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ABSTRACT

Junop, Avain F.: Uptake, metabolism and efflux of “C-5-hydroxytryptamine in
isolated perfused rat lungs. J. Pharmacol. Exp. Ther. 183: 341-355, 1972.

The uptake, metabolism and efflux of “C-5-hydroxytryptamine (5-HT) were studied in
isolated rat lungs, artificially ventilated and perfused via the pulmonary artery with
Krebs’' medium containing 5 mM glucose and 4.5% bovine serum albumin. Infusion of
0.11 to 17 uM “C-5-HT resulted in concentration of radioactivity in the lungs. The up-
take was a saturable process with the same Km and V.. whether the main product
found in the lungs was 5-hydroxyindoleacetic acid (control conditions) or 5-HT (treat-
ment with iproniazid, an inhibitor of monoamine oxidase). This finding indicates that the
rate-limiting step in the uptake of *C-5-HT was its intracellular transport, not its sub-
sequent metabolism. Once taken up, *C-5-HT was located in the soluble fraction of lung
homogenate. Cocaine, imipramine, chlorpromazine and cold markedly inhibited the pul-
monary uptake of *C-5-HT; anoxia, norepinephrine and tryptamine had only a partial
inhibitor effect. Pretreatment with reserpine or perfusion with glucose-free medium had
no effect on the uptake. Changes in the ionic composition of the medium were also stud-
ied: the absence of Na* resulted in nearly complete inhibition of concentration of “C-5-
HT in the lungs, and lowered Na*, as well as increased K*, caused a decrease in the
affinity of the transport system for *C-5-HT. Ouabain at 10° M had only a partial in-
hibitory effect. The efflux of *C-5-HT from the lungs was accelerated by cocaine, imi-
pramine or chlorpromazine, by the absence of extracellular Na* and by low extracellular
Na*. These results indicate that the mechanisms of uptake of 5-HT by perfused lungs,
platelets and brain are similar and compatible with the model of Na*-dependent trans-
port; however, the lungs, unlike the other cellular systems, do not store 5-HT, but me-
tabolize it rapidly.

In the past few years, several reviews have
stressed the function of the lungs as a metabolic
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organ, capable of activating or inactivating var-
ious hormones and mediators (Heinemann and
Fishman, 1969; Said, 1968; Vane, 1969). One of
the substances removed from the pulmonary cir-
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culation is 5-hydroxytryptamine (5-HT), or
serotonin. The first conclusive report on the dis-
appearance of 5-HT from the pulmonary circu-
lation (Gaddum et al., 1953) has since been con-
firmed several times (Eiseman et al., 1964; Davis
and Wang, 1965). Thomas and Vane (1967),
studying the dog lung in vivo, and Alabaster and
Bakhle (1970), studying the rat lung in vitro,
found that approximately 95% of the 5-HT in-
fused was inactivated during its passage through
the pulmonary circulation. However, the tech-
niques used, generally based on bioassay, allowed
only partial and indirect studies on the pulmo-
nary uptake and metabolism of 5-HT. The pres-
ent experiments were undertaken, therefore, to
investigate the uptake, metabolism and disposal
of 5-HT in isolated perfused rat lungs over a
large range of concentrations. To characterize
the nature of the uptake of 5-HT by the lungs,
the effect of drugs known to be inhibitors of
5-HT uptake in platelets and brain and the ef-
fects of temperature, Na*, K*, ouabain and dele-
tion of glucose were also studied. In view of the
similarities found between the uptake of 5-HT
by the lungs and the uptake of 5-HT and nor-
epinephrine (NE) by other cellular systems in
which a Na*-dependent transport has been dem-
onstrated (Bogdanski et al., 1968; Bogdanski
and Brodie, 1969; Tissari et al., 1969; Sneddon,
1969), studies on the effects of ions, Na* in par-
ticular, were undertaken to determine whether
the uptake of 5-HT by the lung is also Na*-
dependent.

Methods

Media and solution used. The standard perfu-
sion medium was Krebs-Ringer-bicarbonate buffer
(Umbreit et al., 1964), containing 5§ mM glucose
and 45% bovine serum albumin, Cohn fraction V.
Its composition (millimolar concentration) was:
NaCl, 118; KClI, 4.75; CaCl,, 2.54; KH.PO,, 1.19;
MgSO,, 1.19; and NaHCOs;, 25. The pH of the
albumin solution was adjusted by the addition of
1 N NaOH so that the final Na* concentration of
the standard medium was 161 mM. The medium,
pH 74, was equilibrated with 5% CO. and 95%
oxygen. In some experiments, NaCl was replaced
by isotonic amounts of sucrose (025 M) or LiCl,
and NaHCO, by Tris (25 mM), the pH of the final
solution being adjusted to 7.4 by adding 1 N HCI.
Na*-free albumin was obtained by bringing the pH
of a 20% albumin solution to 4.8 to 5.0 with 1 N
HCI and dialyzing the solution repeatedly against
twice-distilled water at 4°C. The only Na* con-
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tamination was the presence of NaCl in the stock
solution of “C-5-HT. Since the stock solution was
diluted 300 times before use, the final Na* con-
centration during the infusion of “C-5-HT in a
“Na*-free” medium was about 0.5 mM. To obtain
a K*-free medium, KH,PO, and KCl were replaced
by the equivalent Na* salts in equimolar amount.
To obtain a K*-rich medium, KCl was added in
suitable amount, and the sucrose or NaCl concen-
tration was decreased accordingly.

5-Hydroxytryptamine-3’-“C creatinine sulfate
(56 and 58 mc/mmol, Amersham-Searle, Arlington
Heights, Ill.) was dissolved in saline solution con-
taining 0.1% ascorbic acid and kept at —20°C.
Solutions for infusion were made up of 02 to 2.0
uc of *C-5-HT in a known volume of perfusion
medium; unlabeled 5-HT was added when high
concentrations were desired. 5-HT creatinine sul-
fate, ouabain, [-norepinephrine bitartrate, reser-
pine, cocaine HCl and tryptamine HCl were ob-
tained from commercial sources. Imipramine HCI
was donated by Geigy Pharmaceuticals (Ardsley,
N.Y.), iproniazid phosphate by Hoffmann-La
Roche Inc. (Nutley, NJ.) and chlorpromazine
HCl by Smith Kline and French Laboratories
(Philadelphia, Pa.). Unless otherwise specified, the
drugs, when used, were added to the perfusion
medium.

Perfusion. Male Sprague-Dawley rats, weigh-
ing 250 to 300 g, were used. After anesthesia with
Na pentobarbital, 50 mg/kg injected i.p., trache-
ostomy was performed and the rat was artificially
ventilated. The tidal volume was 2.5 ml, the rate
of breathing was 60/min and the end-expiratory
pressure was +2 cm H:O. The gas mixture used was
5% CO: and 95% oxygen. The thorax was opened
and a loose ligature was placed around the pul-
monary artery and the aorta. A cannula was then
inserted into the pulmonary artery through the
right ventricle and secured by tying the ligature.
Immediately afterward, the left ventricle was cut
and a cannula was inserted for the collection of
effluent. The lungs were removed and placed in a
closed chamber, kept at 35°C and saturated with
water vapor. The whole procedure usually took less
than three minutes and was accomplished without
interruption of ventilation and circulation. A peri-
staltic pump assured a perfusion flow of 10 ml/min.
A constant infusion-withdrawal pump was used to
infuse the solution containing *C-5-HT at the rate
of 1 ml/min at a point just before the intake of
the peristaltic pump and to withdraw at the same
rate a representative sample of the solution be-
tween the peristaltic pump and the pulmonary
artery. Therefore, during the infusion period, the
flow through the pulmonary circulation was re-
duced to 9 ml/min. The lungs were perfused with
standard medium or with medium of different
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ionic composition for 10 minutes (equilibration
period); “C-5-HT was then infused with the
medium for one to eight minutes. The effluent and
the representative sample of the inflow were col-
lected during the infusion period. After the infu-
sion was completed, the lungs were dissected,
blotted dry, weighed and homogenized at 4°C; 60
to 90 seconds elapsed between the end of the per-
fusion and the homogenization.

Analytical procedures. The lungs were homoge-
nized in 6 ml of methanol-acetone (1:1). Part of
the homogenate (0.1-0.2 ml) was taken for count-
ing radioactivity. It was evaporated, taken up with
0.2 ml of water and dissolved in 1 or 1.5 ml of NCS
solubilizer. The rest of the homogenate was centri-
fuged at 10,000 X ¢ for 30 minutes at 4°C. A sam-
ple of the supernatant fluid was evaporated under
a stream of nitrogen and the dry residue was taken
up with 0.2 ml of 95% ethanol and centrifuged for
10 minutes at 1,000 X g to remove the turbidity. A
sample of the supernatant fluid was then analyzed
by thin-layer chromatography.

Samples of the inflow and the efluent were also
dissolved in NCS solubilizer for counting radio-
activity. A second portion was extracted with 2
volumes of methanol-acetone (1:1) and centri-
fuged at 10,000 X ¢ for 30 minutes at 4°C. The
supernatant fluid, concentrated under a stream of
nitrogen when necessary, was submitted to chro-
matographic analysis.

Ten milliliters of scintillation fluid [7 g of 2,5-
diphenyloxazole (PPO) and 0.1 g of p-bis(o-
methylstyryl)-benzene (bis-MSB) per liter of
toluene] were added to the samples of lung ho-
mogenate, inflow and cffluent. Radioactivity was
measured in a Packard scintillation counter.
Counting efficiency and quenching were monitored
by the addition of an internal standard and results
were corrected accordingly.

The separation of 5-HT from its metabolites
was carried out by thin-layer chromatography on
glass plates precoated with Silica-Gel F 254. The
samples were spotted with a standard carrier mix-
ture containing 5-HT, 5-hydroxyindoleacetic acid
(5-HIAA), N-acetyl serotonin, melatonin. 5-hydro-
xytryptophol, 5-methoxyindoleacetic acid and 5-
methoxytryptophol. The spots were detected with
an ultraviolet lamp and scraped and the material
was collected in scintillation vials containing 10 ml
of a scintillation mixture (7 g of PPO, 1 g of bis-
MSB and 40 g of Cab-O-Sil per liter of toluenc).
Since it soon became obvious that, beside 5-HT,
the only important compound present was 5-
HIAA. only the spots corresponding to these sub-
stances were specifically scraped; the radioactivity
of the remaining part of the chromatogram was
measured to make sure that no significant amount
of radioactivity remained undetected. The sol-
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vent system most often used was methylacetate-
isopropanol-ammonia  (45:35:20) (Stahl and
Kaldewey, 1961); a second system, chloroform-
methanol-glacial acetic acid (97:7:1) (Klein and
Notides, 1969) was used only occasionally, to-
gether with the first, to confirm the identification
of 5-HT and 5-HIAA. No additional quenching of
the radioactivity could be detected with the added
Cab-0-Sil silica gel in these samples.

Subcellular location of “C-5-HT. After perfu-
sion with standard medium containing 5 X 10™* M
iproniazid, an inhibitor of monoamine oxidase
(MAO), and the subsequent infusion of 1.1 xM
HC-5-HT for three minutes, the lungs were ho-
mogenized in 10 volumes of 0.25 M sucrose at 4°C.
The subcellular fractions were then separated by
differential centrifugation according to Thoa et al.
(1969). The pellets corresponding to the different
subcellular fractions and the final supernatant fluid
were dissolved in NCS solubilizer, and the radio-
activity of each fraction was calculated, after cor-
rection for quenching using internal standards.

Efflux of *C-5-HT from the lungs. The efflux
of "C-5-HT was determined as follows. After per-
fusion for 10 minutes with standard medium con-
taining 5 X 10~ M iproniazid, the pulmonary cir-
culation was infused for a three minute period with
1.1 uM *C-5-HT, during which a representative
sample of the inflow and the effluent were col-
lected. The lungs were then perfused for an addi-
tional 12-minute period with the standard medium
(control experiments), with standard medium con-
taining the test drug or with medium of different
ionic composition, and samples of the effluent
were collected for 15 seconds at selected times (1,
2. 4, 8 and 12 minutes).

The uptake of *C-5-HT by the lungs was cal-
culated from the difference in the radioactivity
of an aliquot (02 ml) of the inflow and of the
effluent during the infusion period. The efflux of
“C-5-HT measured during the subsequent period
from an aliquot (0.2 ml) of the collected samples
was expressed as a percentage of that uptake. This
procedure was considered satisfactory since the
gradient. of radioactivity between inflow and
effluent during the infusion of *C-5-HT was the
same in all the series of experiments. This esti-
mated value of uptake could therefore be taken as
a reference to which the radioactivity released dur-
ing the subsequent period could be related. The
points obtained were analyzed as a function of
time and were found to follow a single exponential
function (r = 0.99 in all cases). Thus it was
possible to calculate the amount of radioactivity
released from the lungs during the 12-minute
period by integrating the exponential function over
this period.
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Results

The weight of the lungs after perfusion, 1.65 *
0.04 g (mean *= S.E. of 38 experiments), was
comparable to the weight of the lungs immedi-
ately after excision, which indicates that no sig-
nificant pulmonary edema had developed. Perfu-
sions for as long as 90 minutes under the same
conditions did not result in gain in weight of the
lungs or in increase in pulmonary arterial pres-
sure. Preliminary experiments had showed that
the presence of bovine serum albumin in the per-
fusion medium was required to prevent pulmo-
nary edema. With other plasma expanders, such
as low molecular weight dextran or polyvinyl-
pyrrolidone, both at 6%, pulmonary edema oc-
curred within 5 to 10 minutes.

The recovery of “C in the supernatant after
methanol-acetone extraction and centrifugation
was 707 for the lung tissue and 93% for the in-
flow or effluent. The percentage of recovery of
5-HT from various tissues after one single ex-
traction is generally reported to be of this order
of magnitude (Gal et al., 1964; Jonsson and Le-
wander, 1970; Tyce et al., 1968). Binding to
protein is commonly assumed to be responsible
for the incomplete recovery. The measurements
of uptake did not have to be corrected for that
incomplete recovery since they were calculated
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Fic. 1. Relationship between the concentration
of *C-5-HT in the perfusion medium (micromolar
concentration) and the rate of uptake of C by the
lungs (millimicromoles-gram lung™-min~) under
control conditions and in the presence of 5 X 10™*
M iproniazid. *C-5-HT was infused for three min-
utes after a 10-minute equilibration period. Ipro-
niazid was present in the perfusion medium during
the duration of the experiment. Each point repre-
sents the means of at least four experiments = S.E.
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directly from the measurement of the radioac-
tivity of the lung homogenate. The radioactivity
recovered in the lung extract was assumed, how-
ever, to be representative of the total radioactiv-
ity taken up by the lungs. This assumption is
supported by the fact that the same percentage
was recovered when the main product found in
the lungs was either 5-HT or 5-HIAA.

The accumulation of radioactivity in the lungs
after a three-minute infusion of 0.11 to 17 uM
of "C-5-HT under control conditions and in the
presence of iproniazid at 5 X 107 M is shown in
figure 1. The relationship between the concentra-
tion of 5-HT in the perfusion medium and the
accumulation of radioactivity in the lungs sug-
gests a saturable process. Table 1 shows the dis-
tribution of the radioactivity in the lungs and in
the effluent. Under the control conditions, the
lung was able to metabolize almost all the "“C-5-
HT taken up, since only 4 to 8% of the radioac-
tivity was accounted for by 5-HT, whereas 5-
HIAA accounted for 80% or more. No attempt
was made to characterize further the remaining
radioactivity. Control experiments showed that
the same degree of oxidation of 5-HT was found
in extracts of lungs homogenized immediately
after the end of the perfusion and that the pro-
cedures of homogenization and extraction did not
result in the breakdown of the *C-5-HT added to
a lung homogenate.

In the effluent, 80 to 97% of the radioactivity
recovered was accounted for by 5-HT, depend-
ing on the uptake. 5-HIAA accounted for about
half the remaining radioactivity. The fact that
up to 20% of the radioactivity recovered in the
effluent was not attributable to 5-HT can be ex-
plained by the early released of metabolites of
5-HT from the lungs. Since the effluent, when
the largest fraction was taken up, contained ap-
proximately 50% of the radioactivity infused (ta-
ble 2), the measured uptake of “C-5-HT was
underestimated by 10% at most.

When iproniazid was added to the perfusion
medium, MAO was nearly completely blocked.
In these experiments (table 1), 5-HT accounted
for more than 95% of the radioactivity in the
lungs and for 93 to 100% of the radioactivity re-
covered in the effluent. This finding indicates that
the radioactivity in the lungs and the effluent
that could not be attributed to 5-HT or 5-HIAA
resulted from the action of MAO and could be a
glucurono- or sulfo-conjugate of 5-HIAA. More
important, the uptake of “C-5-HT in the pres-
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TABLE 1
Uptake and metabolism of BC-5-HT in the lungs under control conditions and after the addition
of iproniazid

After a 10-minute equilibration period, lungs were perfused for three minutes with #C-5-HT.

In

some experiments, iproniazid (5 X 107* M) was added to the perfusion medium. Numbers in paren-
theses refer to the number of experiments. Results are expressed as means + S.E.

|
Lung l Effluent
“%;)SI;ET Perfusion Medium : 1 Recguv:!c:r’le‘d
vpake | Regrd | Ryt | w S
M - mpmol/g wet % of | % of % of effluent
L ‘ weight uplake ! uptalzc radsoactivily
0.11 Control 4) | 1.14 & 0.08 | 4 84 | 80
+ Iproniazid (4) 1.09 + 0.17 | 95 2 | 93
1.11 Control (8) . 8.69 £ 0.94 7 83 80
+ Iproniazid (5) | 8.25.+ 0.86 97 ! 2 98
11 Control (5) 39.63 =+ 5.5 8 |80 97
+ Iproniazid (5) 34.20 + 5.7 | 96 1 100
ence of iproniazid was the same as that under TABLE 2

the control conditions, which establishes that the
metabolism of 5-HT had no effect on its rate of
entry and that its transport was the rate-limiting
step for the uptake of 5-HT.

The rate of uptake of *C-5-HT after a one-
minute infusion of 0.11 to 11 uM *C-5-HT did
not differ significantly from the rate obtained
after a three-minute infusion (table 2). The in-
fusion of 1.1 uM “C-5-HT for eight minutes,
however, resulted in a 32% decrease in the rate
of uptake, suggesting that saturation occurred
as a function of time. The values obtained after
a three-minute infusion could be considered,
therefore, as values of initial rate of uptake, and
the Michaelis-Menten equation could be used to
study the relationship between the pulmonary
uptake and the concentration in the perfusion
medium of *C-5-HT and to calculate V.. and
Km. The values were: 19 mumol/g of lung per
min and 5.9 uM, respectively, for the control ex-
periments and 19 mumol/g of lung per min and
6.2 uM, respectively, for experiments in which
iproniazid was added to the perfusion medium.
The percentage of unaltered “C-5-HT in the ef-
fluent was 41.5 to 79%, depending on the con-
centration of “C-HT in the perfusion medium
(table 2). The inactivation of *C-5-HT by the
lungs was thus 20.1 to 58.5%.

Attempts were made to study by differential
centrifugation the subcellular distribution of
*C-5-HT, once it had been taken up, under the

Rate of uptake of WC-5-HT during a one- and three-
minule infusion of WC-5-HT and calculated
percentage of unaltered ¥C-5-HT in the effluent

. After a 10-minute equilibration period, lungs were perfused
for one or three minutes with different concentrations of 14C-5-
HT. Numbers in parentheses represent the number of experi-
ments. Results are expressed as means & S.E.

3-Min Infusion
1-Min
“ﬁ'-lg- Ii-{fusionf ;
ate of KC-5-HT
Conc. Uptake Rate of HC effluent/
by Lung uptake effluent/ | (¢ H
by lung HC inflow inflow
mumol/g wet | mumol/g wet
M weight/min | weight/min % %
0.11 | 0.37 £ 0.08 | 0.38 & 0.03 | 52.1 £ 5.3 41.5
@) ! 4)
1.1 3.51 & 0.61 | 2.90 & 0.31 | 56.1 + 4.3 44.8
“) (8)
11 13.12 =+ 1.02 [13.21 =+ 1.80 | 82.8 &= 1.6 79.9
) 8)

protective action of iproniazid (table 3). The
final supernatant fluid contained the major part
of the radioactivity; in two of these experiments,
the supernatant fluid obtained after centrifuga-
tion at 30,000 X ¢ for 120 minutes was centri-
fuged at 105,000 X g for 120 minutes; no differ-
ence in the radioactive content of the two super-
natant fluids could be detected, which indicates
that “C-5-HT was in the soluble fraction. About
one-third of the radioactivity was in the 1,000 X
g pellet, probably composed of unbroken cells
and nuclei. Only small amounts of radioactivity
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TABLE 3
Subcellular distribution of “C-5-HT

After a 10-minute equilibration period, lungs
were perfused for three minutes with 1.1 uM
HC-5-HT. Iproniazid (5 X 10~* M) was present
during the entire perfusion period, which was fol-
lowed by homogenization in 0.25 M sucrose and
differential centrifugation. Results are expressed
as means of four determinations % S.D.

UC-5-HT Taken Up

%

1,000 X g pellet 31.4 + 3.8
9,000 X g pellet 5.9 + 0.9
30,000 X g pellet 8.3 £ 0.7
30,000 X g supernatant fluid 54.4 £+ 4.6

were found in the two other pellets, the compo-
sition of which therefore was not investigated.

In the subsequent experiments, since the pul-
monary uptake of “C-5-HT was similar with and
without blockade of MAO, the uptake was cal-
culated from the radioactivity measured in the
lungs without inhibition of MAO. This procedure
was judged advantageous because it could also
provide information on the effect of various
drugs or conditions on the metabolism of 5-HT
in the lungs. In addition, the values of uptake
so obtained were independent of a possible pri-
mary effect of drugs on the release of 5-HT.

The effects of various experimental conditions
and of drugs on the metabolism and uptake of
5-HT in the lungs are shown in table 4. Cold
(perfusion at 4°C) markedly inhibited the up-
take of 5-HT. Chromatographic analysis of the
lung extract revealed the presence of a third
peak, other than 5-HT and 5-HIAA, but not
identified with certainty, accounting for 18% of
the radioactivity. Anoxia produced by perfusing
the circulation with a medium equilibrated with
nitrogen and ventilating the lungs with nitrogen
inhibited partially, but significantly, the uptake
of 5-HT. The oxidation of 5-HT was only mod-
erately reduced; it is likely, however, that ex-
posure of lung tissue to oxygen took place be-
tween the end of the perfusion and the beginning
of the homogenization. Attempts at perfusing
the lungs with 10 M dinitrophenol were unsuc-
cessful since gross pulmonary edema developed
in all but two experiments. In these experiments,
the uptake was 6.1 and 8.9 mumol/g of lung per
3 min. Perfusion with a glucose-free medium did
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not result in any significant change in uptake or
metabolism. Administration of cocaine, imipra-
mine and chlorpromazine at 10* M during the
entire perfusion period, also markedly inhibited
the uptake of 5-HT, both when iproniazid was
present and when it was not. The percentage of
radioactivity recovered as 5-HT in the lungs was
increased in the experiments done without ipro-
niazid. This increase could result from the in-
hibitory effect of these drugs on MAO, an effect
which has been reported for cocaine (Philpot,
1940) and imipramine (Pulver et al., 1960). A
more likely explanation, however, is that they in-
hibited the pulmonary uptake of 5-HT, thus
preventing the transport of the amine into the
cell. In such event, the *C-5-HT remaining in
the extravascular space would account for the
increased percentage of “C-5-HT found in the
lungs. The interstitial space for 5-HT (expressed
as milliliters per gram of lung), calculated from
these percentages, the values for the pulmonary
uptake and the substrate concentration, was
equal to 25 to 33%, compared with the 40% re-
ported for pulmonary interstitial space in stud-

TABLE 4
Effect of various drugs and conditions on the uptake

and metabolism of ¥C-6-HT

After a 10-minute equilibration period, lungs were perfused
for three minutes with 1.1 uM 14C-5-HT. Drugs were present dur-
ing the entire perfusion period, except for reserpine (5 mg/kg)
which was administered i.p. 48 and 24 hours before the experi-
ment. Iproniazid concentration was 5 X 10~ M. Results are ex-
pressed as means + S.E.

l uC-5-HT %
a et % as
S |t st
| mumol/g
| wet weight
Control 8 | 8.69 + 0.90 7 83
Cold (#°C) 4 [1.1940.18| 18 58
Anoxia 6 |5.70 2 0.05! | 24 68
Glucose-free medium 4 | 7.62 % 0.50 6 90
Cocaine, 10~ M | 4 ]0.76 + 0.0 | 41 55
Cocaine, 104 M + iproni- | 3 | 0.64 4 0.02>| 99
azid !
Imipramine, 107¢ M |4 ]0.690.02| 53 10
Imipramine, 10 M + | 3 |0.79 £0.04| 98
iproniazid ‘
Chlorpromazine, 104 M | 4 | 1.07 £0.24%| 25 72
Chlorpromazine, 107¢M + ‘ 3 | 1.72 &+ 0.226 | 98
iproniazid
Norepinephrine, 1078 M 5 1 7.69 £ 0.68 9 86
Norepinephrine, 104 M | 4 |5.53 £0.65°| 8 88
Tryptamine, 1078 M 4 |5.81+0.26°| 5 91
Reserpine i 4 | 7.30 £0.25 9 87

% N, number of experiments.
b Significantly different from control values (P < .05).
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sion
10~

les with other methods (Weibel and Knight,
1964 ; Mejia, 1968). In the experiments carried
out with chlorpromazine and imipramine, chro-
matograms of the lung extracts showed the pres-
ence of new, strong fluorescent spots.

As shown in figure 2, the effect of imipramine
on the uptake of “C-5-HT depended on the con-
centration and on the mode of administration of
the drug. Kinetic analysis indicated that the inhi-
bition of uptake was of the competitive type,
whether imipramine was present during the en-
tire perfusion period or administered simulta-
neously with *C-5-HT.

The results of the experiments with NE, with
tryptamine and with reserpine are also given in
table 4. Only at a concentration approximately
100 times greater than that of 5-HT did NE in-
hibit partially and significantly the uptake of
5-HT. A lower concentration of tryptamine clic-
ited the same effect. Pretreatment of rats with
reserpine (5 mg/kg i.p., 48 and 24 hours before
the experiment) did not result in a significant
decrease in 5-HT uptake.

Table 5 shows the effects of ouabain (107 and
10® M) and of K*-free and Na'-free media on
the uptake and metabolism of “C-5-HT by the
lungs. Ouabain at 10° M resulted in significant,
but partial, inhibition of the uptake of *C-5-HT,

,107*M; @ ——@, 10-*M) or was administered simultaneously with 4C-5-HT (A——A,
. Means of at least four experiments + S.K.

TABLE 5

Effects of ouabain and of absence of extracellular
Na* and K* on the uptake and metabolism
of WC-6-HT
After a 10-minute equilibration period (15 minutes when oua-
bain was tested), the lungs were infused with 1.1 4M H4C-5-HT
for three minutes. The lungs were exposed to ouabain and to
changes in the ionic composition of the medium during the en-
tire experiment. Results are expressed as means + S.E.

% Recovered
from Lung
Perfusion Medium | N/  Uptake -
y Lung -
As As
S-HT | 5-HIAA
mumol/g
wel weight
Control 8 | 8.69 £ 0.94 7 83
Ouabain, 107¢ M 41771 x£0.74
Ouabain, 1073 M 5 (568037 9 86
K*-free medium 5 |6.403+:068 | 10 | 84
Ouabain, 107 M, in K* | 4 [5.20£0.57 | 8 89
free medium
Na*-free medium (Na* | 4 1210£013| 9 86
replaced by Li*) | !
Na*-free medium (Na*re- | 4 [ 1.30 +0.07% | 33 61
placed by sucrose) !

% N, number of experiments.
b Significantly different from control value (P < .05).

without affecting its metabolism. In the absence
of K*, the values did not differ significantly from
control values. The combination of 10®* M oua-
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bain and K*-free medium did not result in a sig-
nificant potentiation of the effect of ouabain.
Absence of extracellular Na* markedly inhibited
the uptake of “C-5-HT, and substitution of su-
crose or of LiCl for NaCl resulted in a com-
parable degree of inhibition of uptake. The per-
centage of radioactivity recovered in the lungs
as 5-HT rose to 33% when the inhibition was
maximal, an effect already observed under simi-
lar degrees of drug-induced inhibition of 5-HT
uptake and probably related to the amount of
“C-5-HT remaining in the interstitial space. In
the subsequent experiments on the effects of
various Na* concentrations, sucrose was substi-
tuted for NaCl.

The effect of lowering the Na* concentration
of the perfusion medium on the uptake of “C-
5-HT after a three-minute infusion of “C-5-HT
at various concentrations is illustrated in figure
3. The kinetic analysis of the data indicated that
the effect of the decrease in the Na* concentra-
tion was to increase the K., of the reaction, but
not to modify significantly V.... The effects of
K* (6 and 28 mM) were also tested, in the pres-
ence of the same concentration of Na* (18 mM).
This low Na* concentration might sensitize the
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system to the action of K*, so that the K* ion
could have an effect even at 28 mM, without an
increase in the tonicity of the medium. K* at 28
mM produced an inhibition of the uptake of
*C-5-HT, compatible with an increase in the Km
or a decrease in the affinity of the transport sys-
tem for 5-HT. In these experiments, however,
there was some pulmonary edema since the lungs
weighed 1.96 g, 209 more than the lungs per-
fused with 18 mM Na* and 6 mM K*. Never-
theless, the effect of 28 mM K* was statistically
significant (P < .005) when the values of uptake
were corrected for the increased weight of the
lungs. A higher K* concentration had an even
greater effect on the development of pulmonary
edema. After perfusion with a medium contain-
ing 100 mM K* and 28 mM Na*, the weight of
the lungs was 3.7 g (mean of four experiments) ;
the uptake, after a three-minute infusion of 1.1
pM *C-5-HT, was 1.01 = 0.06 mumol/g of lung
(mean = S.E.). This result suggests that the de-
gree of inhibition was related to the K* concen-
tration. Because the lungs were edematous, these
results should be interpreted with caution.

The relationship between the extracellular Na*
concentration and the uptake of “C-5-HT after

15r
T.E /Confro/
1S
T
o
5 ob /[Na+]/8 mm
o { { k*]6 mm
- (vat] 8mm
T / k* 6 mm
T} I — :
U 5_ i +‘.
o % KT 28 mM
e | ¢
2l
£

¥ s ,

0 0 5

M 4C-5-HT

Fic. 3. Effects of decreasing the Na* concentration and of increasing the K* concentration on the rate
of uptake of 4C-5-HT by the lungs after a three-minute infusion of different concentrationsof *C-5-HT.
On the ordinate is the rate of uptake of #C-5-HT (millimicromoles-gram lung™!-min~?); on the abscissa
is the concentration of ¥C-5-HT in the perfusion medium (micromolar concentration). Na* was replaced
by sucrose and K* was replaced by Na*. Means of at least four experiments + S.E.
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10 a three-minute infusion of 1.1 uM “C-5-HT was
hyperbolic (fig. 4). A straight line was obtained
when the reciprocal of “C-5-HT uptake was

ol }/ plotted against the reciprocal of Na* concentra-

|

tion.
| The efflux of “C-5-HT was measured under
various conditions (table 6). These experiments
T were not designed to analyze precisely the differ-
‘ / ent components or systems involved in the loss of
; *C-5-HT from the lungs over a long period, but
it may be of interest to note that the efflux of
I “C-5-HT could be described as a single expo-
§ nential function and that no fast component of
/ efflux (washout of interstitial space) could be
X

4
m u mol I C-5-HT-g lung

detected one minute after the end of infusion of
"C-5-HT. Except for the experiments with 2
pM chlorpromazine, the values for all effluxes
' were significantly higher than those obtained un-
0 T 50 100 150 der the control conditions (P < .05). Thus, the
[Na*! mM efflux of 5-HT from the lungs was accelerated by

Fic. 4. Relationship between the extracellular the addition to the pertiusgon m'edlum of un-
Na* concentration (millimolar cencentration) and labeled 5-HT (11 uM), imipramine (2 and 20
the uptake of *C-5-HT by the lungs after a three-  uM), cocaine (1 pM) and chlorplomazine (20
minute infusion of 11 xM *C-5-HT (millimicro- v The efflux of 5-HIAA or other metabolites

moles-gram lung™). Na* was replaced by sucrose.
Meansgof at ]eas% four experimenlt)s * S.E.y of 5-HT was faster than the efflux of 5-HT.

TABLE 6
Eftux of WC-5-HT and “C-5-HT metabolites

After a 10-minute equilibration period, lungs were infused with 1.1 uM HC-5-HT for three minutes.
After the infusion was completed, the effluent was collected for 15 seconds at different times over a 12-
minute period during which the lungs were exposed to the test drugs. Iproniazid, 5 X 107* M, was
present during the entire perfusion period in all experiments except those in which the efflux of #C-5-HT
metabolites was studied (first row). The lung uptake was calculated from the measured difference in
radioactive content of the inflow and the effluent collected during the infusion period; the radioactive
content of the effluent measured subsequently was expressed as percentage of that uptake. The last
column represents the total loss of #C during the 12-minute period, calculated by integrating the values
of efflux over this 12-minute period. Numbers in parentheses are the number of experiments. Results are
expressed as means + S.k.

! Efflux of UC as 9% of Pulmonary Uptake Lost per Min % MC

Perfusion Medium — Egst:"‘;

{ 1 min 2 min 4 min ! 8 min | 12 min 12 Min
Control (without iproniazid) (3) | 9.9+ 1.1°|7.5+1.1°[57+£0.4°]3.2+£0.5 2.1 = 0.3 60
Control (with iproniazid) 4) | 4.2+ 0.6 3 8+09 [|3.24+09 21006 (1.8 + 0.5 34
+ 11 uM 5-HT (4) l3:£:1]"‘81;i:0()‘ 4.2:5:0.3“21:1:0.2 81
+ 2 uM imipramine (4) | 7. 3:!:1 1¢ | 7.0 £ 1. 1° 6.3 &+ 1.0¢ 5.1 +1.0¢(3.7 = 1.0] 68
+ 20 M imipramine #4) |lO 0+£1.9!93%x2.1¢|7.7%1. l“| 4.7 +£0.2¢3.0 & 0.5/ 76
+ 1 uM cocaine (4) 6.2 +£0.5%| 6.0 £ 0.6° | 5.2 & 0.4 | 4.1 & 0.3+ (3.1 &+ 0.2] 57
+ 2 uM chlorpromazine 3) | 4.0+0.6 [3.43+0.113.2+0.1{27+0.1 2.3+ 0.1 36
+ 20 uM chlorpromazine H) () 54 1.12] 6.5 + 0.92| 5.7 & 0.9« i 4.8 +0.7¢13.4 + 0.5 63

e Significantly different from control values (with iproniazid) (P < .05).
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TABLE 7

Effects of ouabain and of changes in the ionic composition of the medium
on the efflux of “C-5-HT from the lungs

After a 10-minute equilibration period, lungs were infused with 1.1 uM “C-5-HT for three minutes.
After the infusion was completed, the effluent was collected for 15 seconds at different times over a pe-
riod of 12 minutes during which the lungs were exposed to ouabain or to changes in ionic composition
of the medium. Sucrose was used to replace Na*; the K* concentration was increased by the addition of
KCIl. Iproniazid (6 X 10~* M) was present during the entire experiment to prevent conversion of 5-HT
to 5-HIAA. The lung uptake was calculated from the measured difference in radioactive content of the
inflow and the effluent collected during the infusion period; the radioactive content of the effluent
measured subsequently was expressed as percentage of that uptake. The last column represents the
total loss of 1#C-5-HT during the 12-minute period, calculated by integrating the values of efflux over

this 12-minute period. Results are expressed as means + S.E.

] ‘ Efflux of UC-5-HT as % of Pulmonary Uptake Lost per Min y g}; l-offl T

Perfusion Medium i Ne T Uptake

1 min 2 min 4min | 8min 12min | If‘z)s&:z
Control (standard medium)! 4 (42406 (3.8+0.9 3.2+0.9 2.1 0.6 [1.8 + 0.5‘ 34
Ouabain, 107 M, in K*- l 4 3.6 0.6 [3.43+0.5 3.2+0.5 {2.9 + 0.4 2.7 £ 0.4 37

free medium { |

Nat-free medium {4 [21.8 +4.16(18.9 + 4.2 7.3 0.8 1.9 0.3 [0.8 + 0.3 92
Na*, 18 mM and K+, 6 mM | 4 103 £ 1.3 | 9.7+ 1.00(7.4 + 0.3° 4.7 3 0.26 2.9 &+ 2.2 77
Nat*,18 mM and K+,28 mM | 4 8.8+ 1.3|7.44+£1.2014.8+0.6 ‘2.9 + 0.1 1.9 = 0.1 55

¢ N, number of experiments.

b Significantly different from control values (P < .05).

The efflux of *C-5-HT was also studied under
different ionic conditions and under the effect
of ouabain as shown in table 7. Perfusion of
K*-free medium and 10® M ouabain in com-
bination had no significant effect on the rate
of efflux of “C-5-HT, whereas replacement of
Na* by sucrose resulted in the rapid efflux of
“C-5-HT. Perfusion with a medium containing
18 mM Na* and 6 mM K* had an intermediate
effect, and raising the K* concentration to 28
mM at the same concentration of Na* (18 mM)
resulted in a decrease in the rate of efflux.

Discussion

The purpose of these experiments was to
study specifically the uptake of “C-5-HT from
the pulmonary circulation. Perfusion of isolated
lungs seemed to be the most suitable procedure
since it permitted examination of the dynamics
of a rapidly occurring phenomenon while re-
specting the physiological barriers and avoided
the problems of diffusion and artifacts created
by the use of tissue slices. The difficulty of
measuring lung uptake deserves a few comments.
Ideally, the amount of radioactivity remaining
in the interstitial space should be subtracted

and the amount of “backflow” radioactivity
released from the lungs to the perfusion fluid
should be added to the radioactivity counted in
the lungs. The interstitial 5-HT space was
estimated to be about 0.25 to 0.30 ml/g of wet
lung. This value can be considered as negligible
when the uptake is maximal, but becomes pro-
portionately more important when the uptake
is low. The amount of backflow radioactivity
released during the infusion period could be
measured in the absence of inhibition of MAO
since it corresponded to the percentage of
effluent radioactivity which was not recovered
as 5-HT; it could be estimated, at most, as 10%
of the radioactivity infused (tables 1 and 2).
In the presence of iproniazid, however, the
amount of backflow of “C during the infusion
period could not be measured but can be ex-
pected to be less than in the absence of iproniazid
(table 6). Thus, these two effects tend to
counterbalance each other, but not equally
under different conditions of uptake. For the sake
of simplicity, I decided not to correct for these
two factors. The reported values for K. and
Vmax, therefore, are estimates and give only an
order of magnitude.
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Another problem originates from the possible
presence of pulmonary edema. Although I have
no evidence that pulmonary edema per se affects
the uptake of “C-5-HT by the lungs, it would
certainly affect the calculation of the uptake if
expressed per gram of wet weight of tissue as
in this study. For that reason, in the present
experiments, lungs that became edamatous were
discarded. In addition, pulmonary edema by
increasing the interstitial space might have other
effects, such as prolongation of equilibration
period and slowing of the washout of radio-
activity from the interstitial space. In the
present study on the efflux of *C-5-HT from
the lungs, no fast component attributable to
the washout of radioactivity from the interstitial
space could be detected one minute after the
end of the infusion of “C-5-HT. In the studies
reported by Alabaster and Bakhle (1970), how-
ever, an initial phase of rapid washout of radio-
activity could be followed over a period of
several minutes (from their fig. 6). This dif-
ference could explain the discrepancy between
the percentage of removal of 5-HT over a three-
to five-minute infusion reported by these in-
vestigators (95%) and that found in the present
study at similar concentrations (about 60%).
Differences in the experimental conditions and
the strain of animals used could also contribute
to these discordant results.

The deaminative oxidation of 5-HT in the
lungs is extremely rapid, since a minimal amount
of 5-HT was recovered from the lungs at the
end of the three-minute periods of infusion at all
concentrations used (0.11-17 uM or 0.02-3
pg/ml). In fact, as suggested by the experiments
in which iproniazid was added to the perfusion
medium, MAO is probably the only enzyme
directly involved in the degradation of 5-HT.
The metabolic pattern was the same when other
substrates for MAO (tryptamine, NE) were
present in large concentrations in the perfusion
medium, and, if taken up by the lungs, could
have competed with 5-HT. Although the MAO
activity in the lungs is reported to be moderate
(Pletscher et al., 1966), it is clearly not a limit-
ing factor in the breakdown of 5-HT.

That the uptake of 5-HT in the lungs did
not take place in platelets, mast cells or adre-
nergic fibers can be inferred only from the
metabolic pattern since under normal conditions
these structures are able to store 5-HT with-
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out metabolizing it rapidly (Paasonen, 1965;
Furano and Greene, 1964; Thoa et al., 1969).
The absence of significant change in the uptake
and metabolism of 5-HT in the lungs of animals
pretreated with reserpine supports that infer-
ence. Finally, the information gained from the
experiments on the subcellular distribution of
“C-5-HT confirms that 5-HT probably exists
in a free state in the cellular cytoplasm, where
it would be exposed to the action of MAO. The
coherence of these results makes it unlikely
that the subcellular fractionation studies were
affected by artifacts resulting in the redistribu-
tion of “C-5-HT during the procedure.

Comparison with tissues that do not store
5-HT, such as intestinal smooth muscle (Weiss
and Rosecrans, 1971) and liver (Tyce et al.,
1968), indicates that the lungs metabolize 5-HT
in the same fashion as intestinal smooth muscle,
but do not give rise to as many metabolites as
does liver. Because practically all the venous
blood passes through the pulmonary circulation,
the lung is potentially the best suited organ to
dispose of large amounts of 5-HT. Since the
concentration of 5-HT in plasma is usually
extremely low, the lungs probably have a minor
role in the overall metabolism of 5-HT. Yet
they may be essential when large amounts of 5-
HT are present in the venous blood (carcinoid
syndrome) or are released locally (after pul-
monary embolism, for example) (Thomas et al.,
1964). Considering the striking effects of 5-HT
on smooth muscle and some neuroreceptors, it
is significant that the lung quickly converts
5-HT into the physiologically inactive 5-HIAA.
In view of the present results it is difficult to
understand why a few investigators (Sadavong-
vivad, 1970; Bulat and Supek, 1967) found an
increase in the 5-HT content of the lungs after
its 1.v. injection, unless their measurements were
influenced by the uptake of 5-HT in platelets
or in some other structure irrigated by the
bronchial circulation and capable of storing
5-HT.

The uptake of “C-5-HT in the lungs is in
many respects similar to that reported for
platelets (Stacey, 1961), brain (Blackburn et
al., 1967; Ross and Renyi, 1967; Shaskan and
Snyder, 1970) and sympathetic nerve endings
(Thoa et al., 1969). Drugs such as imipramine,
cocaine and chlorpromazine, known to block
the membrane transport of 5-HT in platelets,
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nerve endings and brain, have the same effect in
the lungs. The presence in chromatograms of the
lung extracts of a new and strong fluorescent spot
suggests furthermore that imipramine and chlor-
promazine are also taken up by the lungs.
Previous in vivo studies (Sjostrand et al., 1965;
Dingell et al., 1964) have shown that the lungs
are capable of retaining large amounts of these
compounds, after i.v. administration, and a
recent publication has confirmed that finding
in the isolated perfused lung of the rabbit
(Rosenblom and Bass, 1970) and of the rat
(Junod, 1972). Imipramine seems to act by
competitive inhibition. This fact, coupled with
the known accumulation of the drug in the lungs
and its effect on the efflux of *C-5-HT, suggests
that imipramine might share, at least in part, the
same transport system as 5-HT. However, recent
studies on the mechanism of accumulation of
“C-imipramine in isolated perfused rat lung
(Junod, 1972) have failed to support that hy-
pothesis.

In the present study, uptake of 5-HT was only
partially inhibited by compounds chemically or
functionally related (tryptamine and NE). The
absence of strong competition between 5-HT and
NE indicates that the uptake probably did not
take place in sympathetic nerve endings, as
suggested for the guinea-pig vas deferens (Thoa
et al., 1969). The results of the subcellular
fractionation studies substantiate that con-
clusion, and Hughes et al. (1969) found no
evidence for a neuronal uptake of NE in per-
fused rat lungs.

Studies on the effects of metabolic inhibitors
on the uptake of 5-HT were limited because the
perparation tended to deteriorate too rapidly
to give acceptable results. The results obtained
indicate that, in contrast to the brain which
shows significant response to inhibition of oxi-
dative metabolism and production of adenosine
triphosphate (Blackburn et al., 1967), the lungs
were not very sensitive to anoxia and to dini-
trophenol. The lack of effect on the uptake of
5-HT may be explained by the relative short
exposure of the lungs to these adverse conditions
and by the possibility that the cells were able
to derive enough energy from anaerobic gly-
colysis. Stacey (1961), Born and Gillson (1959)
and Weissbach and Redfield (1960) also re-
ported that anoxia and some metabolic inhibitors
had little or no effect on the uptake of 5-HT by
platelets. An important finding was the ab-
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sence of effect of a glucose-free medium. The
lack of significant change does not absolutely
rule out glucose as the main substrate required
for active 5-HT uptake since the period of ex-
posure to glucose-free medium was short and
since endogenous glucose could have been formed
and utilized. However, it indicates that the
effect of changes in the ionic composition of the
medium on the uptake of 5-HT by the lungs are
not secondary to a primary effect on glucose
transport.

Although free in the cytoplasm rather than
being stored in granules or vesicles, 5-HT is
not released from the lungs as rapidly as would
be expected if only a simple diffusion process
were involved. Under control conditions (per-
fusion with standard medium and iproniazid),
the half-life of the “C-5-HT in the lungs was
well over 12 minutes (table 6). Addition of un-
labeled 5-HT at a concentration of 11 pM pro-
duced a marked increase in the release of radio-
active 5-HT. Such an effect can be attributed to
the displacement of “C-5-HT from binding
sites, to a reduced uptake or to a counterflow
phenomenon. Confirmation of the third hypoth-
esis would require the demonstration of an
efflux of *C-5-HT against a concentration gra-
dient, which would in turn require the use of
compounds capable of inhibiting the uptake of
5-HT. Unfortunately, all the compounds tested
so far have produced an increase in the rate of
cfflux of “C-5-HT from the lungs. Chlorproma-
zine was the least efficient compound, since a
concentration of 20 uM was required to bring
about approximately the same effect as 1 uM
cocaine or 2 uM imipramine. Only at concentra-
tions equal to or greater than 10 M were
imipramine and chlorpromazine shown to affect
the permeability of the membrane of platelets to
5-HT (Bartholini et al, 1961; Ahtee and
Paasonen, 1968). These substances are thought
to affect primarily the uptake of biogenic
amines, and the release of 5-HT from brain
slices after treatment with imipramine has been
explained as a result of inhibition of the uptake
mechanism (Carlsson et al., 1969). The same
explanation could be invoked here, particularly
since the experiments on the efflux of “C-5-HT
were conducted before a steady state was
achieved.

The increased rate of efflux of *C-5-HT could
also be accounted for by the displacement of
5-HT from its binding sites or by the counter-
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flow phenomenon (Alvarado, 1965). This would
be substantiated by demonstrating an intra-
cellular movement of cocaine, imipramine or
chlorpromazine. Chlorpromazine has been shown
to accumulate in the particulate fraction of
platelets that contain most of the platelets 5-
HT (Solatunturi and Ahtee, 1968). However,
since the mechanisms of uptake of 5-HT and
imipramine are different (Junod, 1972). the effect
of imipramine is unlikely to be due to a counter-
flow phenomenon.

The effects of Na*, K* and ouabain on the
transport of 5-HT in isolated perfused rat lungs
appear to be qualitatively similar to those re-
ported for the transport of 5-HT and NE in
other cellular systems by several investigators
(Bogdanski et al, 1968; Bogdanski and Brodie,
1969; Tissari et al., 1969; Sneddon, 1969), who
invoked the participation of a Na*-coupled
transport mechanism. The transport of solute
according to that concept is mediated by a
carrier, common for Na* and the solute (Crane,
1965; Schultz and Curran, 1970). The affinity
of the carrier for the solute is increased when
Na* is present in high concentration, but is de-
creased when K* is present in high concentra-
tion; K* probably competes with Na* for the
same site on the carrier, thus changing the affinity
of the carrier for the solute. The movement of
solute therefore depends primarily on the con-
centration gradients of Na* and of K* across
the cell membrane: a high Na* concentration and
a low K*' concentration in the extracellular
phase favor the binding of the solute to the
carrier, whereas a low Na* concentration and a
high K* concentration in the intracellular phase
favor the release of the solute from the carrier.
The transport of the solute against a concen-
tration gradient can be explained by the changes
in the affinity of the carrier system on the two
sides of the membrane, without invoking a
direct, energy-yielding reaction.

The results presented in this study are com-
patible with this model. The uptake of 5-HT
was dependent on the extracellular concentration
of Na* and was markedly inhibited when Na*
was omitted. Lowering the extracellular Na*
concentration resulted in a decreased affinity of
the transport system for 5-HT. Since the rela-
tionship between the reciprocals of the Na* con-
centration and of the uptake of 5-HT was
linear, the existence of a carrier transporting
one Na* ion with one molecule of 5-HT can
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be postulated (Vidaver, 1964). Finally, K* at
28 mM inhibited the uptake of 5-HT, possibly
by competing with Na*.

Ouabain and K*-free medium should act in-
directly on the uptake of 5-HT by blocking the
Na* pump, thereby abolishing the concentration
gradients of Na* and K* across the cell mem-
brane. In the present study, treatment with
ouabain or K*-free medium had only a partial
effect on the uptake. It might be that the
abolition of the ionic concentration gradients
follows the blockade of the Na‘*-K* activated
adenosine triphosphatase (ATPase) with some
delay and that more time is required to see an
ouabain-induced effect. This explanation is
supported by the observation that the degree of
ouabain-sensitive inhibition of NE transport
in slices of rat heart was dependent on the dur-
ation of exposure to ouabain (Bogdanski and
Brodie, 1969) and that in synaptosomes of rab-
bit brain the blockade of the Na*-K* activated
ATPase preceded the effect on the transport of
5-HT and NE (Tissari et al., 1969) . The analysis
of this problem is made more difficult by the
known insensitivity of the rat to cardiac gly-
cosides (Repke et al., 1965). Therefore, it is
proper to delay the interpretation of these find-
ings until measurement can be made of Na*-K*
activated ATPase and of Na* and K* concen-
trations in the cells responsible for the uptake
of 5-HT by the lung. The measurement of these
variables in such a heterogeneous preparation
was thought to be of very limited value.

The studies on the efflux of amine also yielded
results similar to those reported by Bogdanski
and Brodie (1969). Since the lungs apparently
do not store 5-HT, the problems of accumu-
lation in granules or vesicles and of release
from these subcellular structures do not exist.
Bogdanski and Brodie measured the efflux of NE
across the membranes of both the vesicles and
the cells of rat heart slices. It is of interest
therefore to note that in both studies, in spite
of these differences, absence or low concentration
of Na* increased the efflux of amines, ouabain
had little or no effect and K*, at 26 to 28 mM,
had an inhibitory cffect on the efflux.

Since, under normal conditions, most of the
5-HT taken up by the lungs is rapidly metabo-
lized, the Na‘-dependent transport of 5-HT
in perfused rat lungs seems to be involved in the
disposal of an unwanted product. Such a phe-
nomenon is unusual; in most cellular systems
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where a Na‘*-dependent transport has been
demonstrated, with the exception of the kidney,
the solute involved is a substrate necessary for
the metabolic requirements of the cell or the
body (sugar, amino acid) or a mediator (NE,
5-HT).

The lung is made up of many cellular popu-
lations; among them, platelets, mast cells and
adrenergic nerve endings are known to take up
5-HT or NE. For the reasons developed here,
however, it is difficult to conclude that platelets,
mast cells or nerve endings are responsible for
the uptake of 5-HT by perfused rat lung. Recent
radioautographic studies by light and electron
microscopy (Strum and Junod, 1972) indicated
that this uptake takes place essentially in endo-
thelial cells. Hughes et al. (1969) have suggested
that endothelial cells also take up NE. Since no
strong competition seems to exist between 5-HT
and NE, two specific transport systems for
these two biogenic amines could exist in the same
cell.
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