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The fraction of serotonin extracted on a single passage
through the lungs is being used as an early indicator of lung
endothelial damage but the existing techniques require mul
tiple arterial blood samples. We have developed a noninvasive
technique to measure lung serotonin uptake in man. We

utilized the double indicator diffusion principle, a positron
camera, 11C-serotoninas the substrate, and 11C0-erythro
cytes as the vascular marker. From regions of interest around
each lung, we recorded time-activity curves in 0.5-sec frames
for 30 sec after a bolus injection of first the vascular marker
11C0-erythrocytes and 10 mm later 11C-serotonin.A second
uptake measurement was made after imipramine 25â€”35mg

distress syndrome (ARDS) in man (6). In the clinical
situation, the lung extraction of â€˜4C-serotoninhas been

developed as a technique to detect early changes in the
lungs of patients at high risk for developing ARDS (6).
However,

this technique

requires arterial catheterization,

which limits its general application in both clinical and
experimental situations. In order to make external, non
invasive measurements of the extraction of amines by the
lungs, we have synthesized carbon-i i-serotonin (â€˜
â€˜C-5HT)

(7).
This paper describes the measurement of the fractional

was infusedintravenously.In three normal volunteers,the

extraction of â€˜
â€˜C-serotoninon a single pass through the
lungs of normal volunteers and the effect of intravenously

single-pass uptake of 11C-serotoninwas 63.9% Â±3.6%. This

injected imipramine on this extraction.

decreasedin all subjectsto a meanof 53.6% Â±1.4% after
imipramine. The rate of lung washout of 11Cwas also signifi
cantly prolonged after imipramine. This noninvasive technique
can be used to measure lung serotonin uptake to detect early
changes in a variety of conditions that alter the integrity of
the pulmonaryendothelium.
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METHODS
The fraction of â€˜
â€˜C-serotonin
extractedon a singlepassthrough
the lungs was calculated from a modification of the double
indicator diffusion technique of Crone (8). For the reference,
nonextractedtracerwe usedâ€˜
â€˜C-carbon
monoxide labelederyth
rocytes (â€˜
â€˜CO-RBC) produced

t is well-established that in addition to its function as
the organ of gas exchange, the lung plays a major role in
regulating a number of circulating chemical mediators (1,
2). For example,

nor-epinephrine

and 5-hydroxytrypta

mine (5-HT serotonin), are both almost completely ex
tracted on a single transit through the pulmonary circula
tion. The rate-limiting step to serotonin extraction is its
active transport across the pulmonary endothelial cell
membrane. Once transported into the endothelial cell,
serotonin is degraded by monoamine oxidase (MAO).
The extraction of serotonin by the lung is inhibited by
a number of drugs such as cocaine, chlorpromazine and
the tricyclic antidepressants (e.g., imipramine) (3,4), and
in a number ofpathologic conditions such as experimental

diffuse lung injury in animals (5) and adult respiratory

Labeled Compounds
Carbon-il. Carbon was produced with 17 MeV protons (35
@iA)
bytheâ€˜4N
(p,a) â€˜
â€˜C
nuclearreactionin a nitrogen/hydrogen
target.
â€˜
â€˜C-Hydrogen-Cyanide.
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This

was

produced

as

described

else

where(7). During production, most ofthe â€˜
â€˜C
stabilizesasâ€˜
â€˜CH4.
Gaseousammonia wasaddedto this and the mixture passedover
platinum wool at 1000Â°C
to produceH' â€˜CN.
â€˜
â€˜C-5 Hydroxytryptamine.
â€˜
â€˜C-SHT

in

detail

elsewhere

We

have

(7).

In

described
brief,

the

this

was

synthesis
a

of

four-step

procedurestartingwith nucleophilic substitution of' â€˜C-hydrogen
cyanide to 5-methoxygramine to produce â€˜
â€˜C-5-methoxy-3-ace

tonitrile-indole. The methyl ether was cleavedwith boron tri
bromide and the nitrile reducedto give â€˜
â€˜C-S
hydroxytryptamine
(I â€˜C-SHT).

This

was

purified

by reverse-phase

high

pressure

liquid

chromatography.The synthesisproduced 11.1Â±3.8 mCi of â€œCSHT with a specificactivity of 140mCi/@mole.
I â€˜CO-erythrocytes.
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as detailed below.

Labeled

carbon

monoxide

was

produced

by

reduction of â€˜
â€˜CO2
with zinc at 1000Â°C.
The â€˜
â€˜CO
was then
bubbled through 15 ml of the subject'sown blood in a sterile
glassbulb. The bulb was rotated gently for 15 mm to assure
adequatelabelingofthe erythrocyteswith â€˜
â€˜CO.
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Lung Extraction Measurements
We measuredthe fractionallung extractionof â€˜
â€˜C-SHT
in
three normal volunteersbeforeand after intravenousinfusion of
imipramine (Tofranil-Ciba-Geigy). This procedurewasapproved
by the institute's ethics committee.

In two experiments,the subject lay supine with the model

4200 PositronCameraSystem(CyclotronCorporation,Berkeley,
CA) positionedto imagethe lungs. First, 3.0 mCi â€˜
â€˜CO-RBC
in
3 ml was injected rapidly through a bolus-loop system into a
largeante-cubitalvein. Counts wererecordedfrom the thorax in
0.5-sec frames for 30 sec followed by 2-sec frames for 270 sec.
Fifteen minutes later, after a 10-sec collection period for back

ground counts, 2.5â€”4.0
mCi â€œC-5HT
(0.05â€”0.1@moIe)
was in
jected as a bolus of 3 ml through the sameloop systemby the
sameinjector. Counts wererecordedagainin the samesequence
of frame rates for 5 mm. We then infused imipramine 0.4â€”0.5
mg/kg body weight (25â€”35mg) over a 10-mm period. The

subject's pulse rate and blood pressurewere monitored every
minute throughout the infusion. A second3-mi bolus injection
of â€˜
â€˜C-5HT
was made 10 mm from the end of the imipramine
infusion (i.e., 25 mm after the first injection of â€˜
â€˜C-SHT).
Again,

countswerecollectedfor backgroundsubtractionfor 10secbefore
injection and in the samesequenceof frame ratesfor 5 mm after
injection.
In one subject, â€˜
â€˜CO-RBC
and â€˜
â€˜C-SHT
data were collected
on one morning. A second sequence of â€˜
â€˜CO-RBC
and â€˜
â€˜C-5HT
data were then collected the next day, 15 mm after the infusion

of 35 mg of imipramine.
Data Analysis
The double indicator diffusion techniqueprovidesa measure
ment ofthe single-passextraction (E) by an organ from measure
ments of the concentration of test substance (CS) and reference

vascularmarker (CR) in blood flowing from the organ(8):
(â€˜T

@L
(CR(t)
â€”
CS(t))
E(T)=

I CR(t)

whereE(T) is the extraction integratedto time T and CR and CS
have been normalized by dividing the concentrationat time t by
the amount of R and S injected.

FIGURE1. Time-activity
curvesfromregionsaroundRt and
left+ lungsinsubjectG.F. duringthefirstpassof 11C0-RBC(A)
and 11C-serotonin
(B).The earlypeakin countsin the tightlung
is contaminationfrom counts in the right heart. The extraction of
11C-serotoninwas calculated from the peak of the curve to 25

frames after the peak.
â€œinjected
doseâ€•
of each tracer. This technique has been used to

measureâ€˜
â€˜C-chlorpromazine
extraction in human lung (10).
We measuredthe rate of washoutof â€˜
â€˜C
from the lungsby
fitting the data from 30â€”300
secto a single-exponentialfunction
with a log fit program in a personalcomputer.

Statistics
A two-tailed paired t-test wasusedto detectsignificant differ
encesbetweenmeansof the singlepassextraction and the means
of the half times of the isotope washout curves.

Thisequationcanbemodifiedto measure
E fromobserving RESULTS
the organ itself rather than the draining blood (9,10). For each
tracer (R and S), the fraction of the amount injected remaining
in the organ at time t [RR(t) and RS(t)] is equal to the normalized

amount injected (equals 1) minus organ blood flow times the
normalized concentration of the tracer that has left the lungs:

Figure 1 shows the raw data obtained from ROIs over

both lungs after injecting â€˜
â€˜CO-RBC(Fig. 1A) and â€œC5HT (Fig. 1B). These clearly demonstrate retention of' â€˜C5HT in the lungs. Figure 2 is an image of the lungs

R(t) = 1 â€”F IT C(t) dt
and
E(t) = [Rs(t) â€”RR(t)]/l â€”RR(t).
We calculatedE in regionsof interest (ROIs) over each lung
for the 25 framesfollowing the peak height. We normalized the
externalcountsin eachframe S (5HT) and R (RBC) by dividing
by the peakheight.Ifthe peakwasdifficult to identify within one
or two frames,the mean of three frames around the assumed
peak was used. This assumesthat the peak height represents the
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FIGURE 2. Imageof 11C-se
rotonin in the lungs of subject
G. F. taken betweenframes36
and 60 (12â€”30
sac).
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accumulated during frames 32â€”60
(12â€”30
sec). This clearly
demonstrates retention of â€˜
â€˜C-SHTin the lungs. In the
three subjects,the mean extraction of â€˜
â€˜C-SHT
calculated
from the peak to 25 frames after the peak was 63.9% Â±
3.6%. This decreased in all subjects to a mean of 53.6% Â±
1.4% after infusion of imipramine

(,)I 1.3
: 1.2

(p = 0.046). Table 1

0

@i1.1

contains the extraction data for each subject.
This single-pass extraction of â€˜
â€˜C-5HT
was followed by
a gradual washout of â€˜
â€˜Cfrom the lungs (Fig. 3). The
fraction ofthe amount extracted that had washed out from
the lungs from 0.5 to 5 mm was 44.5% Â±3.6% with â€œC5HT alone and 39.9 Â±4.4% with imipramine and â€˜
â€˜C5HT. The washout curves for each lung in each subject
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DISCUSSION
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We have measured,by a noninvasivetechnique in man,

the fraction of â€˜
â€˜C-SHT
extracted on a single pass through
the lungs (E). We have also demonstrated a reduction in
â€˜
â€˜C-SHT

extraction

with

intravenously

infused

imipra

mine. We obtained a value for E â€˜
â€˜C-SHT
of 64%, similar

FIGURE 3b Time-activitycurvesfromthe rightlungof subject

G. F. during30â€”300
sec of washout of 11Cfrom the right lung.
(A)Raw counts uncorrected for the physicalhalf-lifeof 11C.(B)
Excellentfit of the data from Figure 2B to a single-exponential
function.

to that measured in man by others using â€˜4C-5HT.
Gillis

et al. (11) usedâ€˜4C-5HT
and the double-indicator diffusion
technique to measure E in patients undergoing cardiopul

for 5HT extraction has been measured in a variety of
monary bypass. Before bypass, E â€˜4C-5HT
was 59.0% Â± animal preparations and ranges from 1.65 @tMin perfused
11.5% with a range of 44%â€”72.0%. Dargent et al. (12)
rabbit lungs to 6.9 1@tM
in rat lungs (1). In the isolated lung
obtained a much higher value of 97% for E â€˜4C-5HT
in a lobe of a dog, E'4C-5HT decreasedfrom 69% when 10
similar group of patients undergoing cardiopulmonary
nmol of â€˜4C-5HT
were injected to 38% when 100 nmol
bypass. This same group from Geneva also obtained a

were injected (13). In our experiments, we injected intra

value of 91% for E â€˜4C-5HT
in patients in an intensive

venously 0.05â€”0.
1 @.tmol
â€˜
â€˜C-5HT
[i.e., the same as Dargent
et al. and Morel et al. (6,12)]. The relatively low extraction

care unit who were at risk of, but did not develop, ARDS
(6). The difference in E â€˜4C-5HTmeasured by two groups

in our subjects can be partially explained by the differences

using the same technique could be explained by a differ
in measurementtechniques.It could be alsodue to differ
ence in the specific activity of â€˜4C-5HT
injected. Gillis et encesin the chemical form of the â€˜
â€˜C-SHT.
We injected
al. (11) injected 0.6 smol â€˜4C-5HT,
while the Geneva the hydrochloride while others have used â€˜4C-5HT
as the
group (6,12) injected 0. 1 Mmol. The lung extraction of

5HT is a saturable process. The Michaelis constant (Km)

creatinine salt. This may produce differences in E 5HT
due to greater protein binding in the case of the hydro

chloride or greater lipophilicity and therefore greater lung
extraction in the case of the creatinine salt. These factors

TABLE I
Percent Extraction of 11C-5HT(Mean of Both Lungs)
@

Subject

â€˜1C-5-HT

lmipramine*

11C-5HT

G.F.64.452.0G.M.60.054.3G.C.67.254.5mean
.4@*

Â±s.d.63.9

mm.tpO.0463.
Imipramine
0.4â€”0.5

Â±3.653.6

mg/kg infusedover 10

Â±1

will be examined further in future studies.
Imipramine caused a significant (16%) reduction in E
â€˜
â€˜C-SHT

in

all

three

subjects.

The

dose

we

used

(0.4â€”0.5

mg/kg) has been demonstrated to decrease â€˜4C-5HT
ex
traction in rabbit lungs in vivo from 79% to 60% (4).
Larger doses (8 mg/kg) in intact dogs caused a reduction
in E â€˜4C-5HT
from 58% to 23% (14). Two subjects had

symptoms ofinsomnia, discoordination, stiffness, and dia
phoresis for 2 days after imipramine infusion.
A decrease in pulmonary vascular transit time (in
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creased blood flow) or a reduction in perfused microvas
cular bed (surface area) causes a decrease in lung 5HT
extraction (15). Becauseofthese hemodynamic effectson
5HT extraction, the nonextracted vascular marker (â€˜
â€˜CO
RBC) and the â€˜
â€˜C-SHT
ideally should be injected simul
taneously in the same bolus. With the positron camera
and two positron emitters this was not possible and, hence,
the 15-mm delay between injections of â€˜
â€˜CO-RBCand

from the lungs. Clearly, more experiments are required to
answerthis question.
In summary, we have reported a method to measure
the single-pass extraction of â€˜
â€˜C-SHT
by the lungs and the
reduction in extraction after infusion of imipramine. This
technique has the potential to measure the extraction of

5HT in a variety of conditions that alter the integrity of
the pulmonary vascular endothelium.

â€˜
â€˜C-SHT.
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in pulmonary hemodynamics from the time of â€˜
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injection to the end of the measurements. This same
procedure has been used successfullyto measure lung
extraction in dogs of N-isopropyl-p-'23I-iodoamphetamine
with 99mTcsulphide colloid injected in a separate bolus as
the intravascular marker (9).
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