leaving it vulnerable to metabolism by cyto
solic MAO. Thus, a major issue in the use of â€˜8Fclear
ance after the injection of 6-['8F]FDA is to distinguish
turnover from the loss of 6-['8FJFDA which has not been
converted to 6-['8F]FNE or from the loss of MAO me
tabolites of 6-['8F]FDA. From the present work and from
the previous studies, an initial clearance time of at least
60 mm may be required to observe clearance which at
least partially represents the behavior of (â€”)-6-['8FJFNE.
This may vary with different subjects. Moreover, even at
60 mm the rate of clearance after 6-['8F]FDA is more
rapid than that of (â€”)-6-['8F]FNE, indicating that other
processes are also taking place. It is important to note
that by 1 hr after the injection of 6-['8F]FDA, the con
centration of radioactivity has declined by a factor of 4
relative to peak uptake of 6-['8FJFDA. In contrast, (â€”)-
6-['8F]FNE reaches a peak uptake at 10â€”15mm and
shows a very slow decrease over a 2 hr period. At 60 mm,
the â€˜8Fconcentration in the heart is double that of
6-['8F]FDA in the same baboon (Fig. 4). Thus, a larger
proportion of injected radioactivity appears to be contrib
uting to the vesicular storage pool with (â€”)-6-['8F]FNE.

SUMMARY

The PET studies reported here for (â€”)-6-['8FJFNE and
(+)-6-['8F]FNE support and extend previous studies with
the racemic mixture (5) and suggest a close parallel be
tween the behavior of (â€”)-and (+)-6-['8F]FNE and (â€”)-
and (+)-norepinephrine. However, the kinetic behavior
of (â€”)-6-['8F]FNE contrasts with that of 6-['8F]FDA
which clears rapidly from the heart. The rapid effiux of
6-['8F]FDA from the heart early postinjection suggests

that the conversion of 6-['8FJFDA to (â€”)-6-['8F]FNE is
not rapid and that the cardiac radioactivity at early times
represents predominantly 6-['8FJFDA and/or its metabo
lites and not vesicular (â€”)-6-['8F]FNE. Although the
clearance of â€˜8Fafter the injection of 6-['8F]FDA con
tains information relevant to the functional activity of the
sympathetic neuron, interpretation of clearance patterns
is complicated by the occurrence of multiple processes.

The fact that desipramine, a drug which inhibits nore
pinephrine reuptake, almost totally blocked the uptake of
(â€”)-6-['8F]FNE suggests that its uptake into the myocar
dium is predominately due to its interaction with the
norepinephrine transporter. The uptake of 6-['8F]FDA
into the myocardium is significantly but only partially
blocked by desipramine, suggesting a higher specificity
for neuronal uptake for (â€”)-6-[18F]FNE and/or to other
mechanisms for accumulation in the heart in addition to
neuronal uptake for 6-['8F]FDA. These studies also illus
trate how even a single dose of desipramine almost com
pletely blocks the reuptake of norepinephrine into the
myocardium. Even at 24 hr after a single dose of desipra
mine, (â€”)-6-['8FJFNE uptake has only returned to 60% of
baseline values. The inhibition of norepinephrine re
uptake may be one of the mechanisms by which desipra
mine induces cardiac arrhythmias.

Although the present studies suggest that (â€”)-6-
[â€˜8F]FNEmaybeausefultracerfortheparentneuro
transmitter, the relationship of the kinetics to physiolog
ical processes such as vesicular leakage and exocytosis
must be examined in vivo with appropriate pharmacolog
ical and physiological interventions and tracer kinetic
analysis to establish its utility as a tracer for the turnover
of endogenous norepinephnne. Mechanistic studies are
underway to characterize the factors which contribute to
the kinetic patterns observed for the â€˜8F-labeled cate
cholamines. These studies are being carried out with a
view toward using these tracers for the assessment of the
neuronal activity of the normal and diseased heart as well
as understanding the mechanism of action of therapeutic
drugs. The fact that there were no hemodynamic effects
with a large injected dose (9 mCi) further demonstrates
that nucleophilic aromatic substitution is, at present, the
only practical route to NCA 18F-labeled catecholamines
in sufficiently high specific activity to avoid measurable
hemodynamic effects and the risk of carrier-mediated
effects on tracer behavior.
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