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·INTRODUCTION

A Stai.ementofthe.Problem
I

I

·serotonin (5-hydroxytryptam.ine) is synthe"sized in the central
nervous system and in the gastrointestinal enterochromaffin cells (1,. 2).
Through its interactions "With receptors on smooth muscle and endothelial
cells, serotonin is responsible for both vasoconstriction of syste~c arterial·
smooth muscle (3) and vasodilation of blood vessels,

p~rticularly

the

coro.nary artery (4, 5). Malfunctions in the storage. of ser~.tonin in platelets·
may be associated with primary pulmonary hypertension (6). A decrease in
the ability of arterial en.dothelial cells to degrade serotonin, allowing hig~er
amounts of serotonin to reach the vascular smooth muscle has been
•

.

I

suggested as .a cause if arterial hypertension {1). In addition, serotonin is a
neurotransmitter in the central nervous system, having normal
physiological functions in sleep (7) and· being responsible for the :control of
food intake a:r;1d regulation of. body weight (8, 9). A decrease in serotonergic
I

transmission has also been associated with major depression and
1

compulsive-obsessive behavior, and in major eating disorders (10). Through
:

central serotonergic neural pathways, serotonin is also involved in
.

I

cardiovascular regulation (1, 11). ~o accomplish this wide variety~ of tasks,
serotonin must either be synthesized near the cells it acts on or be ¢arried to
I

these cells; in fact both mechanisms are utilized. Serotonin pro'duced in
1

I

serotonergic neurons is releas~d in close proximity to the site of a~tion (the
I

post-synaptic membrane) where it acts as a neurotransmitter (12).
1

However, serotonin is also a powerful vasoconstrictor which canno:t be free
.

i
I

in high concentrations in the plasma due to its effects on the blood vessels.

I

2

Thus it must be carried to the site of action and then released.
~esponsible

for this function. It is apparent then that
'

P~atelets
I

serot~nin

.

are

must

!

somehow get into the platelet; similarly serotonin must also .b'e removed
l

from the synaptic cleft so' that the neuronal transmission does not continue
incessantly. One mechanism for this removal is the presence of ~ serotonin_
transporter, located in the plasma membranes of these and other cells.
The active transport of serotonin across the plasma memprane is a
carrier-mediated event, having an absolute requirement for Na+ and Cl-.
The presence of a serotonin transporter has

bee~

identified in

few cells; e.g. neurons, -platelets, endothelium and smooth

o~y

muscl~

a select
(13, 14).

I

Under physiological conditions, the serotonin transporter derives the
energy it requires for transport from an inwardly directed .Na+: gradient
(13). The presence of extracellular Cl- is also kinetically linked to the
transport (15). Serotomn transport is electrically neutral being coupled to
the effiux ofK+or H+ from the cell (16). The-inwardly directed Na+ gradient
and outwardly directed K+ gradient are maintained by

th~

plasiD.a

membrane N~+-K+-ATPase (13). In. recent years, the main focu~ of work
has been on the· modulation of the transporter by ions and ion gra<ij.ents · the
binding of various antidepressants to the transporter and the evaluation of
the antidepressant-induced inhibition of the _transporter activity (i2, 13). A
few studies have also been ·-directed toward the goal of solubilization, ·
purification and identifi_cation of the transporter from either platelets or
neuronal tissue (17 -20).
The presence of a serotonin

.

I
I

tran~potter in the plas~a ~emb~ane· of a

particular cell or tissue implies that the internali:;:ation of

ser~tonin

is

important either for the functioning of the cell proper or for the homeostatic
maintena:iice of the environment around the cell. The placenta is\ without

I
I

.

3
I
I

innervation but is a highly vascularized tissue, .responsi~le for the
I

I

transport· of substances between the maternal and fetal

circul~tions.

The

i

main· barrier between the two circulations is a polarized syricytit?n of cells,
'

'

!

.the syncytiotrophoblast. This .cell _layer has a ~rusJJ.-border membrane
.

.

which, faces the maternal circulation and. a basal membrane which faces
the fetal circulation. Thus all

nutri~_nts,

gases,· ·horm·ones and

immunological factors are transported across the brush-border fu.embrane,
to be used either·by the syncytiotrophoblast cell-or transferred to the fetal
circulation. The transport of a substance into this cell across the brushborder membrane is assumed to have a relevant function· in

~ither

the

growth and development of the fetus or the growth and physiology of the
placenta. Recently, we have shown evidence for the presence of. a plasma
·membrane serotonin transport system in brush-border membrane vesicles
•

•

I

isolated from the syncytiotrophoblast cells of the ·human placenta (21-25).
Since· the transport of serotonin is so important in the function of the body,
the identification of a serotonin transporter in the brush-border· membrane
. of the

,syncy~iotrophoblast

cell of the human placenta .suggests·· that·

serotonin may play a role in either the development and growth of: the fetus
. and/or the placenta or in the function of the placenta.
The presence of a serotonin transporter in the human placental
brush-border membrane provides an excellent opportunity; for the
investigation of a serotonin transporter of human origin and concurrently,
I

for the comparison of the characteristics of the pla~ental ~erotonin·
!

.

transporter with what is known about the neuronal and platelet serotonin
.

!

transporters (12, 13). Therefore,. the first part ~f this project was to
'

l

.

characterize the effects of ions and ion. gradients on the tra:dsport of
I

serotonin into vesicles prepared from the term human

placenta~
\
I

brush-

4

border membrane. The results from these studies suggest that ~he human
I

placental brush. . border membrane serotonin transporter may be more
l

similar to the platelet than to the neuronal transporter. In

~he

second

:major segment of this project, the binding characteristics and: inhibitory
actions of two high-affinity, highly-specific serotonin uptake inhibitors,_
pa:r·oxetine and

flu~xetine,

were

investiga~~d

with the placental brush-

border membrane vesicle system. Though they bind competitively to the
serotonin transporter, fl. uoxetine and paroxetine are· not transported into .
the vesicles, but instead elicit their actions by inhibiting serotonin binding
to the substrate binding site on the transporter. In the third part of this
:

'

project, we investigated the amino acid environment of the sero:tonin and
antidepressant binding site of the placental brush-border

me~brane

serotonin transporter. In a carrier mediated transport sy~t~m~ the
substrate is recognized by the carrier protein, binds to a specific s~te on the
I,

protein and then is translocated across the plasma: membrane

int~

the cell.

The transport of serotonin is mediated by such a carrier system. Serotonin
is recognized_ and bound by the transporter protein at the serotonin.
recognition or active site. Serotonin binding and transport reqhlres the
I

presence of Na+ and is inhibited by tricyclic (imipramine and desipramine)
and non-tricyclic (paroxetine and fluoxetine)

antidepressants. D¥e to the

competitive nature of their inhibition of serotonin transport, both tricyclic
and non-tricyclic antidepressants are considered to bind to the substratebinding site on the serotonin transporter. The amino acid environment
I

required for these binding and transport functions can .be studied hy._using
.

. . .

.

.

·I· .

.

group-.specific reagents which covaie·ntly. ~odify specific amino . acid
I

residues. Evidence is presented indicating that both _tyrosyl_ and sJifhydryl
'•

.

.

.

\

group-specific reagents 'inhibit both paroxetine._·binding and serotonin
J

.

•.

I
I

I

I

I
I_.

5

transport in the membrane vesicles, suggesting the

presen~e

of these

!

groups at or near the active site of the protein.· Serotonin is ian organic
I

cation and. its transport across the plasma ··m.embran~ is a ·Na+jdependent"
'

'

process. Recently, the Na+-dependent transport of norepinephrine was
showli to be inhibited by amiloride, an organic cation and ·an inhibitor 0~
many

Na+~dependent

processes. Amiloride has a number ~of 5-N substituted

analogues, each with different affinities for the different tr~nsporters.
Therefore, in the fourth part of the project we studied . the · effects of
amiloride and several of its analogues on serotonin. uptake and paroxetine
binding. The final segment of this project deals with the characteristics of
the serotonin transporter in a cell line derived from human :placental
choriocarcinoma (JAR). The effects of ions and inhibitors on serotonin
uptake
have been
studied for. several years. ·However, there , has peen very
.
.
'

I

little work
done on the regulation of ·serotonin transport·
into!·i the cell,
.
.
whether it be platelet, neuronal or endothelial. Because membrarie vesicles
prepared from cells

t~nd

to lose some or all of the endogenous regulatory

proteins and properties originally present in the cell, their use is limited for
the study of. transport regulation. Therefore, the final objective of this
project was to determine the characteristics of serotonin transport in a
human placental choriocarcinoma cell line (JAR) and then to study the
.

.

I

effects on the serotonin transporter of second messenger systems (e.g.
cAMP) which have been shown to regulate other transport .syst~ms and

which may regulate serotonin transport in the human placenta.

6

B. Review of Related Literature.
1. Structure and Physiology of the Term Human Placenta.
a. Major Structural Components ofthe Human Placenta.
The paradox of the placenta's function is that it must keep separate
the circulatory systems of the mother and fetus, yet at the same time,expedite the efficient transfer of nutrients, -waste products, gases and
immunologic factors between the two separate systems. ·To efficiently
accomplish this, the two circulatory systems must come as close as possible
to each other, yet maintain their integrity. The barrier

betwee~

the two

circulations is thus the most important and also the most interesting part
of the placenta, since it is here that the actual transfer of materials occurs.
The placenta consists of three structural components: (1) the chorion;
(2) the villi; and (3) the decidua basalis (Figure lA, lB). The chorion is
formed by the development of the extraembryonic mesenchyme and the
trophoblast. The umbilical arteries branch radially and enter the chorion,
giving rise to the placenta's discoid shape (the chorionic plate). The major
structural component of the placenta, the villi, are formed by, arteries
entering the chorionic plate and becoming more highly branched,
eventually· forming vast networks of capillaries surrounded by a
mesenchymal stroma (connective tissue; Figure lB, lC). This network of
capillaries is isolated from the maternal blood by a continuous layer: of cells,
I

the cytotrophoblast, which differentiate and fuse during the cours':e of the
pregnancy to form a syncytium of cells called the syncytiotrophoblast
I

(Figure 2). The decidua basalis is the third component of the placent~ and is
l

the only one of maternal origin. The decidua basalis is

forme~

implantation of the embryo, during which the endometrium

after

un~ergoes

7

Figure 1.

·Photograph of the normal term human placenta. A normal,
term, human placenta (500 g, 20 em dia., 4 em thickness) was
obtained within 30 ·min of delivery, washed with phosphate buffered saline {PBS) and and photographed. The placenta was
.

'

then cut in cross-section with a scalpel and photographed.
(lA). _Photograph showing discoid shape of the- placenta, the
umbilical. cord, U; and the vascular network branching out
radially from the umbilical cord , _bv. (B) Photograph of the
cross~sectioned

human placenta. Blood vessels are seen

extending from .the chorionic plate, C; the villus, V, is .shown
in the center ·of the photograph, and the decidua basalis is
located at the 'bottom of the photograph, D. Fetal blood vessels
are seen entering the villus from the chorionic plate, bv. (C)
diagrammatic representation of the general ·structure of t4e
cross-section placenta shown in (B) (not drawn to .scale).
·Chorionic plate, C; villous region, V; portion of the- uterine
wall, U; decidua basalis, d; myometrium, m; fetal blood
vessels, bv; basal spiral artery, bs; radial spiral artery, rs. The
arrows represent the. flow of maternal bloo_d from the uterine
arteries through the spiral arteries, into the villous, maternal
blood space, .and draining out of the placanta via the :. uterine
veins.

..

9

profo\lnd
changes. During this time,
thei trophoblasts cover the cbnnective
-. - .
.

.

tissue of the decidua basalis and blood vessels .are opened, a~lowing a ·
"controlled seepage" of blood into the space between the chorio~c plate and
the decidua basalis. The trophoblast cells invade the distal end of the spiral
arteries of the myometrium, :become embedded in the wall of the spiral
artery and cause the disruption of the the muscle arid elastic elements of
the spiral artery (Figure lC). The musculoelastic components of the spiral
.

.

.

arteries which

.

ar~

4isrupted by the trophoblast invasion, are replaced by a

fibrinoid material and result in two integrally related_ effects. First, the
increased blood flow causes a progressive distension of these compromised
arterie~,

enabling them to accommodate the increased blood_· supply

required by the fetus. Second, the los·s of the musculoelastic tissue means
.that the uteroplacental arteries are no longer responsive to pressor agents
circulating in the blood or to changes within the. autonomic nervous
system. Therefore, the uteroplacental circulatio·n can only be controlled .
'

from the level of the radial arteries in the myo¢etrial portion of the
placental-bed,- proximal to the spiral arteries (Figure lC) (26).
b. Circulation in the Human Placenta.
The human placenta is especially designed for the

r~pid

and efficient .

movement of blood and for the transfer of materials from one circulatory
system to the other. Maternal blood first enters the intervillous-space of the
placenta through spiral arteries (uterine arteries which have_ become
specialized between the myometrium and decidua; Figure lC). Blood enters
at a higher pressure than the intervillous space ·pressure and thus is
.directed toward the chorionic plate. It has been suggested that eac~ spiral
artery is associated With its own lobule (grouping of villi) (27). The ~nt~ring
'

.

.

blood literally bathes the villi·and drains back to the decidua basalis, where

~

i.
.

.

.

r

'

it is removed by venous openings back to the maternal circulatio*. In this
manner· blood leaves the blood vessels and .circulatory system, \enters a
sinus and then is drained back into the circulatory system. Investigation of
.

I

the maternal blood flow, measured in sheep, indicates that from the
maternal side, there is little regulation .(28).. In contrast, injection of theestrogen precursor, dehydroepiandrosterone into sheep fetl).ses 'in utero
was followed by an increase in maternal uterine blood ·flow as well as an
increase in fetal and maternal blood estrogen (29) .. These data
suggested the
..
~

possibility that regulation of maternal circulation in the placenta may
occur from the fetal side of the placenta.
Fetal arterial blood flows into the villous capillary beds·, where
materials .are exchanged, and then is •returned to the

f~tus

via the- umbilical

veins.· Evidence suggests that there are specialized regions of the· placental
villi (epithelial plates (30)) where the barrier between the.maternal and fetal
circulations is extremely thin (less than 2 microns) or in .som~ cases
!

actually fused together. The epithelial plates are thought to be involved in·
gaseous exchange between the two blood systems and are repo,rted to
.

I

comprise 5 to 10% of the total trophoblast surface .area of the :,human
l
I

placenta (31). Evidence suggests that bradykinin, serotonin and U4f>619 (a:
thromboxane A2-mimetic drug) are powerful vasoconstrictors 'in the
human umbilical vein and arteries (32, 33). However, in the pl~cental
I

villous _lobules, where the arteries branch out to capillaries,:. these
I

substances were 10-100 times less active. It is thought that these effe,cts are
I

partly indirect and mediated by the local synthesis and release of p~oducts
·r

of intracellular arachidonic
acid
metabolism. Mepacrine, a phosphbl{pase
'
.
l
A2 inhibitor, caused a reduction in serotonin-, bradykinin-· and U~6619-··
mediated venoconstriction (33).
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c. The Syncytiotrophoblast CeU.
i

The separation of maternal blood from fetal blood relies

h~avily

on

the integrity of the single laye·r of cells lining the place:p.ta, the
syncytiotrophoblast. The syncytiotrophoblast layer of ·cells begin~ to form
during the second week after fertilization by the rapid differentiation of the,--.

primitive trophoblast into two layers; the inner cytotrophoblast layer and
the outer syncytiotrophoblast layer (26). During the early stages of placental
development the cytotrophoblast undergoes extensive proliferation and
concomitant cell fusiori. This proliferation slows during the latter half of
development . while the fusion continues, resulting in a loss of ,
cytotrophoblast cells. Thus, the syncytiotrophoblast becomes multinucleated
and continuous, having only remnants of lateral membranes

betwe~n

cells

(Figure 2) (34). The syncytiotrophoblast is a polarized cell, anchored on its
basal side to the extracellular matrix (basal lamina), while ·its apical side
membrane) is in direct contact with
the
(microvillous or brush-border
.
'
.
maternal blood. The. basal membrane plays a dual role; anchori;ng the·
.

'

syncytiotrophoblast to the basal lamina and alloWing for the

exch~nge

of

materials between t~e syncytiotrophoblast's cytoplasm and th~ fetal
circulation and vice versa. By contrast, the brush-border membrane. is not
I

attached to an extracellular matrix but is in direct contact with the
maternal blood and for the term of the pregnancy is continuously inundated
with blood. Therefore its primary function is to transport nutrient.s and
gases to the fetus. In order to· facilitate this transport process, the kpical
:membrane presents a number of fingerlike projections· called micrpvilli.
I

These microvilli considerably increase the surface area of the
/

I
I

syncytiotrophoblast, thus -enhancing the absorptive and transport effic,iency
I

of the cells.
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Figure 2.

Elect·ron · micrograph

of

the

human

_placenta]

syncytiotrophoblast. A normal, term, human. placenta was
.

'

·,obtained within 30 min of delivery, washed with PBS and cut
in cross-section.. A ·small .piece of the villus was removed with a
scalpel arid immediately placed in 2.5% ·glutaraldehyde in 0.1
M Na+-Cacodylate (pH -7.3) for 16 h. The villous tissue· was then
cut into ·small pieces (<2 mm),. postfixed for 2 hours in 1%
Os04, stained en bloc with 0.5% uranyl acetate

and·e~bedded

in epon-araldite. The tissue was sectioned on a Sotvall MT-2
ultramicrotome and silver. sections (-70 nm) were ·collected on
300 mesh CuPd grids for examinatio11 .in a P:Qilips 400EM
electron microscope. The- grids were

~tained

with 3% uranyl

acetate and lead citrate. The six structures separating· the fetal
from maternal blood are shown as; syncytiotrophoblast, 8;
cytotrophoblast, C; basal lamina of the syncytiotropoblast, Bll;
mesynchymal stroma,. Ms; ·basal lamina of the fetal
circulation, Bl2; and the fetal vascular endothelial cell, E.
Other structures or regions shown

a~e

the maternal blood

space, MBS; microvilli of the brush-border membrane, mv;
nuclei of the syncytiotrophoblast, n; and fetal

circula~ion,
I

Bar marker = 1 Jlm.

FC.

1\fBS
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Thus the fetal blood .system is isolated from the maternal blood
system by up to six different structures during development: (1) the
-endothelium of the fetal capillaries, (2) the_ basal lamina of the capillary
endothelium, (3) the mesenchyme in the interior of the villus, (4) the basal
lamina of the trophoblast celllayer,-(5) .the cytotrophoblast (during the first
four months of the pregnancy, and (6) the syncytiotrophoblast, (Figure 2)
(34) ..

In addition to the transport systems present in this cell layer, the
syncytiotrophoblast contains a number of receptors located on the two
opposing plasma membranes. Receptors. for insulin .and growth factors are
enriched in preparations of brush-border membrane, whereas

P-

adrenergic receptors ·are preferentially associated with the basal
membrane (35). Growth factors

are known ·to be associated with

phospholipase C (PLC), which is localized to the syncytiotrophoblast brushborder membrane. PLC is responsible for regulating the levels of
intracellular

calcium

VIa

the

second messenger inositol

-1,4,5-

trisphosphate. (IP3) and for the activation of protein kinase-C (C-kin.ase) via
the second messengers diacylglycerol and Ca++. Adenylate cyclase,
responsible for the

intracellul~r

generation of the second messenger cAMP,

which activates protein kinase-A (A-kinase) is present only in the basal
membrane. Thus a situation exists for the reciprocal regulation of cellular
events by factors of fetal and/or cytotrophoblast origin interacting with
receptors in the basal membrane as well as by the interaction of factors in
the maternal circulation with receptors located in the brush-border
membrane.
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d Endocrine FUnetions ofthe Pla£enta.

The placenta is considered to be an endocrine organ because the
trophoblast-.cells of the placenta (cytotrophoblast and syncytiotr~phoblast)
\

produce many of the hormones necessary for the upkeep of the placenta and
the pregnancy' as well as for regulating processes on both the maternal-.
I

and fetal side (36). The hormones produced by the placenta come under
the
I
general classes of ·protein and steroid hormones. The primary protein
I

I

hormones synthesized in the trophoblast cells are human. 4horionic
I

gonadotropin {hCG), human chorionic somatomainmotropin (hCS) and
gonadotropin releasing hormone (GnRH).
Human chorionic gonadotropin, is a glycoprotein made up of a. and

B

subunits. hCG is necessary during the first 7 weeks of pregnancY; for the
I

maintenance of the corpus luteum. The presence of hCG is also responsible
I

for the luteinization of ovarian follicular and interstitial cells and for the
stimulation of Leydig cells .for augmentation· of corpus luteum progesterone
.

production and secretion until the end of the pregnancy (34).
.

l .

i

Prog~sterone
I

is responsible for inhibiting the production of luteinizing hormo*e. The
I

I

production of hCG is logarithmic after ·bJastocyst implantation until 6 to 8
weeks and the presence of such high levet's in the urine is the b~sis for
•

'··.··

~

I

maJ?-Y pregnancy tests (36).
The localization of hCG in the syncytiotrophoblast of immature and
mature placentas was first identified by immunofluorescent stainir).g (37) ·
and most recently by in situ hybridization (38). Other researchers have
I

since characterized the regulation of production of hCG in human
.

I
I

·placental choriocarcinoma cell lines ·which are derived from trophbblast
I

•

cells (39). Human chorionic gonadotropin production is enhanc¢d · by
I

gonadotropin releasing hormone (GnRH), cAMP and its butirated

~

I

~-adrenergic agonl:sts, EGF, FGF and pimbzide., · a

derivatives,

!

dopaminergic antagonist

(3~,

becau~e

3"9, 40). This is significant

localization of adenyl ate cyclase and

~-receptors

the

to .the basal membrane

suggests the possibility for the regulation of the production of this hormone
.

~

by the fetus. Likewise, regulation by .factors in the

ma~ernal

circulation is.

also indicated by the location of EGF and FGF receptors in the brush-border
membrane.
hCS is another polypeptide hormone synthesized and secreted from
the syncytiotrophoblast cells at as early as 5 to 12 weeks post implantation
(41). hCS is >85% homologous with respect to human pituitary growth

hormone (42) and has some growth hormone activity, ·as evidenced by
increasing placental mass (43) and by fetal body weight gain (44).:
hCS is
,·
also lactogenic. However, the main'role of hCS during pregnancy s~ems to
be in the maintenance
of available glucose for the fetus. It accomplishes
,
I
i

this. by being an insulin antagonist, affecting the maternal·metaboli~m and
I

causing an increase in the maternal blood glucose levels. Thus th~ blood
glucose available for transport to the fetus is maintained ~t a rei;atively
constant level. hCS does not cross the· placental barrier but its syntllesis is
..

I

stimulated by calcium, dibutyryl cAMP and ovarian and fetal factors (4547).
i

Gonadotropin releasing hormone (GnRH) is produced primarily in
!
I

I

the cytotrophoblast cells. Placental GnRH, however, is not ident,cal to
I

pituitary GnRH, but instead appears to be a heterogeneous polypbptide
immunoreactive .only at its C-terminus with antibodies to hypothllanric
.

GnRH (48). GnRH has been identified at as early as 8

I

week~

post

implantation by immunofluorescent staining. Though its function in the
.

I

I

placenta is not entirely understood, there is evidence that GnRfll may
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~

I

I
I

,

·•

.

.

I,

stimulate .the release of hCG from the placental tissue while at the same
.

.

.

I

'

time .suppressing progesterone production (49, 50).
Though there is very little de novo synthesis of cholesterpl in the
placenta, progesterone and pregnenolone are produced in large

~amounts

using maternal cholesterol (51)._ Estrogen synthesis, however, depends on
the_fetal and maternal adrenal glands· for C19 steroids,-since the placenta
cannot convert C21 to C19 steroids.
Progesterone is synthesized primarily from

matern~l

cholesterol (52). The production of progesterone appears not to be

LDL-

regula~ed

by the fetus, although the (3-adrenergic agonists, terbutalihe and
I·

isoprot~ronol, did -increase progesterone output (53). GnRH was ~ound to
I

suppress progesterone .production in vitro. Aside from progestero:Q.e's role
I

in inhibiting luteinizing hormone production, it also may play' a rol~. in the
.

I

maternal immunological response by modifying the maternal rea~tion to
!

\

fetal antigens, thus inhibiting the maternal -rejection of the trophoblast (54).
I

I

Initial estrogen synthesis i~ the placenta is dependent on. pre:~~rsors
.

'

'

.

\

'

'

(DHEASl) derived from both the fetal and matern~l compartments (36).
.

-·

I

Estradiol is the product of the aromatization of· DHEAS and enters the.
-

I

maternal circulation. By term nearly half of the estradiol synthesized by the
•

I

placenta is derived from precursors in the maternal plasma, wh~le the
I

remainder is principally derived from fetal
.

'

16-a-dehyd:roxy!
I

dehydroepiandrosterone-sulfate. The synthesis of estrogen .appearsI to be
regulated by many factors. Human chorionic gonadotropin apperrs to ~

stimulate

estr~gen

production in

p~rfused placentas

(55).

Di~ut~l \cAMP

and theophylline also appear to stimulate estrogen production In Jiuman
~

I

choriocarcinoma cells in -vitro (56). In contrast, glucocorticoids sJch
I

~s-

dexamethasone suppress fetal adrenal production of estrogen prec*rsors
I
I
I
I
I
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~

and thus estrogen production in th~ syncytiotrophoblast. :Estrogen 1receptors
•

I

(high-affinity, low capacity) binding sites have beeri reported in the human
placental cytosol, although there is no clear functioll. associated with them.

e. Syncytiotrophoblast Transport Mechamsms.
The continued development and growth of both the placenta and fetus
require the import of a wide variety of substances from the mate~al to the
fetal circulation and the export of waste products into the xhaternal
I

circulation. Additionally, the regulation of the cell volume, as -well as the
.

'

maintenance of intracellular pH and ionic composition are of i.extreme
importance when the cell is in:volved in .such a highly active t*ansport
Some of the substances which enter the syncytiotrophoblast

process.

· from the maternal circulation are 02; cations and· anions such flS Na+,
Ca++, Fe++, Mg++, HCOa-, S042-; essential and non--essential ami~o acids;
l

i

glucose and other· energy sources such as succinate; vitamins and jvitamin
i

.

precursors; cholesterol and steroid precursors; and water (35, 57). Fetal
.

I

waste materials transferred across the syncytiotrophoblast to the zrlaterna1
•

I

circulation are C02, urea, bilirubin and small amounts of

I

creatin~ne
.!

(35,

'

58). Since the syncytiotrophoblast brush-border membrane is the first
I

barrier between the maternal and fetal circulations it must be! highly
I

specialized for the transport of the wide variety of substances to

i

a~d

from

I

·the fetus. It accomplishes this by the combined· efforts of at least three
.

-

.

I

different mechanisms of transport.
l.l?~osis

:
'I

I
I

·

I

•

I

One means of transfer is by endocytosis. Endocytosis is resp~nsible
I

I

for the transfer of both large and -small molecules (IgG,· Fe2+,
'

vitam~n

B12

!

and cholesterol) (35) across the brush-border membrane. IJ this
.

I

I

mechanism, the molecule and its binding protein (B12-intrinsic factor,

I
II
I
!
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I

I

.

I.

Fe2+-transferrin, cholesterol-LDL) binds to a _plasma membrap.e bound
receptor which is then internalized. The molecule is· dissociated·: from the ·
receptor and the receptor is either recycled back to the plasma membrane
or is degraded intracellularly. ·The molecule is either utilized in the
syncytiotrophoblast or is transported to the fetus. This type of ~ransport.
requires the input of energy in the form of ATP. Pinocytosis is not, believed
to be a major mechanism of transfer .in human placental function (5.9).
2. Active Transport.
I

A f?econd means of transport is ·by active transport.· Like endocytosis,
active transport requires the input of energy and is

mediat~d

by a

membrane-bound protein. The major difference is that the protein and the
membrane it is attached to are not transported into the cell with the bound
substrate, but rather act to .carry the substrate across the membrane and
i

release it. This activity could potentially transport .a greater n$ber ·of
'

i

substrate molecules into the cell, but the disadvantage is that the size of the
•

I

I

molecule transported_ into the cell may be limited. Active transport can take
1

one of three forms.

\,:

(a) In primary active transport, the transport of solute

acr~ss

the

i

membrane against a chemical and/or electrical gradient is directly coupled
to ATP hydrolysis. The classic example of prhrtary transport is

th~ ~a+-K+
I

ATPase which is responsible for maintaining a high concentratio~ of K+
i

and low concentration of N a+ within the cytoplasm of the cell relativd to the
I

extracellular matrix.

1

1

(b) Secondary active transport couples an ionic gradient, geneJted by

primary active transport,
to the transport of a substrate agaiJst
its
.
i
I

electrical and/or chemical gradient. The transport of neutral amind acids
I

I
I
I
I
I
I

,

across the human placental

brush-borde~

.

membrane is

i

·c~upl~d

to the

'

inwardly directed Na+. gradi~nt, which provides th~,~~ergy source {57).
(c) The third mechanism for .active transport, .tertiary active, utilizes

the ionic gradient formed by a secondary active t~ansport system to energize
,

I

the transport of a substrate into the cell. The· organic cation-proton antiport
system described in the placental brush-border membrane vesicles is an
example of this (60). In this system the active export of

organi~

cations

I

across the brush-border membrane is driven by an inwardly~directed
proton gradient. This transport is distinct from and not di.rectly coupled to
the Na+-H+ exchanger but does depend ·On the H+ gradient generated by the
Na+-H+ exchanger.
3. Passive Transport.
The passive transport of substances does___ ~_ot require the

~nput

of

energy. In passive transport, the solute moves· from a region of higher
I

concentration to a region of lower concentration. This type of t~ansport
occurs spontaneously and may be mediated by a protein (facilitated) or
.

!

unmediated (simple diffusion).

'!

(a~ In facilitated passive transport, the transport exhibits sa~uration
!

kinetics and is inhibited by substances which interact with the carrier, but·
I
I

is not usually affected by. the presence or absence of ion gradients. Glucose
I

transport across the human placental brusll.-border

membran~~

is by

I

i

facilitated passive diffusion.

1

I

(b) Unmediated simple diffusion does not display saturation Uinetics
.

and usually is proportional to the concentration of the solute.

I
I

~nee

a

protein does not play a role in this transport process, the only route of entry
I
I

into the cell is by diffusion through the lipid bilayer. Thus, 1~mall,
I
I

~

uncharged, or lipid .soluble molecules are able. to diffuse across

t~e

plasma

membrane lipid bilayer.

2..Serotonin Transport

a. Characterisitcs . of

Serotoni~

Receptors versus Sf!rotonin

Transporters.
1

Since the discovery of serotonin as the vasoconstricting agent in
serum (61-63.), considerable work has been done to characterize and
r

differentiate between serotonin binding to .receptors on the cell:: arid the
'

!

transpo·rt of serotonin into the cell. In the former case, serotonin,', binds to
some receptors with high affinity and to others with a low affinity, it does
not require the pre~ence of Na+ or Cl- for binding and is either coupled to a
.second

~essenger

system (cAMP or PI turnover) via a G _protein-coupled

mechanism or to an ion channel (probably calcium) (64). A nrlmber of
different subtypes from three families of serotonin receptors hdve been
identified by cloning (except the 5HTa receptor)
and are classified
abcording
.
I
to the second messenger system with which they interact; e.g. 5Htf1A, lB,
i

1n; 5HT2A, 2B, 1c; and 5HTa. Thus the 5HT1 family of receptors is

l~nked

to

the modulation of adenylate cyclase; the 5HT2 family is Iinke~ to an
I

increase in inositide phosphate (PI) turnover; and the 5HTa
.

recep~ors
I

are

most probably linked to depolarization of the cell via an intrinsiq cation
I

.

.

,

I

channel. All three families have been shown- to be associated with the
I

classical functions of serotonin in either a neurotransmi~ter or
vasoconstrictor role (64).

·

\
I

,The active transport of serotonin into synaptosomes prepared from
1
1

I

neuronal tissue characteristically has a requirement for Na+ and( Cl-, is
!

highly specific for serotonin and is inhibited by antidepressants speqific for
.

.

I

the serotonin transporter. Thus the transport of serotonin in the platelet
I

I

I
I
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plasma membrane and in the serotonergic neQ.ron are similar with only a.
.

I

few distinctions separating them. One Na+ is required· for the transport of ·
serotonin in the platelet whereas two are reqUired in the neurons. N a+
must bind first to the transporter .in either system

follow~d

by . the ·

protonated form of serotonin. Cl- is not required for binding but is '~ecessary.
,

'

'

I

for the transloca~ion of serotonin. A conformational change ·of t~e carrier
causes the translocation of the complex to the inside of the cell where
serotonin, Na+ and Cl- are dissociated.- K+ binds to the carrier'. and the
•

•

I

'I

complex is returned to the exterior of the cell. In .synaptosomal membrane
vesicles made from neuronal tissue, serotonin transport is inhibited by an
outwardly directed H+ gradient, whereas in non-neuronal tissue, serotonin
transp~rt

is .stimulated by an outwardly directed H+ gradient (65, 66?.

Serotonin is also transported into intracellular storage ve~icles in
chromaffin granules, _platelets and neurons (67-69). This

transpor~

system

is sensitive to reserpine inhibition and requires the presen,ce of ATP and
Mg++. A Mg++-dependent ATPase in the vesicle membrane generates a H+
.

I

•

gradient (H+in>H+out) across the membrane providing the main :!driving
I

I

I

force for the transport of serotonin which occurs via a serotoninfH+ ~ntiport
•

I

mechanism (13).

b. Cell Specific Transport ofSerotonin.
I

The physiological importance of the reuptake of serotonin into the cell
I

has been the subject of a number of investigations over the past 40 YJ,ars (1,
.

I

~2, 13, 64, 70). In the investigations on serot,onin· reuptake mecharisms,

N a+ -dependent serotonin transport has been characterized in all four \tissue
II

types; nervous, connective, muscle and epithelial. However, in each of! these
\

tissues there are only. a. select few cells which actually transport sero~onin.
I
I

Various regions of rat and human brain (69, 71-74), retina (75, 760 arid

I

l

peripheral nervous tissue such as the myenteric plexus of the small
Intestine (77, 78) have been ·shown to accumulate labelled ·serotonin. In
connective tissue, the platelet has been used extensively as a mo<Jel for the
neuronal system '(66, 68, 79-82). A serotonin transport system has: also been
.

.

.

described in vesicles prepared from rat basophilic leukemia cells (83),.
although this system has not been completely characterized. The
advantages of using platelets' are that they can be obtained on

a regular

basis and in mass quantities immediately from human volunteers,
whereas brain specimens must be extracted after the death of the patient
and thus are more difficult to obtain and may be damaged due to a
prolonged lack of oxygen. Serotonin transport in muscle tissue

h~s

so far

been described only in the smooth muscle of the aorta (14). In epithelial
I

tissue, the transport· Qf serotonin has been found mostly in the endothelial
cells lining .the blood vessels; in pig and bovine pulmonary artery
I

endothelial cells (84-87); and in lung endothelial cells (88, 89). Serotonin
transport has also been demonstrated in placental

syncytiotrophobl~st

which are a polarized epithelial cell (21-25). Investigations on
transport in the kidney and intestine· (unpublished data,)

cells,

i

s~rotonin

sugg~st

that

serotonin is not transported in all epithelial cell types~

c. Roles ofthe Serotonin Transporter.
The type of tissue in which serotonin is found determines its function
.

I

and ultimately the function of the serotonin transporter. In n~uronal
\

tissue, serotonin acts as a neurotransmitter. Serotonin is synthesized in

serotonergic
neurons and is initially stored in cytoplasmic storage Janules
.
l
of these cells. Serotonin, released from .these presynaptic granhles in
I

response to a stimulus, diffuses across the synaptic cleft and binds to a
.

I

I

receptor on the post-synaptic membrane (12). Thus, the ser<Jtonin
I

I

i
I

24
I

transporter located in the presynaptic
membrane acts
to. terniinate
the
.
.
.
i
trans-synaptic signal by removing serotonin from the synaptic, cleft and
recycling it back to the presynaptic cell where it can _be deiraded by
·monoamine oxidase-A or stored in the granules (12). Another method for
remoVing the neurotransmitter from the vicinity ·of the -receptor is by
enzymatic degradation, which transforms the neurotransmitter to inactive
metabolites. The inactivating enzymes are located either in the, synaptic
cleft or in the postsynaptic membrane itself. ·Acetylcholine is removed by
this mechanism whereas the catecholamines and serotonin :are not.
Likewise in conn·ective tissue (platelets), serotonin . is also stored in and
released from granules in -response to a stimulus· (vascular tissue·: dama~e)
(13). The serotonin destined for platelets is released from the basal side of

the enterochromaffin cells into the underlying connective
•

tiss~e

of the

I

intestine ·(34). There it gains access to the plasma where it is either actively
taken up by platelets· (90) or· is degraded by. the liver and pulmonary
I

endothelium (2, 88). Injury to the endothelium of the

vascular~

system

I

results in agm:-egation of platelets at the site and causes serotonin &tored in
the platelets to be released at the site of injury. This serotonin bin<ls to
receptors (5HT2) on the vascular smooth muscle

c~-~~s,

resulting in

constriction of the blood vessels at~he site (1, 70). One subtype of 5~T1-like
receptor, loc.ated on the endothelial cells, causes the production and· release
!

of endothelium-derived

r~laxing

factor (EDRF)/ nitric oxide (N\0) and
I

subsequent relaxation of smooth muscle cells by stimulating a lrise in 1

·cGMP (5). Serotonin transporters located in the plasma membtane of
endothelial cells are responsible for removing serotonin from the blasma
I

and metabolizing it via monoamine oxidase (70). Defects in eit4er the
i

transport or metabolization of serotonin result in an increase in circplating
!

\

serotonin and. may be involved ~n arterial
and pulmonary hypertension
as
I
.

~

well as in migraines (1).

The_.-..po-ssible ·involvement

of ser~tonin in ·

morphogenesis of parts of the craniofacial region in mouse embryos has
recently been investigated (91). Evidence presented by this group suggest the
presence of epithelial sites. of serotonin uptake in the head and neck or in
non-neuronal midline structures of the developing brain. Serotonip binding
.

'

to each of these sites is inhibited by fluoxetirie. The presence of :serotonin
transport sites in the epithelia and adjacent sites of serotonin· binding
protein in the underlying mesenchyme imply that serotonin might be
involved as a signal in the induction _-of mes·enchymal cell proliferation and
differentiation during the development of the craniofacial region (91). The
role of the serotoriin· transporter in this process would be to coqcentrate
serotonin in the epithelial cell, either for transport to the

mesen~hyme

or

'

for removal and metabolism.
d. Inhibition ofthe Serotonin Transporter by Antidepressants.
The function of serotonin as a neurotransmitter was discovered as a
!

result of the isolation of serotonin in the brain followed by the discovery of
1

the antagonistic properties of lysergic acid diethylamide on serotonin
binding (1, 92). Since that tiine, a large volume of work has been deyoted to
studying the characteristics ofdifferent drugs which bind to and inliibit the
.

i

serotonin transporter in both platelet and brain plasma membrane vesicles
.

I

(12, 13). In 1978, Rudnick and Talvenheimo (93) described for the first time
i

the high-affinity binding of a tricyclic antidepressant,
.

imipramine~

to the_

I

platelet plasma membrane. It had been suggested that the antide~ressive
.

I

actions ·of imipramine are at least in part due to the. inhibition of ~he reI

uptake of serotonin into the presynaptic nerve terminals (94). Hdwever,
.

.

I

labeling studies in the brain have suggested that this ligand interacis with
I

I

additional binding sites apart frrtm the serotonin uptake sites

(95)~

This is in

accordance with the findings that the potency of imipramine to inhibit ·
norepinephrine uptake is greater than its ·potency .to inhibit serotonin
uptake (96) and that imipramine exhibits significant affinity toward a1adrenergic, histamine and muscarinic receptors (97). While imipramine
has been the most commonly used radioligand for studying the serotonin
transporter, other more potent

and more selective inhibitors have been.

formulated. Among these are the ·non.-tricyclic antidepressants fluoxetine
(98) and paroxetine (96, 99). Paroxetine binding in the rat brain exhibits a
50-100 fold higher

affinity(~

0.05-0.15 nM) than imipramine binding .(95,

100). A selective localization of paroxetine binding to serotonergic neurons
is suggested by the abolishment of most of the paroxetine binding after
degeneration of serotonin terminals by 5, 7 -dihydroxytryptamine.
Imipramine binding was only partially lost after similar treatment (100,
101). Competition studies indicate that paroxetine is a competitive inhibitor
of serotonin uptake (101, 102). Like paroxetine, fluoxetine is a non-tricyclic
antidepressant which binds selectively and competitively to the s·,erotonin
transporter (24, 98). In addition, fluoxetine has little or no affinity for
neuronal receptors, thus enhancing its ability to bind to the serotonin
transporter and reducing the possibility of side effects (103). The selectivity
of these antidepressants has allowed new insights into the causes behind
and treatment of diseases such as obesity (104), bulimia nervosa (105) and
depression (106-108).
e. Regulation ofSerotonin Transport.
Serotonin transport and its inhibition by antidepressants has been
characterized in great detail during the past 20 years (12, 13). H?wever,
I

regulatory aspects of the serotonin transporter have received

compa~atively

less attention. Very little information is available concerning thether or
,

I

not hormones and/or intracellular second messengers modulate the
function of the transporter. To our knowledge; there is only a sihgle study
which has indicated that protein kinase Cis involved in the regulation of
the .serotonin transporter in cultured endothelial cells (87). In another·
study on a neuronal cell line

(NG108~15),

dibutyryl cAMP was found to have

no effect on serotonin uptake (109). Likewise., intraocular injection of
forskolin into rabbit eye was found to have no effect on retinal :serotonin
transport, although it did cause· an increase in serotonin synth~sis (110).
Even though isolated plasma membrane vesicles offer a number .of
advantages in the characterization of certain aspects of the tr~sporter,
such as ion requirements, kinetics

and

the

interacti~n

with

I

antidepressants, there are limits to their usefulness in the invest1gation of
I

regulation of the transporter. Protein degradation and the inevitab~e loss of
key elements in the second messenger systems during the prepa~ation of
i

the membranes are the principal reasons that intact or cultured

~Fells

are

!

used for regulatory studies. In addition to platelets, cultured, bovine
I
I

endothelial cells (87) and a mouse neuroblastoma-rat glioma hy~rid cell
line (109), there have been three recent reports of the develop~ent of
-,.,,serotonin-transporting cell lines by -specific manipulations

(111-1~3).

The

I

mouse hypothalamic cell line, F7, and the mouse teratocarcinoma cell line,·
I

F9K4b2, both transformed by simian virus 40 (SV-40), express a s~rotonin

transporter upon induction of differentiation (111, 113). The\ mouse
•

I

fibroblast L-M cells have been reported to stably express". a

high-~ffinity
I

serotonin transporter after transfection with human genomic DN4 (112).
I

I

However, these cell systems have riot yet been used to study the regul~tion of
-

.

I

the serotonin transporter. The development. of a cell line· which na\turally.
..

.

I
I

expresses the serotonin tra~sporter and also contains the second
I

messenger systems endogenous to the normal human placenta would be ·
ideal for the investigation of the regulation of the human '. placental
syncytiotrophoblast serotonin transporter.

MATERIALS and METHODS

A. MATERIALS
5-[1,2-3H-(N)]Hydroxytryptamine (serotonin) binoxalate (specific
I

radioactivity, 30.4 Cilmmol), fphenyl-6-3H]paroxetine (specific raqioactivity,
26.5 Cilmm.ol), 3-0-[methyl-[3H]methyl-D-glucose (specific radioactivity,
79.0 Cilmmol) and .2-[3H]taurine (specific radioactivity, 30.31 Ci/~ol) were .
purchased

from

DuPont-New England

Nuclear.

Serot:onin,

5-

hydroxytryptophan, imipramine, desipramine, reserpine, amiloride,
·iproniazid, gramicidin, nigericin, cholera toxin, IBMX, forskolin, :dibutyryl
cAMP, PMA, p.-CMBS, PAO, NEM, p-NBSF, N-acetylimidazole

an~

NBD-Cl

were purchased from Sigma Chemical Co.. Tetranitrometh.ane was
purchased from Aldrich. H-9 -dihydrochloride and ketanserin were
purchased from Research Biochemicals, .Inc. (Wayland, MA}.· P~roxetine
i

was a gift from Beecham Pharmaceuticals.(Betchworth, Surrey, U.K.) and
I

I

fluoxetine was a gift from Eli Lilly Co., (Indianapolis, IN).\

EIPA,

HEMNBA, DMA, HMA and MIBA were purchased from Dr. ~.,:Edward
Cragoe, Jr .. RPMI-1640 medium,. penicillin-streptomycin, Fti.ngizone
.

I

'

(amphotericin B) and fetal bovine serum were obtained fro~ Flow
I

Laboratories (Mclean, VA). All other chemicals were of analytical grade.
i
I

I

B. :METHODS
.

.

I
I

.

!.Preparation of Human Placental Brush-Border Mehtbrane
I
.

Vesicles.

.

\

.

Syncytiotrophoblast microvillous membrane vesicles were p~epared
from normal, term human placentas according _to procedures described by

2l
I

I

I

. I

~

i

!I
I
\
I

Ganapathy et al. (114), and BalM:ovetz et al. (115), with .a few m~difications.
II

Normal human term placentas were obtained within 3 hours :of delivery
and processed immediately. The umbilical cord and matern~l decidua
basalis were removed using .a scalpel. Then the placental
(central portion of the placenta containing the

vil~ous

tissue

syncyti~trophoblast)

was

dissected away from the chorionic plate in small pieces and placed in a
chilled beaker containing 50 m1·. of 10 mM HEPES/Tris, ·pH 7 .d, 300 mM
.

.

mannitol buffer with 100; J.1M PMSF and 2 mM EGTA (wash btiffer). The
tissue was separated from the blood .vessels by scraping 'with a sc,alpel. The
tissue was washed ·three times with 200 ml ··of wash buffer~. strain~d
through a fine nylon mesh and agitated on a magnetic. stir plate ~n 300 ·ml
wash buffer for 30 minutes at 4°C. This agitation was necessary:. to loosen
the brush-border membrane from the syncytiotrophoblast. After agitation,
•

•

•

I

I

the placental slurry was filtered through cheesecloth and th¢ filtrate
centrifuged at 8,000 ·g for .15 min to remove red blood cells and

d~bris.

The

i

supernatant was then centrifuged at 60,000 g for 35 min, decante<;l and the
pellets, representing crude brush-border membranes, were colle~ted. The
pellets· were homogenized in a

loose-fitting gla~s Dounce ho~ogenizer
i

using 10 strokes. MgCl2 (1M) was added to the homogenate to gi~e a final
I

concentration of 12 mM MgCl2 and the mixture stirred for 1

miJ and let
I

I

stand for 10 min. The homogenate was then centrifuged at 3,000 ig for 15
I

I

min to remove the Mg++-aggregated, non-brush-border membra~es. The
I

I

I

supernatant containing the brush-border membranes was centri(uged at
I

60,000 g for 35 min and the resulting pellets were suspended in prtloading
buffer by passing through a

25~gauge

needle. This

centrifugat~on

and

I

resuspension with the needle was repeated .once and the purified
membranes were collected and pooled in a chilled test tube. The \protein
I
I

3)

~

concentration was assayed by t"'b~ method of Lowry et al. (116) ap.d adjusted
-

I

to 5 mg/ml. Small aliquots of the final preparation were distributed in
plastic cryotubes (Nunc, Denmark) and stored frozen in liquid nitrogen.
Membrane vesicles stored by

t~s

procedure were found to be active for 2

weeks. after initial preparation.
The purity of the brush-border membranes was monitored by
assaying alkaline phosphatase (EC 3.1.3.1). This enzyme has been shown to
be specifically associated with the brush-border membrane in the human
placenta. The substrate p-nitrophenylphosphate was used to assay for
alkaline phosphatase activity. The specific activity ·of alkaline phosphatase
in the final brush-border membrane preparation was compared with that of
the washed placental tissue homogenate. Enrichment of the alkaline
phosphatase activity was -20 to 25 fold.
2. Serotonin Uptake Measurements
3H-5-Hydroxytryptamine uptake measurements were .made by a
rapid filtration technique as previously described (21) using 0.65 J..Lm pore
size Millipore. filters. The specific conditions for each experiment are given
in the figure and table legends. Uptake was initiated by rapidly mixing 40 J..Ll
(0.2 mg) of the membrane suspension with 160 J.Ll of the appropriate uptake
. buffer containing labeled 3H-5-hydroxytryptamine. Uptake was terminated
by the addition of 3 ml ice-cold stop buffer (5 mM HEPEStrris, pH 6.5 or 5

mM MES/Tris, pH 7.5 containing 160 mM KCl). The suspension was then
rapidly filtered through a Millipore filter and washed 3 times with, 5 ml of
I

the cold stop buffer. The filter was then transferred to a scintillation vial
and 7.5 ml of scintillation cocktail were added. The radioactivity associated
with the filter was counted by liquid scintillation spectrometry (Be.ckman,
Model LS-230 or LS-3133T) for 10 min.
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Specific serotonin uptake was determined by subtracting from all
data the value of serotonin uptake in the presence of 100 J..LM imipramine. In
general, the nonspecific uptake or binding represented less than 5% of the
total uptake.

3. Paroxetine Bindi.ng Measurements
The binding of radiolabeled paroxetine to placental brush-border
membranes was assayed as described by Mellerup et al. ( 117) with a

fe~

modifications. The assay was done in 50 mM Tris/HCl buffer, pH 7.4,
containing 120 mM NaCl and 5 mM KCl. The total volume of the assay
mixture was 1 ml and 100 J..Lg of membrane protein was used for each assay.
After incubation at room temperature (in some experiments at 4°C) for 1 h,
3 ml of ice-cold buffer were added to the assay

m~dium,

and the mixture

was rapidly filtered through a Whatman GF/F glass fiber filter (0. 7 J..Lm pore
size). The filter was washed with 3 x 5 ml of the ice-cold buffer, and the
radioactivity associated with the filter was counted. Specific paroxetine
binding was calculated by subtracting the binding measured in the
presenc·e of 100 J..LM imipramine from the total binding measured in the
absence of imipramine. The imipramine-insensitive binding (i.e.,
nonspecific) was always <15% of the total binding. The binding d?ta were
subjected to Scatchard analysis (bound versus bound/free). The :custommade computer program (MCG Fit 1.7) was also used for non-linear
regression analysis of the binding data. The equation used for fit~ing the
data was Y=(A0 · X)/ (X + A1), in which Y stands for the concentration of
- bound ligand, X the concentration of free ligand, A 0 is the Bmax a:nd A1 is
the K<I.
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4. Treatment of the Membrane Vesicles with Tyrosyl Group-Specific

Reagents
Treatment of placental brush-border membranes with tyrosyl groupspecific reagents was done as described previously .(22). Treatment with N.

i

acetylimidazole was done at 22°C for 1 h in 10 mM HEPES/Tris buffer, pll-·
7.4, containing 100 mM K2S04. Stock solutions of N-acetylimidazole were

prepared in the treatment buffer. Treatment with tetranitromethane and pnitrobenzenesulfonyl fluoride was performed at 22°C for 30 min in 20 mM
K2HP04-KH2P04 buffer, pH 8.8, containing 100 mM K2S04. Treatment with
NBD-Cl was done at 22°C for 1 h in 10 mM HEPEStrris buffer, pH 7.4,
containing 100 mM K2S04. Stock solutions of NBD-Cl, tetranitrom~thane
and p-nitrobenzenesulfonyl fluoride were made in ethanol.
In all cases, the protein concentration during treatme:p.t was 1
mg/ml. Whenever stock solution of the reagent was in ethanol, ·an equal
amount of ethanol was added to the control membranes. After treatment,
salt and unreacted reagents were removed by dilution and centrifugation.
I

The membranes were finally suspended in 50 mM Tris/HCl buffe~, pH 7 .4,
containing.120 mM NaCl and 5 mM KCl and used in binding expet1ments.

5. Treatment of the Membrane Vesicles with Sulfhydryl, Group-

Specific Reagents.
The treatment of the membrane vesicles with sulfhydryl group
specific reagents was as previously described (118) with a few
modifications. The membrane vesicles were prepared at

~

final

concentration of 10 mg/mL in a 20 mM HEPES/Tris buffer, pH 7.5,
i

I

containing 75 mM K-gluconate and 150 mM mannitol. Treatment with
NEM and p-CMBS was performed at 22°C for 15 min. A stock solution of pI

CMBS was prepared in the treatment buffer and added directly': to the

34
I

.

I

membranes. Treatment with rJaenylarsine oxide (PAO) was carried out at
370C and for 30 min. Stock solutions ofNEM.and PAO were prepared in ·
ethanol ·and the same volume ethanol was added to untreated 1uembranes
as a control. After treatment with NEM, the membranes 'iere eluted
-

I

through a Sephadex G-50 column, equilibrated with the

.

treat~ent

buffer.-

The turbid fraction was collected and the protein adjusted to 2.5 mg/mL.
Serotonin uptake and paroxetine binding. were assayed as previously
described .
.6. Culture ofhuman placental choriocarcinoma cells_ (JAR)
'

I

I

The JAR choriocarcinoma cell line (119) was obtained\ from the
I

American Type Culture Col!'ectio·n _and cultured· in 75 cm2 cult~re fla~ks
I

(Corning) with RPMI-1640 medium containing
IU/ml penicillin-streptomycin and 0.125

10~

~cg/ml

fetal bovine serum, 50
Fungizone

~:complete

medium). The cells were maintained at 37°C ·and 10% C02. Confluent
I
•

I

cultures were released with phosphate-buffered saline containing 0.1%
!

trypsin and 0.25 mM EDTA and subcultures started from the relea:~ed cells.
For the uptake experiments, the cells were seeded in 35 rom

d~1sposable

petri dishes (Falcon) at a density of approx. 1.5 x 106 cells/dish and\ allowed
I
I

1

to grow as a monolayer. The cells received 2 ml of fresh culture. me dium 24
1

h after subculturing and were used the next day. ·· ·

7. Serotonin uptake measurement.
The monolayer cultures were incubated for 45 min a:t room
I
I

temperature (21 °-22°C) prior to the measurement of serotonin uptake with a
II

buffer containing 25 mM HEPES/Tris, 140 mM NaCI, 5.4 mM KCI, 1.8 mM
II

CaCl2, 0.8 mM MgS04, 5 mM D-glucose and 0.1 mM iproniazid, ~H 7.5
I

(uptake buffer). Preincubation with iproniazid was necessary to prevent
I
'

serotonin metabolism via monoamine oxidase-A. In the experiments
I
!
I
I

I

\

i

~

\1

determining the effect of Na+ on serotonin uptake, choline
.

cL~ride was
I

substituted for NaCl in the uptake buffer and where the effects ~f anions on
the uptake were investigated, the sodium salt of the respective!: anion was
I

used in the uptake buffer. In experiments involving regulation o,f serotonin
!
.

I

transport the medium was replaced 16 h prior to use with

fre~h

medium_

I

containing the appropriate concentration of the compound involved. After
i

preincubation, serotonin uptake was initiated by removing the· b~ffer from
the dish and adding 1 ml of the uptake buffer containing radiolabeled
serotonin. In most cases the final concentration of serotonin was 50 nM.
After incubation for the desired time, the buffer was removed ancl the cells
were quickly washed four times (<30 s) with the uptake buffer C?ntaining
0.1 mM imipramine. Inclusion of imipramine in the wash buffer prevented
efflux of serotonin from the cells during the washing

procedu~e.

After

washing, 1 ml of0.3 N NaOH was added to each dish and allowed·to stand
for 1 hr, at which time the· contents from the dish were. transferred to a
scintillation vial and the radioactivity of the contents was measured by
liquid

scintill~tion

spectrometry.

8. Protein Determination.
Protein was assayed· for each experiment using duplicate· dishes
-··

:

cultured concurrently and under identical conditions as those dish~s used
for serotonin uptake measurements. One ml of deionized water was added
to each dish. The dishes were frozen and thawed twice following which the
dish contents were suspended using a 1 ml syringe and a 25-gauge 1needle
\

I

I

prior to protein estimation. Protein was determined by the method of1Lowry

et al. (116) using bovine serum albumin as the standard.

I
1

1

\
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9. Determination ofCeU Number.
!

The cell number was determined for each exp.eriii\tent using
triplicate dishes cultured concurrently and under identical cob.ditions as
those dishes used for protein and serotonin uptake measurements. The
cells were released by trypsin, .suspended in phosphate-buffered~. saline and_
the cell number determined using a Coulter Counter..
10. Determination ofIntracellular Water Space.
Intracellular·water space was determined from the equilibrium (60
min incubation) distribution of radiolabeled · 3-0-methyl~D-gh~cose. · 3-0~

....

I

methyl-D-glucose is not phosphorylat~d and thus is not metabolized by the
cells. Since 3-0-methyl-D-glucose is transported via facilitated cllffusion, it
is not concentrated .in the cell, making it a useful compound for. the
determination of the intracellular .w~ter space. The wash buffer \contained
0.5 · mM phloridzin to prevent the efflux of the s~gar during. th~ washing
I

procedure.
11. Statistics.
Each e~perimental point was determined in duplicate or ~riplicate
I
I

and each experiment was repeated two to five times. The re~ults are
expressed as means ± S.E. from these replicate determinations.

S~atistical
i

significance was determined by the Student's t test and a p value J,0.05 was
I

considered significant. The statistical computer package, Statgraphics
,

I

i

(STSC, R-ockville, MD) was used for all statistical and kinetic analyses.

RESUL1S
A. M~ulation of Serotonin Uptake Kinetics by Ions and Ion G~dients in

Human Placental Brush-Border Membrane Vesicles.

1. Influence ofNa+ and Cl- on Serotonin Uptake Kinetics. :
Serotonin uptake in human placental brush-border :membrane
vesicles exhibits an absolute requirement for Na+ and Cl: {21). The
dependence of the initial uptake rate of serotonin on the exttavesicular
concentration of Na+ was investigated in the presence of a fixed
concentration of extravesicular Cl-. The concentration of Na+ was varied
between 20 and 150 mM, and the concentration of Cl- was kept constant at
150 mM. In Figure 3, the uptake rate increased with increasing
concentrations of Na+, and the rate was a hyperbolic function of the
extravesicular concentration ofNa+. The data were used to construct a Hilltype plot (u versus u/(Na+ ]n), and the plot was found to be linear when n was
assigned a value of 1 (Figure 3, inset). This indicates a 1Na+:1 ;serotonin
stoichiometry. The apparent Kt(Na+) was 145 ± 15 mM.
Similar experiments were done with Cl-. The concentration of
extravesicular Cl- was varied between 10 and 120 mM while keeping the
extravesicular concentration of Na+ constant at 120 m.M. Figure, 4 shows
that the initial uptake rate was hyperbolically related to Cl- concentration,
indicating a 1 Cl-:1 serotonin stoichiometry. A linear plot (Figure :4, inset)
when v was plotted against u/[Cl-] provides supporting evidence·, for this
stoichiometry. The apparent Kt(Cr) was found to be 79 ± 5 mM.
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Figure 3.

Dependence of initial uptake rate of serotonin on
extravesicular Na+ concentration. Membrane vesicles were
preloaded with 20 mM MEStrris buffer, pH 6.5, containing 375

mM mannitol. Uptake of serotonin (final concentration, 20 nM)
was measured with a 15-s incubation in 20 mM MES/Tris
buffer, pH 6.5, containing 187.5 mM CI- and varying
concentrations of Na+ and Li+. Osmolality of the uptake buffer
was maintained equal to that of the preloading buffer (400
mosm). Final concentration·· of .Cl- dtping uptake -was 150 mM,
and that ofNa+ ranged between

o· arid 150 mM. Inset: Hill-type

plot (v versus v /(Na+]n with a value ofn=1). The data represent
means ± S. E. from 4 determinations.
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Figure 4.

Dependence of initial uptake rate of serotonin on
extravesicular Cl- concentration. Membrane vesicles were
preloaded with 20 mM MEStrris buffer, pH 6.5, containing 300
mM mannitol. Uptake of serotonin (final concentration, 20 nM)

was measured with a 15-s incubation in 20 mM MES/Tris
buffer, pH 6.5, containing 150 mM Na+ and

varying

concentrations of Cl- and gluconate. Osmolality of the uptake
buffer was maintained equal to that of the preloading buffer
(325 mosm). Final concentration of N a+ during uptake was 120
mM, and that of CI- ranged between 0 ana:120 mM. Inset: .Hill-

type plot (v versus v/[CI-]n with a value ofn:::::l). The data
represent means ± S. E. from 4 determinations.
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The influence of extravesicular Na+ and CI- on the kinetic
parameters (Kt and Vmax) of serotonin uptake was investigated next. To
evaluate the effects of Na+, initial uptake rates of serotonin were measured
at a fixed concentration of Cl- (120 m.M), but at two different concentrations
of Na+ (120 and 40 mM; Table I). To evaluate the effects of CI-, the uptake
rate measurements were made at a fixed concentration of Na+ (120 mM),
but at two different concentrations of Cl- (120 and 40 mM; Table I). The
serotonin concentration was varied between 20 and 200 nM. The results,
when plotted according to the method of Eadie-Hofstee (initial uptake
rate/serotonin concentration versus initial uptake rate), gave linear plots
(r2>0.98). This indicates that the uptake rate was a saturable function of the
serotonin concentration under all of the above described experimental
conditions. Table I summarizes the effects of Na+ and.Cl- on the Kt and
V max of the serotonin uptake process as assessed_ from these plots.
Extravesicular Na+ increased the Vmax and decreased the Kt. At 40 mM
Na+, the Vmax decreased to 77% of the Vmax at 120 mM Na+, and at the
same time the Kt increased about 104%.

Thus~

Na+ not only increases the

affinity of the transporter for serotonin but also enhances the translocation
rate of the transporter complex. Extravesicular Cl- also affected both kinetic
parameters of serotonin uptake. At 40 mM Cl-, the Vmax was decreased
and the Kt was increased compared to the corresponding values at 120 mM
Cl-. However, while the influence of Cl- on the Vmax was comparable to that
ofNa+, the influence ofCl- on the Kt was very small compared to the change
in the Kt caused by Na+.
2. Influence ofH+ on Serotonin Uptake Kinetics.

The effect of the H + concentration as well as the effect of a
transmembrane H+ gradient on the uptake process was investigated.
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Table 1.

Effects of Ions and Ion Gradients of Serotonin Uptake Kinetics.
To evaluate the effects of ions and ion gradients on the· kinetic
parameters. (Kt and Vmax) of serotonin uptake, initial uptake
rates of serotonin were measured at a fixed concentration of
'the ion, but at two different concentrations. or pH's. The
serotonin concentration was varied between 20 and 200 nM.
The results were plotted according to the method of EadieHofstee (initial . uptake rate/serotonin concentration, versus
initial uptake rate). The data represent means ±SE from 4
different determinations.

Effects of Ions and Ion Gradients on Serotonin Uptake
Vmax±·SE
pmol/mg protein/15 s

Kt±SE
nM

Ion

mM pHi

Plio·

Sodium
Naout
Naout

liD . 6.5
40 6.5·

6.5
6.5

13.74±0.32
10.57 ±0.27

6.5
6.5

6.5
6.5

13.74±0.32
10.11±0.56

56.8±2.6'
80.6±8.0

6.5
7.5
5.5
7.5

6.5
7.5
7.5
7.5

8.21±0.11
2.15±0.14
7.73 ±0.19
2.15±0.14-

47.2 ±1.4
15.1 ± 2.1
70.9±3.2
15.t ± 2.1

Chloride
Clout
Clout

12)

40

Proton
no gradient

gradient

56.8 ± 2.6
116.1 ±4.7

Potassium
Kin
Kin

0
50

6.5
6.5

6.5
6.5

8.21 ±0.11
51.80±0.78

47.2 ± 1.4
231.5 ± 9.3

Kin

0
50

7.5
7.5

7.5
7.5

2.15±0.14
... 40."31±3.40.

15.1 ± 2.1
.242.9 ± 31.2

0
50

5.5
5.5

7.5
7.5

7.73 ±-0.19
13.11±0.50

Kin
Kin
Kin

70.9± 3.2
119.7 ±8.0
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Figure 5 describes the time course of NaCl gradient-driven serotonin
uptake under three experimental conditions: (a) pHi= pH0 = 7.5; (b) pHi=
pH 0 = 6.5; and (c) pHi = 5.5, pH0 = 7 .5. In each case,

a. transient active

accumulation of serotonin inside the vesicles against a concentration
gradient was evident (the "overshoot"· phenomenon) in the presence of an
inwardly directed NaCl gradient. However, both the H+ concentration and a
H+ gradient greatly influenced this Na+-dependent serotonin transport. In
the absence of a H+ gradient (pHi= pH0 ), the initial.uptake rate of serotonin
was

2~3

times greater at pH 6.. 5 than at pH 7 .5. Similarly,_ the intravesicular

concentration of serotonin at the peak of.the overshoot was also 2-3 fold
higher at pH 6.5 _than at pH 7.5. However, there was no· change in the
eqUilibrium concentration of serotonin (3 h incubation), indicating that the
observed changes in the initial uptake rates were not due to pH-induced
alterations in the vesicle volume and/or integrity. When the N aCldependent serotonin uptake was measured at a constant extravesicular pH
of 7.5, the presence of an acidic pH inside the vesicles markedly stimulated
the uptake. Again, the stimulation was not the result of the changes in the
vesicle volume or integrity because the equilibrium value remained the
same in the presence- and in the absence of the H+.gradient.
Kinetic determinations, summanzed in Table I, revealed that the Kt
and Vmax of the uptake system were dramatically modified by the H +
concentration and· by the H + gradient. In the absence of a H + gradient, an
increased H+ concentration (pH 6.5 versus pH 7.5) increased the Vmax
approximately 4-fold but also decreased the affinity of the transporter for
serotonin approximately 3-fold. The presence of an outwardly directed H+
gradient had similar effects on the Kt and the Vmax, except that the change
in the affinity was even more dramatic. The affinity for serotonin was found
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Figure 5.

Influence of pH and pH gradienf :. on serotonin uptake.
Membrane vesicles were preloaded with 300 mM mannitol,
buffered with 25 mM MESfrris, pH 5.5 or 6.5, or 20 mM
HEPEStrris, pH 7.5. Uptake of20 nM serotonin was measured
in 150 mM NaCl, buffered with 20 mM HEPEStrris, pH 7.75 or
7 .5, or 25 mM MES/Tris, pH 6.5. In all cases, the final
concentration of NaCl during uptake was 120 mM.

~erotonin

uptake in the presence of an outwardly directed H+ gradient
was measured by diluting the membranes suspended in pH 5.5
buffer with the pH 7.75 uptake buffer. Due to carry-over of the
preloading buffer, the extravesicular pH during uptake was 7.5
in this experiment. The data represent means ± SE from 4
determinations.
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to be approximately 5-fold less in the presence than in the absence of the H+
gradient. It should be mentioned that since the kinetic parameters were _·
determined under nonsaturating concentrations of Na+ ([Na+] 0 =120 mM;
Kt(Na+) = 145 ± 15 ·mM), the reported Vmax represents only approximate
rather than absolute values.
3. Influence oflntravesicular K+ on Serotonin Uptake Kinetics.
In an earlier study on the serotonin transporter of the human
placental brush-border membrane; the observation was made that the
uptake system was stimulated by intravesictilar K+ (21). However, the
stimulation decreased at higher K+ concentrations, the maximal
stimulation occurring at 20-40 mM K+. Nelson

~nd

Rudnick (120) have

reported stimulation of the platelet serotonin transporter by intravesicular
K+ and that the stimula~ioh increased with increasing concentrations of K+
over the range of 0-100 mM. Similar results have recently been.obtained
with the serotonin transporter of the plasma membrane derived from brain
(65). One ill1portant difference between these two studies and ours is the

potassium

sa~t

employed to vary the concentrations of.K+. We had used

potassium sulfate whereas Nelson and Rudnick (120) and Reith et al. (65)
had used potassium phosphate. It appeared to us that the anions .sulfate
and phosphate might have contributed to the observed differences. Human
placental brus-h-border membrane· vesicles possess a sulfate transport
system which operates via sulfate/anion . exch~nge (121, _122). When the
placental brush-border membrane vesicle·s are preloaded with K2S04 and
then dilutE~d in a sulfate-free uptake medium to measure serotonin uptake
as was done in our .earlier study, it is likely that sulfate transport down its
concentration gradient produces an inside-alkaline pH gradient across the
membrane as a result of sulfate/hydroxyl exchange. Since we have shown

that the NaCl gradient-dependent serotonin uptake is affected by
transmembrane pH gradients, the sulfate salt of K+ may not be suitable to
study the effect of K + on the· uptake process. Therefore the influence of
intravesicular K+ on serotonin uptak.e in these vesicles was reinvestigated
using_. potassium phosphate. The results are shown in Figure 6. The_
experiments were carried out at two pH values, 6.5 and 7.5, but in the
absence of a transmembrane pH

gradient~

At both pH values,

intravesicular K+ stimulated the NaCl-dependent serotonin uptake. The
stimulation increased with increasing concentration of K+ over a
.concentration range 0-100 mM. ·In contrast to our earlier study in which the
stimulation was found to decrease at K+ concentrations higher than 30-40

mM ·when potassium sulfate was used, the results demonstrate that there
was no such decrease when potassium phosphate was

u~ed.

The data given

in Figure 6 were further analyzed to determine the K+ stoichiometry and
the Kt(K+). Hill-type plots (v versus v/[K+]n) using only the K+ dependent
uptake rates (i.e., .uptake rate in the presence of K+ minus uptake rate in
the absence of K+) were found to be linear at both pH values when n was
assigned a value of 1. This indicates a l K+: 1 serotonin stoichiometry
(Figure 6, inset). The apparent Kt(K+) was 5.6 ± 0.6 mM at pH 6.5 and 4.0 ±
0.2 mM at pH 7.5.

The effect of intravesicular K+ on the kinetic parameters of the NaCI
gradient-dependent serotonin uptake in these vesicles was studied next.
Since the uptake process is modulated by H+, the experiments with K+ were
done at two pH

values~

6.5 and 7 .5, but in the absence of a transmembrane

pH gradient. The results of these experiments are summarized in Table I.
At both pH values, intravesicular K+ dramatically increased the Vmax but
decreased the affinity of the transporter· for serotonin. At pH 6.5, the
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Figure 6.

Effect of intravesicular K+ on serotonin uptake. Membrane
vesicles were preloaded with either 20 mM MES/Tris buffer,
pH 6.5, or 20 mM HEPES/Tris buffer, pH 7.5, containing
varying concentrations of K+ and mannitol. Osmolality was
maintained at 325 mosm. The phosphate salt of K+ w~s used in
this experiment." Uptake of 20 nM serotonin was measured
with a 30-s incubation in 150 mM NaCl buffered with either 20
mM MEStrris buffer, pH 6.5, or 20 mM HEPEStrris buffer, pH

7.5. Inset: Hill-type plot (v versus v/[K+ ]n with a value of n=l).
The data represent means± S. E. from 4 .determinations.
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increase in the Vmax was 6-fold, and the decrease in the affinity was 5-fold.
At pH 7.5, the increase in the Vmax was almost 20-fold, and the decrease in
the affinity was 16-fold. The influence of internal K+ on the kinetic
parameters of the serotonin transporter when an outwardly directed H+
gradient was present across the membrane was also studied. These studies
showed that, even under these conditions, the effect of internal K+ was to
increase the V m~x and reduce the affinity of the transporter for serotonin
(Table I).

B. Interaction of Antidepressants with the Serotonin Transporter.
1. Effect ofTemperature on Paroxetine Binding.
[3H]Paroxetine binding to placental brush-border

~embranes

was

measured at 40 and 22oc, and Figure 7 describes the time course of binding_
at these two temperatures. Initial binding rates were considerably slower at
4°</than at 22°C, but the equilibriun:L values measured at 60 min were
almost identical at both temperatures. At 22°C,.binding was very rapid, and
the maximal binding occurred within 5 min. By contrast, at 4°C, binding
was slow but increased steadily with time, and the maximal binding was
observed only after 30 min. All subsequent binding experiments were
conducted at 22°C with an incubation time of 60 min.
2. Kinetics ofParoxetine binding.
Figure 8 describes the influence of increasing concentrations of
paroxetine on its binding to placental brush-border membranes. In this
experiment, the membranes were incubated with [3H]paroxetine over

a

C<?ncentration range of 0.0125-1.125 nM, ·and specific paroxetine binding
waa determined. Scatchard analysis of the experimental data gave a value
of 3.91 ± 0.12 pmol/mg protein for maximal binding capacity (Bmax) and a
value. of 72.0 ± 0.4 pM for the dissociation constant (Kci). Figure 8, inset,
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Figure 7.

Time course of paroxetfne binding. Binding of 3 nM [3H]paroxetine to placental brush-border membranes was
measured either at 40 or at 22oc. The composition of the
binding buffer was 50 mM Tris.HCl (pH 7.4), 120 mM NaCl,
and 5 mM KCI. The data represent means + SE from 4
different determinations.
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Figure 8.

Kinetics of paroxetine binding. Binding of [3H]-paroxetine to
placental

brush-~order

membranes was determined at 22°C

over a concentration range of 0.0125-1.125 nM. Data are given
as a Scatchard plot or as a non-linear plot (inset). The data
represent means± S. E. from 18 determinations ..
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describes the same experimental data in the form of a binding isotherm
(log[free · paroxetine] versus paroxetine binding). The Bmax (3.89 ± 0.09
pmol/mg of protein) and

K<i (70.2 ± 0.6 pM) values calculated from

this plot

matched very closely the respective values determined by Scatchard
analysis ..
3. Dose-Dependent Inhibition ofParoxetine Binding by Serotonin

Uptake Inhibitors.
The inhibition of [3H]paroxetine binding by s·erotonin uptake
inhibitors was evaluated by measuring the binding of 3. nM paroxetine to
the placental brush-border· membranes in the presence of increasing
concentrations of

th~

inhibitors (range, 3.16 nM - 3.16 mM; Figure 9).

Imipramine, desipramine and serotonin inhibited paroxetine binding, anQ.
the order of. potency ·Was imipramine>desipramine> serotonin. The
approximate concentrations causing 50% inhibition of the binding {ICso) for
these inhibitors were 190 nM, 2.13 JlM and 77.6 JlM, respectively. The
inhibition constants (Ki) were calculated using the formula

where [L] is the concentration of the ligand, and Kd is the dissociation
constant for the binding of the ligand to the membranes (123). The·value for
Kd used in these calculations was 0.0'72· nM. The Ki values calculated for

imipramine, desipramine and serotonin .were 4.4 nM, 48.7 ·nM and 1.77
J!M, respectively. 5-Hydroxytryptophan, which is not a substrate for the
serotonin transporter, did not inhibit paroxetine binding even at a
concentration of 1 mM. Similarly, reserpine, an inhibitor of serotonin
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Figure 9.

Effects of serotonin uptake inhibitors on paroxetine binding.
. Binding of 3 nM [3H]-paroxetine to placental brush-border
membranes was determined at 22°C in the absence and
presence of varying concentrations of .serotonin uptake
inhibitors: imipramine ( 0), desipramine (o ), serotonin ( 1), 5hydroxytryptophan ( t

).

Inhibition by ketanserin and reserpine

was -similar to that shown for

5~hydroxytryptophan.

In the

absence of inhibitors, specific paroxetine binding was 2. 73 ±
.0.08 pmol/mg membrane protein (100%). The data represent
means ± S. E. from 4 determinations .. When not shown, the
error bars are within the symbols.
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uptake in storage granules, and ketanserin, a serotoriin receptor (5HT2type) antagonist, also failed. to inhibit paroxetine binding.

4. Effects ofImipramine and Serotonin on the Kinetics ofParoxetine

Binding.
Imipramine is a potent inhibitor of the plasma membrane serotonin
transporter. The antidepressant drug binds to the transporter with high
affinity. Because imipramine and paroxetine inhibit serotonin transport in
human placental brush-border membrane vesicles (21, 25), the effects of
·imipramine and serotonin on the binding characteristics of

pa~oxetine

were investigated. These experiments were done in the presence of 120 mM
NaCl but in the absence of a transmembrane NaCl gradient ([NaClJi

=

[NaC1] 0 ). The K<i and Bmax were determined for paroxetine binding in the
presence and absence of serotonin (5 J.l.M) or imipramine (10 nM). The
results presented in Figure 10 show that both serotonin and imipramine
inhibited_paroxetine binding primarily by reducing the- affinity of the
transporter for paroxetine (K<i values: control, 72 ± 0.4 pM; serotonin, 355 +
20 pM; imipramine, 323 + 10 pM). The Bmax remained unchanged (4.25 +
0.18 pmol/mg of protein). It thus appears that both imipramine and
serotonin inhibit paroxetine binding in a purely competitive manner.

· 5.lon Requirements for Paroxetine Binding.
The serotonin transporter of the human placental brush-border
membrane shows a marked dependence on of both Na+ and Cl-

(21)~

Kinetic

analyses revealed that while Na+ increases the affinity of the transporter for
serotonin and also enhances the translocation process, Cl- affects only the
translocation step, with little or no effect on the affinity (25). Therefore it
was of interest to see whether the binding of paroxetine to the transporter
was dependent on Na+ and/or Cl-. Table II describes the influence of Na+.

00

61

Figure 10.

Effects of imipramine and serotonin on kinetics of paroxetine
binding. Binding of [3H]-paroxetine to placental brush-border
membranes was determined at varying concentrations of
paroxetine (range, 0.0125-1.125 nM) in the absence and
presence of 10 nM imipramine or 5 J!M serotonin. Data are
presented as Scatchard plots. The data represent means± S. E.
from 4 determinations. When not shown, SE was within the
symbol.
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Table II.

Ion requirements for paroxetine binding. Placental brushborder membranes were suspended in 20 mM HEPES/Tris
buffer,~ pH

7 .4, containing 250" mM mannitol. Binding of [3H]-

paroxetine (0.2 nM) to membranes was measured in 20 mM
HEPES/Tris buffer, pH 7.4, containing 125 mM of one of the
following salts: KCl, K gluconate, NaCl or Na gluconate. Final
concentrations of the salts during binding was 112.5 m.M. The
amount of mem}?rane protein in each assay was 100 Jlg, and
the binding was performed at 22°C for 60 min. Values are
means + SE of 2 experiments (n=8 determinations) and
represent imipramine-sensitive, specific paroxetine binding.

Ion Requirements for Paroxetine Binding
Salt

K gluconate
KCI
Na gluconate
NaCl

Paroxetine Binding
pmo1Jmg of protein
-fold
0.13±0.01
0.18± 0.01
1.53±0.17
1.82± 0.26

1~0

1.4
11.6
13.8

and· Cl- on the binding of 0.2 nM paroxetine. There was a significant
amount of specific paroxetine binding in the absence of both Na+ and Cl-.
The presence of Cl- increased the binding to a small extent (0.13 versus 0.18
pmo1/:r:ng of protein). On the contrary, the presence of Na+ .stimulated the
·,

specific paroxetine binding >10-fold .. The paroxetine binding values
measured in the presence of sodium gluconate and N aCl were not
statistically different. These data show that the binding of paroxetine to the
transporter is a Na+-dependent process and that Cl- has little or no
influence on the process.
6. Influence o(Na+ on Paroxetine Binding.

Specific paroxetine binding was measured in the presence of an
increasing concentration of Na+·(0-120 mM), the concentration of Cl- being
kept constant at 120 mM. Three different concentrations of paroxetine (0.1,
0.2 and. 3 nM) . were used
in these experiments. The presence of Na+
.. : ,:. "'*
~

stimulated binding at all three concentrations of paroxetine (Figure 11).
The stimulation increased hyperbolically ·with increasing concentration of
N a+ and maximal stimulation at each concentration of paroxetine occurred
at -30-40 mM Na+.
The effect of Na+ on the Bmax and Kd of paroxetine binding was also
investigated. This was done. by studying the influence of increasing
concentrations of paroxetine on its binding at two different concentrations
of Na+, 2.5 and 120 m.M. The results are given in Figure 12. The effect of
Na+ was primarily on

the~- The~

was 72.0 ± 0.4 pM at 120 mM Na+, but

increased almost 10-fold to 651 ± 120 pM at 2.5 mM Na+. The Bmax remained
unchanged at both concentrations. The conclusion from these data is that
the presence of Na+ markedly increases. the affinity of the serotoni~
transporter for paroxetine.
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Figure 11.

Dependence of paroxetine binding on Na+. co;,_'c~ntration.
Binding

of-[3HJ.:parox~tine

at concentrations

or:o.1 nM, ·o.2 nM

and 3 nM to placental ·'brll.sh-border membranes was
determined at 22°C over a :Na+ coricentr~tion ...
range ·of
0-120...
.
;"-

'

'

'

.

.

'

m.M. The concentration of CI- was kept constant at 120 mM.
The data represent means ± S. E. from 4 determinations. When
not shown, SE was within the symbol.
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Figure 12.

Effect of Na+ concentration on paroxetine binding. Binding of
[3H]-paroxetine to placental brush-border membranes was
determined at varying concentrations of paroxetine (range,
0.0125-1.125 n.l.\4). Concentrations of Na+ in the binding assay

mixture was either 120 mM or -2.5 mM. ])ata are presented as
Scatchard plots. The data represent means

+- S.

E. from 4

determinations. When not shown, SE was within the sym.bol.
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To determine ·more accurately
the :influence
ofNa~
on the affinity
of
. ..
..
.
. .
.
the transporter for paroxetine, we. calculated the association· const~t (Ka) .
~

'

.

~

·.

'

'

at seven different concentrations of Na+. The -value for Ka increased·
hyperbolically with increa~ing concentration of N a+ (Figure 13), suggesting
that binding of

paroxetin~'

:to

t~e

.transporter- requires one N a+. Linear

regression analysis (KaiNa+ concentration~\ versu~ Ka) ~f t~~~-e data revealed
.

.

,::·

that the maximal·value for Ka was 12.1 ± 2.5
~

X

10l2 .M;-.1 , and: the Kd for Na+
~.

was 10.0 ± 3.5 mM.
7. Effects ofTyrosyl Group-Specific Reagents on Paroxetine Binding.
Ganapathy "~t al., (22) have recently shown that the placental serotonin
transporter is inactivated by treatment of the ·placental brush-border
membrane ve.sicles with tyrosyl group-specific· reagents. There is also
evidence· which strongly suggests that the inactivation ~~s due to th~
chemical modification of a tyrosyl residue(s) at or near the Na+-binding site
of-the transporter. Because paroxetine binding is also Na+-dependent, the
effects of tyrosyl group-specific reagents on the binding were also
investigated. The following fou:r reagents were -used: NBD-Cl, pnitrobenzenesulfonyl fluoride, tetranitromethane and N-acetylimidazole.
All four reagents are known to react with tyrosyl groups, even though NBD,..
Cl shows ·additional reactivity toward thiol and amino groups and
tetranitromethane toward thiol groups. Inhibition of the Na+-dependent
paroxetine binding by all four reagents .can be taken as strong evidence for .
the participation of tyrosyl groups

~n

the binding process. Specific

paroxetine binding ·was measured in the presence and absence of 120 mM
Na+ in control membranes and in membranes that were treated With each
of these reagents. The data given in Table III show that the treatment of the
membranes with these reagents significantly reduced the Na+-dependent
I
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·Figure 13. . Effect ofNa+ concentra~ion on .the

~ssociation

constant .(Ka) for

paroxetine binding. Bi~ding of [3H]~p.aroxetin~ to ·placental .
brush-border membranes was determined at varjring ·
concentrations of paroxetine (range,
.p~esence

0.05-1~125 nM)

in the

of different concentrations of Na+. For each Na+

concentration, the. value for Ka was determined using
Scatchard analysis. The data represent· means·± S. E. from 4
r

determinations.
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paroxetine binding.

~e

order of potency was tetranitromethane > NBD-Cl >

p-nitrobenzenesulfonyl fluoride > N-acetylimidazole.-- The nonspecific ·
(imipramine-insensitive) binding was, however, not affected by treatment
with these reagents. These res1.1Its suggest that tyrosyl. groups may be.
involved in

.~he

binding and that chemical ·modification of these essential

tyrosyl groups results in the inhibition of the Na+-dependent paroxetine·
binding.
By using· uptake· of -serotonin in .placental-brush-border membrane
vesicles as a criterion for the activity of the serotonin transport,. we· have ·
shown that the transporter can be protected from the N-acetylim.idazoleinduced inhibition by N a+ (22). These results strongly suggested that the
reactive tyrosyl groups are located at or near the Na+-binding site of the
transporter. Similar experiments were done in the present study, but we
used paroxetine binding as a criterion for- the activity of. the serotonin.
transporter. When the membranes were treated with 10 mM Nacetylimidazole in the presence of 250 mM K+, the Na+-dependent
paroxetine binding was inhibited by 42% (control, 2.31 ± 0.10 pmol/mg of
protein; treated 1.35. + 0.11 pmol/mg of protein). This inhibition was
significantly

reduc~d

when treatment with N-acetylimidazole was done in

the presence of 250 mM Na+ (inhibition, 20%; p=O.OOB). These data show ·
that .Na+ protects the serotonin transporter from N-acetylimidazole-induced
inhibition whether we use serotonin

~ptake

or paroxetine binding ·as a

measure of the transporter activity. They also strongly indicate that the
. same Na+-binding site is involved in promoting serotonin uptake as well as
paroxetine binding and that this binding site contains the critical tyrosyl
residues.
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Table III.

Effects of tyrosyl group-specific reagents on paroxetine
binding. Placental brush-border membranes were treated with
NBD-Cl, tetranitromethane, p-nitrobenzene-sulfonyl. fluoride
or N-acetylimidazole as described in· MATERIALS and
METHODS. Control membranes were treated .similarly but in
the absence of the group-specific reagents. After treatment,
membranes were washed to remove the· unreacted reagent,
and specific paroxetine binding

i~

these membranes was

determined in the presence and ·absence of 120
concentration of [3H]-paroxetine was

m.M.~a+.The

a·nM. Values

± SE of 2 experiments (n=4 determinations).

are means

Effects of Tyrosyl Group~Specific Reagents
on Paroxetine Binding
Paroxetine Binding
pnrroV~gprotein

Total

%

Na+
dependent

3.18±0.05
2.08±0.02
1.54±0.04
2.10±0.03

100

2.56±0.05

100

65

1.46±0~01

48

0.92±0.04

57
36

66

1.48±0~03

58

2.20±0.03

69

1.46 ± 0.01

57

Reagent
Control
NBD-Cl (100 J.1M)
Tetranitromethane (20 J.l.M)
p- Nitrobenzenesulfonyl
fluoride (1 m.M)
N -acetylinrridazole (10 mM)

%

~

8. Inhibition ofSerotonin Uptake by Paroxetine.
The e~periments described thus far were de~igned to study the
interaction of paroxetine with the placental serotonin transporter by
measuring the binding of radiolabeled paroxetine to the placental brush-

borde~ membranes. _To gain furt~er i~s~~~t into this interaction, we ha~e
used another approach in which the effect of unlabeled paroxetine on the
transport of radiolabeled serotonin into the vesicles was determined.
.

Serotonin transport

in.bru~~-border

.

membrane vesicles

~as

measured in

the presence of an inwardly directed NaCl gradient ·at two different pH
values, 6.5- and 7.5. We have shown: previo~sly. that .pH has a marked
influence on the affinity of the

transpo:rt~r

for serotonin [apparent

dissociation constant (Kt) at pH 6.5 = 42 ± 3 nM; Kt at pH 7.5 = 15 ± 2 nM] (25).
At both pH values, paroxetine was found to- be a potent inhibitor of serotonin
uptake (Figure 14). Under the uptake conditions employed (serotonin
concentration, 25 · nM; 15-s incubation), the ICso values at pH 6.5 and 7.5
were -65 and 95 nM, respectively. The. apparent Ki values calculated at
these pH values using the respective Kt values were 41 nM at pH 6.5 and 36
nM at pH 7 .5. In these experiments, paroxetine as well .as radiolabeled

serotonin- were added to the vesicles at the same time to initiate the uptake.
Preincubation of the vesicles with paroxetine before the initiation of
serotonin uptake was avoided because Na+ is needed for paroxetine binding,
and preincubation of the vesicles with paroxetine and Na+ would drastically
reduce the subsequently measured serotonin uptake due to the absence of a
N a+ gradient.
9. Effect ofParoxetine on the Kinetics ofSerotonin Uptake.
-The kinetic effects of paroxetine on serotonin uptake were evaluated
at pH 6.5. Initial rates of serotonin uptake (15-s incubation) were
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Figure 14.

Effect of paroxetine on serotonin uptake. Uptake of 25 DM ·
serotonin in placental brush-border membrane-

ve~icles

was _

determined at pH 6.5 or pH 7.5 in the presence of an inw~rdly
directed NaCl gradient ([NaC1] 0 = 120 ,mM;.·[NaCl]i =-·0). Th~
concentration of paroxetine was varied over the range of 1 :riM.;. 10J..LM. Incubation time -for uptake measurement was 15-s.
Serotonin uptake in the absence of paroxetine was 3.27 _± 0.04
pmol/mg protein/15-s at pH 6.5 (100%) and 1.12± 0.02 :pmol/mg .
protein/15~s

at pH 7.5 (100%).

100

•

pH6.5

o .PH7.5
75

00·

-9

-8

-7

log paroxetine concentration (M)

4

79

Figure 15.

Effect of paroxetine on kinetics of serotonin

uptake~

Initial

rates of serotonin uptake were . determined at pH 6.5 in the
presence of an inwardly directed NaCl gradient. The
concentration of serotonin was· varied over a range of 0.02-Q.20
·J.LM. The incubation time for uptake measurement was 15-s.
The concentration of paroxetine when present, was 60 nM. The
results are given as Eadie-Hofstee plots. v, initial ·rate of
. serotonin uptake in pinol/mg of protein/15-s; s, serotonin
concentration (in J!M). The data re:present means ± S. E. from 3
determinations.
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determine~

in the presence of a NaCl gradient over a serotonin

concentration range of 20-2QO nM in the presence and absence of 60 nM
paroxetine. The results are given in Figure 15 as an Eadie~Hofstee plot. The
apparent Kt for serotonin was increased twofold (37.8 ± 2.2 versus 74.6 ± 7~5
nM)

ill

the presence of paroxetine, whereas the maximal velocity (Vmaxl

was not altered (8.7 ± 0.5 pmol/mg of protein/15-s). Therefore, the inhibition
of serotonin uptake by paroxetine· in human placental brush-border
membrane vesicles is competitive in nature.

10. Concentration-Dependent Inhibition of[3H]Paroxetine Binding by

Fluoxetine.
We used two approaches to investigate the interaction of fluoxetine
with the human placental ·serotonin transporter. In the first approach, the
influence of fluoxetine on the binding of paroxetine to the·placental brushborder membrane vesicles was investigated. The inhibition of
· [3H]paroxetine binding by fluoxetine _was measured at three different
concentrations of paroxetine (0.25, 1 and 3 nM) in the presence of
increasing concentrations of fluoxetine over a range of 10-9-10-5. (Figure 16).
The ICso values calculated for fluoxetine at the above-mentioned three
concentrations of paroxetine were 13, 42 and 145 nM respectively. The Ki
values thus determined· were similar at all three concentrations of
paroxetine (2.9, 2.8 and 3.4 nM, respectively, with a mean value of 3 nM).
11. Effects of Fluoxetine on the Kinetics of Paroxetine Binding.
The binding parameters

(~

and Bmaxl for paroxetine binding to the

placental membrane vesicles were determined in the presence and absence
of fluoxetine. In these experiments, specific binding of [3H]paroxetine to the
membrane vesicles was determined over a concentration range of 0.0125 to
1.125 nM. The concentration of fluoxetine when present was 10 nM. Figure
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Figure 16.

Concentration-dependent inhibition of [3H]paroxetine binding
by

fluoxetine. Binding of 3 nM, 1 nM .and 0.25 nM

[3H]paroxetine to placental brush-border membrane vesicles
··was determined at 22°C in the absence and presence of various ·
concentrations of fluoxetine. In the absence of fluoxetine, the
specific paroxetine binding was 4.17 ±0.34, 4.48 ± 0.07 and 1.78 ±
0.03 .Pm.ollmg of membrane ,protein at 3 nM, 1 nM and 0.25 nM
paroxetine respectively. These

·~alues ~ere tak·en ·as 100%. for

respective concentrations of paroxetine. The values are means
± SE (n=4; two membrane preparations). When not shown, the

standard error is within the symbols.
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. Figure 17.

Effect of fluoxetine on the kinetics of paroxetine binding.
Binding of [3H]paroxetine to placental brush-border membrane
vesicles was determined at various concentrations of
paroxetine (range, 0.0125-1.125 nM) in the absence and
·,

presence of 10 nM fluoxetine. The data, given as a Scatchard
plot, represent means ± SE. When not shown, ·the. standard
error is within the symbol. Inset: binding isotherm of the same
data~

The data represent means ± s~ E. from 18 determinations

for control and from 4 determinations for fluoxetine.
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17, inset des.cribes
the binding isotherms for paroxetine in the absence and
>
presence of fluoxetine. When these data were subjected to Scatchard ·
analysis (Figure 17), linear plots were obtained indicating the presence of a
single class of binding sites. The primary influence of

fl~oxetine

on the.

·,

binding of paroxetine was to reduce the affinity of the transporter· for
paroxetine. The K<i value calculated in the absence offluoxetine was 72 ± 0.4
pM which increased 6-fold to 461 ± 32 pM in the presence of 10 nM
fluoxetine. The maximal binding capacity, Bmax, ·remained unchanged (3.9
+ 0.1 and 4.3 + 0.2 pmol/mg of protein in the absence and presence of

fluoxetine respectively).

12. Dissociation ofBound [8H]P0roxetine by Fluoxi!tine.
we further analyzed the interaction of the placental serotoni}\
transporter with fltioxetine by investigating the ability of fluoxetine to
dissociate paroxetine which

wa~

already bound to the transporter. The

binding of [3H]paroxetine to placent~l brush-border membrane vesicles we1s
.

"

. .,

-

.

very rapid with. maximal binding oc~urring within . 5·.·min at room
temperature. ·Figure 18 ·shows the time-dependent [3H]paroxetine binding
and also the rapid dissociation of [3H]paroxetine upon addition of 10 J!M
fluoxetine at equilibrium (15 min). The dissociation rate constant, k_l, of
[3H]paroxetine binding was calculated from the equation ln(Bt/B 0 ) = -k_1·t
where Bt is the specific binding of [3H]paroxetine at time t and B0 is the
specific binding of [3H]paroxetine at time zero (124). A plot of ln(BtiB 0 )
versus tin the presence of fluoxetine was linear (Figure 18, inset; r=-0.996)
with a slope of 0.021 ± 0.001 (k-1).
We also determined the association rate constant, k+ 1, of
[3H]paroxetine binding from the time dependent binding of [3H]paroxetine
to the placental brush-border membrane vesicles (Figure 19). k+l was
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Figure 18.

Equilibrium dissociation of paroxetine by fluoxetine. Binding of
3 nM [3H]paroxetine to placental brush-border membrane

vesicles was initiated in the absen·ce of fluoxetine and allowed
to go to equilibrium. At 15 min, a stock solution of fluoxetine
was added to the incubati9n mixture to a final concentration of
10 J..1M (arrow). Aliquots were removed from the mixture at
indicated time intervals to determine the amount of
[3H]paroxetine still bound to the membranes. Values are
means ±:SE (n=4, two membrane preparations). When not
shown, the standard error is within the symbol. The
dissociation rate constant (k_l) was calculated from the slope of
the plot, In Btf.B0 versus time (inset).
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Figure ·19.

Association kinetics for the binding of paroxetine. Binding of 3
nM [3H]paroxe.tine to placental brush-border membrane
vesicles was determined. (A) Time course of, paroxetine
binding. Values are means ±. SE (n=3, two membrane
.

'

preparations). Inset, a plot of ln(BJB 0 - Bt) versus time from the
same data.·
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calculated from the equation ln(B0 /B 0 -Bt)

=([L]k+l-:+ k_l)t where Bois the

_specific binding of [3H]paroxetine at equilibrium (15 min), Bt is the specific
binding of [3H]paroxetine at time t, and [L] is the concentration of
[3H]paroxetine (124). -The concentration of [3H]paroxetine used in these
· experiments was 3 nM. The. plot of ln(Bof8 0 - Bt) versus t was linear (Figure
19inset; r=0.999) with a slope of 1.t6 ± 0.02. This slope was .equal to -[L]k+l +
k..1. By substitutfngthe values for [L] (3 nM) and k_l (0.021), the value. for k+l

was calculated- to ·be 0.38. From these values of association and dissociation
rate constants, the

Kci for [3H]paroxetine binding was calculated using the

equation Kd = k_l/k+l· The value for

Kci was 55 pM which was very close to

the K<i value calculated by Scatchard analy~is.
13. Concentration-Dependent Inhibition of Serotonin Uptake by

Fluoxetine.
The second approach we used to investigate the interaction of
fluoxetin~

with the human placental serotonin transporter was to ·evaluate

the influence of this ligand on. serotonin uptake in placental brush-border
membrane vesicles. The uptake of serotonin, in these vesicles is driven by an
inwardly directed NaCl gradient {21, 22). In addition, this 'NaCl·gradient- ·
dependent uptake is influenced markedly by pH (23). The presence of an
inside-acidic· pH, with or without a transmembrane pH gradient, greatly
stimulates the NaCl-dependent serotonin. uptake. We therefore investigated'
the ·effects of increasing concentrations of fluoxetine over· a range from
to

IQ-5

IQ-9

M on the initial rates of serotonin uptake in the presence of a NaCl

gradient ([NaC1] 0 = 120 mM; [NaCl]i = 0) at two pH values, 6.5 and 7.5. At
both pH values, fluoxetine was found to be a potent inhibitor of serotonin
uptake (Figure 20). Under the conditions employed (serotonin
concentration, .25 nM; 15-incubation) the ICso values· at pH 7.5 and pH 6.5

92

Figure 20.

Concentration-dependent inhibition of [3H]serotonin uptake by
fluoxetine. Uptake of 25 nM [3H]serotonin into placental .brushborder membrane vesicles was determined with a · 15-s
incubation in the presence of an inwardly directed NaCl
.gradient and at two different pH values, 6.5 and 7.5 . The
. concentration of fluoxetine varied between 10-9 and 10-5 M. In
the absence of fluoxetine, serotonin uptake was 3.24 ± 0.03
pmol/mg protein/15-s at pH 6.5 and 1.74 + 0.16 pmol/mg
protein/15;;.s at pH 7 .5. These values were taken as 100% at
their respective pH. Values are means + SE (n=4, two
· membrane preparations). When not shown, the standard error
is within the symbol.
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were 174 nM and 132 nM, respectively. The Ki values calculated using the
Ktvalues for serotonin uptake (15 nM at pH 7.5 and 38 nM at pH 6.5) and
the concentration of serotonin employed in the uptake measurements (25
nM) were 66. and 80 nM at pH 7.5 and 6.5 respectively). .

14. Effects of Fluoxetine on the Kinetic Parameters of Serotonin
Uptake.
The initial rates of serotonin uptake (15-s incubation) were measured
at pH 6.5 in the presence of a N aCl gradient over a serotonin concentration
range of 20-200 nM in the presence and absence of 100 nM fluoxetine.
Eadie-Hofstee analysis of the data gave linear plots (r2>0.98) indicating the
presence of a single, saturable transport system (Figure 21). The effect of
fluoxetine on the serotonin transporter was to decrease the affinity of .the
transporter for serotonin because the apparent dissociation constant (Kt,
the concentration of substrate at which the uptake rate is

~qual

to one-half ·

of the maximal velocity) was 38 ± .. :2 ,nM in._th~- abs~nce of fluoxetine. T.he
value increased to 87 ± 6 nM in the presence of fluoxetine. The maximal
velocity, V max·, however, remained unchanged (8. 7 ±._ 0.2 and 8.6 ±. 0.3
pmol/ing of protein/15-s in :the absence and · presence of fl uoxetine
respectively.

95

Figure 21.

Effect of fluoxetine on the kinetics of serotonin uptake. Uptake
of [3H]serotonin into placental

brush~border.

membrane

vesicles was determined. with a 15 s incubation at pH 6.5 in the
presence of an in'Yardly directed N aCl gradient. The
concentration of .serotonin was varied between 20 and 200 nM.
The results are given as Eadie-Hofstee plots. Values are means
±SE (n=6, three membrane preparations). v, initial uptake rate
of serotonin in pmol/mg protein/15-s;
concentration in J.LM.
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C. Effecis of Sulfhydryl Group-Specific Reagents on Serotonin Transpo~

1. Serotonin .Transport in Placental Brush-Bor.der Me.mbrane ·
Vesicles Treated with NEM.
Figure 22 describes· the time course of serotonin uptake in control and
.

~

.

NEM treated membrane vesicles. The uptake of _serotonin was markedly
reduced in vesicles treated with 1 mM NEM as compared to control vesicles.
Serotonin 'uptake represen~ed 43% of control uptake at 15-s (7.37 ± 0~8,2
versus 17.06 ± 2.29) and reached a maximum of64% at 10 min (22.71 ± 1.74versus 35.24 ± 0.54 pmol/mg of protein). The uptake values measured at 120
min incubation (equili.brium) were also significantly different in control
versus treated vesicles (p<O.OOl).
2. Dose-Dependent Inhibition ofSerotonin Uptake anft. Paroxetine

Binding ~NEM, PAO and p-CMBS.
In these· experiments, the concentration of NEM, PAO ·or p-CMBS
was increased and the effect on serotonin uptake was. evaluated (Figure 23). .
Preincubation with NEM, PAO and p-CMBS caused a dose- dependent
inhibition of serotonin transport with an ICso of -350 JlM, 100 JlM and 60
.JlM, respectively. Under identical experimental conditions, a concentration
of 5 mM NEM was required to inhibit approximately 50% of the paroxetine
binding. However, paroxetine binding was inhibited 50% by-200 JlMp-CMBS
or PAO.
3. Effect ofNEM on Serotonin Uptake Kinetics.
The kinetics of the serotonin transporter were investigated in control
and NEM-treated membrane vesicles to determine the mechanism for the
inhibition of serotonin uptake by NEM. A stock solution of NEM was
prepared in ethanol and diluted to the final concentration in treatment
buffer. An equal amount of ethanol was added to the treatment buffer inthe

98

Figure 22.

Effect of NEM on serotonin transport. Placental brush-border
membrane vesicles were treated in the presence or absence of 1
mM NEM for 15 min at room temperature in 20 mM
HEPEStrris buffer, pH 7.5, containing 75 mM K gluconate and
150 mM mannitol. After treatment the vesicles were eluted
through a .Sephadex G-50 column equilibrated with the
treatment buffer. The turbid fraction was adjusted to 2.5 mg
protein/mi. The uptake of radiolabeled serotonin (final
concentration, ·5() nM) was measured in the presence of an
inward-directed NaCI gradient ([NaCl]o=120 mM; [NaCl]i = 0).
The results are given as the mean ± SE (n=4; two membrane
preparations).
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Figure 23.

Dose-dependent inhibition of serotonin

~11,ptake

by NEM, PA.O

and p-CMBS. For NEM, the membrane vesicles were treated
with varying concentrations of the reagent {0~5 nlM) for 15 min
at room temperature in. 20 mM HEPES/Tris buffer, pH 7.5,
containing 75 mM K-gluconate and 150 mM mannitol. For
PAO, the membrane vesicles were treated ·with varying
concentrations of the reagent (0-250 J!M) for 30 min· at 37°C in
20 mM HEPES/Tris buffer, pH 7.5, containing 75 mM Kgluconate and 150 mM mannitol. For p-CMBS, the membrane
vesicles were tre.ated with varying. concentrations ·of the
reagent (0-200 J.LM) for 15 min at room temperature in 20 mM
HEPEStrris buffer, pH 7.5, containing 75 mM K"'!gluconate and
150 mM mannitol. N~M and PAO were added to the
membrane suspension as a stock solution made in ethanol. In
control experiments an equal volume of ethanol was added.
The uptake of radiolabeled serotonin (final concentration, 50
nM) was measured in the presence of an inwardly directed
NaCl gradient ([NaC1] 0 = 120 mM; [NaCl]i = 0). Serotonin
uptake in-control membrane vesicles which were treated in the
absence of the reagents was 16.17 ± 0.30 pmol/mg of protein/15-s
and this value was taken as 100%. The results are given as the
mean ± SE (n=4; two membrane preparations).
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absence of NEM for use with control membranes. In these experiments the
vesicles were preincubated with or without 0.5 mM NEM-:· After removal of
the unreacted -reagent by Sephadex G-50 columns, the initial uptake rates
(15-s) of serotonin transport were measured in these vesicles. The
concentration of serotonin was varied between 0.04 to 0·.6 J,.LM. The results in,
Figure 24 show a decrease in the Vmax from 59.8 ± 1.8 to 37.56 ± 2.12
pmol/mg of protein/15-s. The Kt yalues remained

vi~ually

the same, 240 ±

12 nM for NEM treated vesicles ·ver.sus 286 ,+ 26 nM for control .. The
involvement of a only a single uptake system was indicated by linear plots
l

.

.

(r2>0.962) for uptake in both NEM treated and control vesicles.
4. Reversal ofPAO andp-CMBS Inhibition by DTl.'.
NEM, p-CMBS and PAO cause covalent modification of.thiol groups
. in proteins. However, withp-CMBS and PAO the modification can be can be
reversed with reducing agents such as dithiothreitol (118, 125). This
reversal -should restore the transporter function intact. Figure 25 shows the
results of incubation of the vesicles with 20 mM DTT after treatment with
PAO or p-CMBS. Serotonin uptake was

inhi~ited

-83% by treatment with

200 J.!M PAO. In vesicles treated with p-CMBS, uptake was inhibited -93%.
DTT caused no effect on serotonin uptake in untreated vesicles. However,
when vesicl~s treated with PAO were incubated with 20 mM DTT, PAO
inhibition of serotonin uptake was significantly reduced {p<0.02) whereas
inhibition by p-CMBS was completely reversed. Paroxetine binding was
inhibited -70% by PAO and only slightly by p-CMBS (-10%). Incubation with
DTT caused a significant increase in paroxetine binding in PAO treated
vesicles {p<0.001) and had no effect on paroxetine binding in vesicles treated
withp-CMBS (Figure 26).
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Figure 24.

Effect of NEM on serotonin uptake kinetics. Membrane
vesicles were treated in the presence or absence of 0.5 mM
NEM for 15 min at -room· temperature in 20 mM HEPEStrris
buffer, pH 7.5, containing 75 mM

K~glucona.te

and 150 _m.M

'mannitol. After treatment, the unreacted NEM was removed
from the vesicle suspension by elution through a Sephadex G50 column equilibrated with the treatment buffer. The The
concentration -of serotonin varied between 20 and 200 nM ..
Serotonin uptake was measured in the presence of an
inwardly-directed NaCl gradient ([NaCl] 0 =120 mM; [NaCl]i =
0). The results are given as Eadie-Hofstee plots. The data
represent means ±SE (n=4, two membrane preparations). v,
initial uptake rate of serotonin in pmol/mg protein/15-s; s,
serotonin

conc~ntration·
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Figure 25.

Reversibility of PAO and- p-CMBS inhibition of serotonin
transport by DTT. Membrane vesicles ·were treated without or
with 200 J.1M PAO for 30 min at 37oc or with 125 J.1M p-CMBS for
15 min at room temperature in the treatment buffer. After
treatment, the unreacted. reagents were removed by passing
the vesicle suspension through a Sephadex G-50 column. The
turbid fraction was then treated with 20 mM DTT for 15 min at
room temperature after which the vesicles were.again.passed
through the Sephadex G-50 column. The protein in the turbid
fraction was adjusted to 2 mg/ml. The uptake of radiolabeled
serotonin (final concentration, 50 nM) was measured in the
presence of an inward-directed NaCl gradient ([NaCl]o=120

mM; [NaCl]i = 0). The average serotonin uptake in unreacted
vesicles was 4.39 ± 0. 71 pmo1/mg protein/30-s, and was taken
as 100%. *, p<0.02; **, p<O.Ol. The results are given as the
mean± SE (n=4; two membrane preparations).
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Figure 26.

Reversibility of PAO and· p-CMBS inhibition of paroxetine
binding by DTT. Membrane ·vesicles were treated without or
with 200 JlM P AO for 30 min at 37°C or with 125 JlM p-CMBS for
15 min at room temperature in the .treatment buffer. After
treatment, the unreacted reagents were removed by· passing
the vesicle suspension through a Sephadex G-50 column. The
turbid fraction was then treated with 20 mM DTT for 15 min at
room temperature after which the. vesicles we:re again passed
through the Sephadex G-50 column. The protein in the turbid
fraction was ·adjusted to 1 mg/ml. Paroxetine., binding (1 nM
final concentration) was measured for 60 min. The average
paroxetine binding in unreacted vesicles was 1.26 ·± 0.18
.pmol/mg protein, and was taken as 100%. *~ p<O.Ol; ·**, p=0.6.
The results are given as the mean ± SE (n=4; two membrane
preparations).
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5. Protection against PAO Inhibition by Imipramine.
The inhibition of serotonin uptake by .these reagents does not
necessarily imply the presenc·e of the reacti:ve group at the active site. It is
possible that the amino acid residue which is modified by these groupspecific reagents is not located at or near the active site (substrate-bindi:Og
site)· of the protein. However, the chemical modification of this amino acid .
may result in a conformational change in the protein thereby impairing its
transport function. In these experiments; imipramine, a ·competitive
inhibitor of serotonin uptake was used to protect substrate binding site
against modification with PAO. In that. way, the ~ubstrat~ .site would be
occupied by ilnipramine and the amino acid residues at 'the binding site
would not be accessible to the chemical reagents. The active site of the
transporter would thus be protected from the. group-specific reagent
inhibition. In addition, the specific inhibitor must .be easily removable,
otherwis.e the transporter would be rendered non-functional. We
investigated the protection of the serotonin uptake protein with imipramine
because it can be easily removed by dilution and centrifugation. Under
these experimental conditions 100 J..LM PAO caused -70% inhibition of
serotonin transport (Figure 27). In contrast, vesicles preincubated for 15
min at 22°C with 10 J..LM imipramine, then incubated with 100 J..1M PAO
showed only a 30% inhibition of serotonin transport. These results suggest
a possible role. for vicinal dithiol groups in the trans_port of serotonin by the
human placental serotonin transporter. Furthermore, the protection of the
serotonin transporter by imipramine indicates that the -reactive vicinal
dithiol groups are located at or near a site which interacts exclusively with
imipramine.
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Figure 27.

Imipramine protection against PAO inhibition of serotonin
transport. Membrane vesicles. were treated with or without 5
J.LM imipramine for 15 ·min at room temperature in a 20 mM
K2HP04 buffer pH 8.0, containing 140 mM NaCl. After
·,

treatment with imipramine the vesicles were treated for 30
min at 37oc with either 100 J.LM PAO or

·an. ·equal volume of

ethanol. PAO, imipramine and Na+ were then removed by
.

dilution and centrifugation
'

and

~

;

.

.

'

the
p~llets·: resuspended
by
:
.
.
.

.

;

'

~

passing through a 25 gauge needle. The

,\

prot~jn

was adjusted .

. to ·5 mg/ml. The uptake of radiolabeled .serotonin (final
concentration, .25 nl\1} was measured in the ·presence of an·
inward-directed N aCl gradient .([NaC1] 0 =l20 mM;, [NaCl]i = 0 ).
·Control uptake was 1.21 ± 0.03 :pmol/mg ·proteinl15~s: and was
taken as 100% for comparison with uptake in

vesicl~s

treated

with 100 JJ.M PAO. Uptake after treatment with 5 J.LM
imipramine was 0.975 ± 0.013 pmo1Jmg proteint/15-s and was
taken as 100% for comparison with uptake in vesicles treated
with imipramine and PAO. *, p<O.OOl. The results are given as
the mean ±SE from 4 determinations.
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D. Effects ofAmlloride and its Analogues on Serotonin Transport
1. Dose-Dependent Inhibition of Serotonin Uptake and Paroxetine

Binding.
Table IV describes the dose-dependent inhibition of serotonin uptake
and paroxetine binding. by amiloride and the various amiloride analogues. ·
Amiloride and its 5-N substituted analogues are ranked in this table
according to their potency in inhibiting· serotonin uptake. The core
compound, amiloride, and the compound MGCMA inhibited serotonin
uptake and paroxetine binding the least, with potencies 5-30 fold lower than
the other analogues. The presence of a methyl and/or butyl group at the
number 5 position on the amiloride core ring confers a greater amount of
inhibition, as can be seen in NMBA.
The effects of amiloride· and the 5-N substituted analogues. on
paroxetine binding were also investigated. In these experiments, 50 J.LM of
the inhibitor was added to ·the binding buffer and the membranes were
incubated 1 hr with radiolabeled paroxetine. The results indicate that the
order of potency for amiloride and its analogues to inhibit paroxetine
binding was similar to that for the inhibition of serotonin uptake (Table· N).
2. Effect ofDMA on Serotonin Uptake Kinetics.

The effects of DMA on serotonin uptake kinetics were evaluated
at pH 7 .5. Initial rates of serotonin uptake (15-s incubation) were
determined in the presence of a NaCl gradient over a serotonin
concentration range of 10-200 nM in the presence and absence of 10 J.!M
DMA. The results are given in Figure 28 as Eadie-Hofstee plots. The
appare~t

Kt for serotonin was increased two-fold (44.06 ±2.36 versus 100.31

± 13.86 nM) in the presence of DMA, whereas the maximal velocity (Vmax)
was decreased nearly 30% (5.80 ± 0.149 versus 4.195 ± 0.364 pmol/mg of
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Table IV.

Dose-dependent inhibition of serotonin uptake and paroxetine
binding by amiloride and N-5 substituted ·amilorides. The
placental brush-border membranes

wer~

prepared in 20 mM

HEPES/Tris, pH 7.5 buffer, containing 300 .mM mannitol.
Serotonin transport was initiated in the presence of increasing
concentrations (0-1 mM) of amiloride or 5-N substituted
amiloride in a HEPEStrris, pH 7.5 ·buffer, containing 150 mM
NaCl. The uptake of25 nM serotonin waa measured with a 15-s

incubation. Paroxetine (3 nM) binding was measured using 50
J..LM of inhibitor. The data represent means ±.. SE (4
determinations, two membrane preparations).

Reagent

5HTUptake
ICso (JiM)

Rt

Amiloride
MGCMA

Paroxetine Binding
%Inhibition

11
18

EIPA

12.0.

53

11.2

57

DMA

7.9

62

HMA

8.9

75

2.82

100

3.16

100

C2Hs,

N-

(CH3)2CH'

MIBA
CH3 ,

N-

(CH3)2CHCH{

NMBA
CH 3 ,

N-

CH3-CH2-GH2---CH{ .

HEMNBA*
ON

2~~::~N-.

*H replaces Cl
in core amiloride

OCH3
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Figure 28

Effect of DMA "on serotonin uptake kinetics . . The uptake of
radiolabeled serotonin (range, ·i0-200 nM) was measured in the
presence

or absence of 10 .J.LM DMA. The results are given as

Eadie-Hofstee plots. The data represent means ± SE (n=4, two
membrane preparations). v, initial uptake rate of serotonin in
pmol/mg

protein/15~s; f?,

serotonin concentration in nM.
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protein/15-s). The correlation coefficient r2 was greater than 0.91 for both
plots indicating the presence of a single uptake system. However, the
change in the Vmax as well as the Kt indicate that DMA is acting on
serotonin uptake via a mixed-type inhibition, possibly through its action at
the Na+..binding site as well as at the serotonin-binding site.

3. Effect ofDMA on Paroxetine Binding Kinetics.
The effects of DMA, on paroxetine binding were also investigated.
These experiments were carried out in the presence of 120 m.M NaCl but in
the absence of a transmembrane NaCl gradient. We determined the K<i and

Bmax in the presence and absence of DMA (50 J,LM). The results presented in
Figure 29 show that .DMA ·inhibited paroxetine binding by reducing the
affinity of the transporter for paroxetine (K<i values: control 0.185 ± 0.022 .
vers-us

0.375 ±0.055 nM), whereas the maximal binding capacity for

paroxetine was virtually unchanged (Bmax values: 9.51 ± 0.·827 versus 8.11 ±
0.963 pmollmg of protein).
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Figure 29.

Effect of DMA on paroxetine bindi·iig. Placental brush-border
membranes were prepared in a 50 mM Tris/HCl buffer, pH 7.5,.·
containing 120 mM NaCl and 5 mM. KCl. Binding of
[3H]paroxetine to placental brush-border membrane ·vesicles
was determined at various concentrations of

paroxetin~

(range, 0.125-0.8 nM) in the absence and presence of 50 ·J.LM
DMA. The data, given as a Scatchard plot, represent means ±
SE (n=4, two membrane preparations). When not shown, the
standard error js within the symbol.
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F. Characteristics and Regulation of Serotonin Transport in the Human
Placental Choriocarcinoma Cell Line (JAR).
1. Na+~Dependent Serotonin Transport in the JAR CeU Line.
Figure 30 describes the time-dependent accumulation of .serotonin in
human placental choriocarcinoma cells. When NaCl was present in the
uptake buffer, uptake of serotonin at a concentration of 50 nM was very
rapid and increased with time. ·The uptake was linear at least up to 20 min.
H()~eye_r,

when NaCl in the uptake buffer was replaced with choline

chloride, uptake of serotonin was markedly reduced at all time points. The
initial uptake rates measured with a 5 min incubation were only 15% in the
presence of choline chloride compared with the rates in the presence of
NaCI. ·These data clearly demonstrate the dependence of serotonin uptake
on Na+. The presence ofCI- alone was not enough. to support the uptake.
2. Concentrative UptakeofSerotonin.
In order to assess whether serotonin was accumulated inside the
cells against a concentration gradient in the presence of N aCl, we first
determined the intracellular water space. For this purpose, we chose 3-0methyl-D-glucose, a non-metabolizable sugar. Uptake, of this sugar into the
cells occurs by facilitated diffusion via the glucose transporter and hence it
is not concentrated against a gradient. Therefore the intracellular water
space can be calculated from the equilibrium distribution of this solute
inside the cell and in the medium. Initial experiments showed that uptake
of 3-0-methyl-D-glucose into choriocarcinoma cells reached equilibrium
\

with 60 min incubation. Using these equilibrium conditions, the
intracellular water space in choriocarcinoma cells was determined to be 4.4
± 0.4 J.Ll/mg of protein or 1.07 ±. 0.08 J..Ll/106 cells. With this value for the
intracellular water space, the intracellular concentration of serotonin was
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Figure 30.

Na+-dependent uptak_e of serotonin in human placental
choriocarcinoma

cells. The uptake of serotonin in

choriocarcinoma cells was measured from a medium
containing either 140 mM NaCl or 140 mM choline chloride.
The. concentration of serotonin in the uptake medium was 50
nM. Uptake is ·expressed as pmol/mg of protein. The data
represent · means ± SE from 4 determinations. When not
shown, the SE was within the symbol.
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calculated and the cell:medium distribution ratio determined. At a
concentration of 50 nM, the distribution ratio for serotonin was greater than
sho~t

one in the NaCl.:.containing medium· even at as

as 5 min incubation

(intracellular concentration, 175 nM). The ratio increased with time and
was 28.5 ± 3.3 at 60 min (intracellular concentrati~n, 1.4

J.LM). These results

show that serotonin was actively transported into the cell and accumulated
against a concentration gradient. The distribution ratio was dramatically
decreased- when choline chloride was present in the uptake medium
instead of NaCI. However, there was indication
for active transport of
..
·-'

serotonin even from the choline chloride-containing medium because the
cell:medium distribution ratio was 3.6 ± 0.5 at 60 min incubation. Even
though the cells were preincubated with choline chloride medium for 45
min prior to initiation of serotonin uptake, it is possible that these
conditions were not enough' to completely remove the endogenous Na+.
Traces of endogenous N a+ l_eaking out of the cells into the uptake buffer
during uptake measurements might support active transport of serotonin
into the cells to some extent. Furthermore, we have shown previously that,
in human placental brush-border membrane. vesicles, the Na+-dependent
uptake of serotonin is markedly stimulated by extravesicular Cl- and also by
intravesicular K +. Since the conditions used for the uptake of serotoriin into
the cells from choline chloride containing medium did not alter the
concentrations of the intracellular K+ and extracellular CI-, these ions
might have significantly stimulated the uptake . of serotonin in the presence
of traces of extracellular Na+.
3. Effect ofDissipation ofthe Transmembrane Na+ Gradient.
The role of the transmembrane Na+ gradient in serotonin uptake in
the choriocarcinoma cells was further probed by investigating the influence

of dissipation of the Na+ gradient-on the irlitial rates (5 min incubation) of
serotonin uptake. We used ouabain, an inhibitor of Na+-K+-ATPase,
phloridzin, an inhibitor of glucose transport, and two ionophores,
gramicidin and nigericin for this purpose. Preincubation of the cells with
these · reagents is expected to either partially or fully collapse the
transmembrane gradient. The results of the experiment, given in Table V,
show that all four reagents caused marked inhibition of serotonin uptake.
Gramicidin and nigericin which are ionophores for monovalent cations
such as Na+ and K+ showed the maximal inhibitory activity (about 75%).
Ouabain inhibited about 60%. Inhibition of glucose entry into the cell by
phloridzin, a condition which is expected to result in a reduction of ATP
production, also caused a significant inhibition (32%; p<O.OOl) in the initial
rates of serotonin uptake. Taken collectively, the data demonstrate that the
uphill transport of serotonin· in human placental

choriocarcinom~

cells is

energized by aNa+ gradient and thus is dependent on metabolic energy. ·
4. Anion Specificity ofthe JAR Cell Serotonin Transporter.

The Na+-dependent serotonin uptake in platelet (80) and brain (65)
plasma membrane vesicles exhibits an absolute requirement for Cl-.
Similar results were obtained in oU:r laboratory for the. placental serotonin
transporter in purified brush-border membrane vesicles (23). We therefore
investigated whether the uptake of serotontn in human placental
choriocarcinoma cells also exhibits similar characteristics with respect to
the anion specificity.

~n

these experiments, preincubation as well as uptake

measurements were performed in uptake buffers containing the Na+ .salt of
· the different anions. The initial rates (5 min incubation) of serotonin uptake
were determined and compared. The results are given in Table VI.
Serotonin uptake was maximal in the presence of NaCI. Substitution ofCl-
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.Table V.

Effect of dissipation of the transmembrane Na+ gradient. The
cells were preincubated in the absence or presence of inhibitors
at the indicated concentrations for 30 min in NaCl-containing
uptake buffer. Following preincubation, the buffer. containing
50 nM radiolabeled ·serotonin and the respective inhibitors was
added to the cells. Incubation was carried out for 5 min after
which the cells were washed four times with the imipramine-·
containing buffer and serotonin uptake was determined. In the
absence of inhibitors, the cont~ol u~take rate was 0.75 ± 0.05
pmol/mg of protein/5 min. The data · are from 3-9
determinations.

Effect of the Dissipation of the Na+ Gradient on the Transport
of Serotonin in Human Placental Choriocarcinoma· Cells
Inhibitor
Ouabain
Gramicidin
Nigericin
Phloridzin

Concentration
2mM
30 J.Lg/ml
10 J.1M
2mM

% Inhibition

60±2
75±1
73± 2
32± 2
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Table VI.

Anion specificity for serotonin transport .. Uptake buffers were
prepared by substituting 140 mM NaCl with an equal
concentration of the Na+ salts of different anions. A 30 min
preincubation .as well as the. uptake measurements were
performed in these buffers. The concentration of serotonin was
-50 nM and the incubation time was 5 min. The data are from 4
determinations.

Anion Specificity for Serotonin Transport in Human
Placental Choriocarcinoma Cells

Anion
Chloride
Iodide
Thiocyanate
Fluoride
Gluconate
Nitrate

Serotonin Transport
(pmol/mg of protein/5 min)
0.65 ± 0.04
0.12 ± 0.02
0.09± 0.01
0.08±0.01
0.05± 0.02
0.04± 0.01

%

100
18
13
12
7

6

with gluconate, F-, SCN-, NOa- or I-

drast~cally
. ..'

.

reduced the uptake. These.

.

.

.

-

anions supported the. uptake· only to .a maximum of 18% when compared to
.

Cl-. These data clearly show that the serotonin. transporter of the
choriocarcinoma cells also exhibits an obligatory dependence on ·Cl- for its
maximal activity.
5. Effects ofthe Classical Serotonin Uptake Inhibitors.

· Many antidepressants such as imipramine, desipramine, paroxetine
and fluoxetine act as potent inhibitors of serotonin uptake in the platelet,
the brain and the placenta. Therefore, -we investigated the effect of these
inhibitors on serotonin uptake in the JAR cell line (Table VII). At a
concentration of 10 J.LM, the tricyclic antidepressants, imipramine and
desipramine, as well as the non-tricyclic antidepressants, paroxetine and
.

.

fluoxetine, inhibited the initial rates· of serotonin .uptake in these cells by
about 80%. The serotonin transporter of the choriocarcinoma. cell thus
appears to be similar .to the transporter described in the plasma membrane
of the platelet and the ·brain and in the· brush-border membrane of the
placenta with respect to sensitivity to various inhibitors. The transporter
also appears to be very specific for serotonin because 5-hydroxytryptophan,
a precursor .for serotonin failed to inhibit serotonin uptake in these cells.
Platelets and serotonergic neurons possess two types of serotonin
. transport mechanisms, one localized in the plasma membrane and the
other in the storage granules. These two mechanisms are distinct and
differ in many respects. The plasma membrane serotonin transporter is
many-fold more sensitive to inhibition by imipramine, desipramine,
paroxetine and fluoxetine than the storage granule transporter. On the
contrary, reserpine is a specific inhibitor of the storage granule serotonin
transporter with no or minimal effect on the plasma membrane
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Table VII. Antidepressant inhibition of serotonin transport in the JAR

cell line. Initial uptake rates ·(5, rilln·

incub~tion).

of serotonin

were measured in the JAR choriocarcinoma cells in the
presence or absence of various inhibitors. The concentration of
serotonin was 50 nM and that of.the inhibitors was 10 J.LM. In
the absence of inhibitors, the control uptake rate was 0.91 ±0~06
pmol/mg of protein/5 min. The data are from 4-6
determinations.

.Inhibition ·of Serotonin Transport·in Human Placental
Choriocarcinoma Cells by Antidepressant£?
Inhibitor
Imipramine
Desipramine
Paroxetine
Fluoxetine
5-Hydroxytcyptophan
Reserpine

%. Inhibition

81±1
81±1
85±1
78±5
1±6
10.±6
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transporter. In fact, just ~ike imipramine and paroxetine are .used as
specific, high-affinity ligands for the plasma membrane serotonin.
tran.sporter (95, 126), reserpine is used as ·a specific, high-affinity ligand for
the· transporter in the storage granules (127). We therefore studied the effect
of res·erpine on serotonin uptake in choriocarcinoma cells. Serotonin
uptake· in these cells was found to be insensitive to reserpine, thereby
indicating that the measured serotonin uptake was due to the action of the
reserpine-insensitive plasma membrane transporter present in these cells.
6. Effects ofCholera Toxin on Serotonin Uptake

Cholera toxin is known to be responsible for the ADP ribosylation of
the a subunit of the stimulatory G protein (Gs) which results in the
stimulation of adenylate cyclase to generate cAMP. The resulting rise in
intracellular cAMP levels would then potentiate cAMP-dependent protein
kinase (A-kinase) activity. Thus, whether cAMP and A-kinase are involved
in the regulation of the serotonin transporter in the JAR cell line can be

studied by investigating the effect of cholera toxin on serotonin transport.
For this purpose, the JAR cells were incubated for 16 h with increasing
concentrations of cholera toxin, from 0 to 1000 ng/ml and the transport rate
of serotonin in the cells was subsequently.determined (Fi~.e 31). Serotonin
transport into the JAR cells was found to be markedly stimulated by cholera
toxin. Maximal stimulation occurred between 10 and 1000 ng/ml cholera
toxin. Under these conditions, the transport rate in cholera toxin-treated
cells was 1.78 ± 0.09 pmol serotonin/mg of protein/5 min The transport rate
in control cells was 0.58 ± 0.06 pmol/mg of protein/5 min. Thus, cholera
toxin caused a 3.06 ± 0.15-fold stimulation of serotonin transport activity in
these cells.

133
Figure 31.-:- Effect of cholera toxin on serotonin uptake in the JAR cell line ..
JAR choriocarcinoma cells were exposed for 16 hours to
complete medium containing 0.1 to 1000 ng/ml. cholera toxin.
Serotoilin uptake (50 nM, 5 min incubation) ·was maximally .
stimulated between 10-1000 ng/nll ·cholera toxin. The data
represent means ± SE from 4 determinations.
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The length of time necessary for cholera toxin to elicit its effect .on
serotonin transport was determined by incubating the cells for increasing
periods of time in medium containing 10 ng/ml ch9lera toxin (Figure 32).
Stimulation of serQtonin transport by cholera -toxin was- found to be
signifi-cant .at as early as 2 h inc~bation and the .stimulation increased
gradually with time reaching a maximal level at about 16 h.
~·Effects

of Forskolin, IBMX a-nd Dibutyryl cAMP on Serotonin.

Uptake.
To substantiate the stimulation of serotonin transport by cholera
toxin, we investigated the influence on serotonin transport in these cells of
three other agents which

~re

known to elevate intracellular cAMP levels.

These agents are forskolin, an activator of adenylate cyclase, IBMX, an
inhibitor of cAMP degradation by inhibiting cyclic nucleotide
phosphodiesterases, and dibutyryl cAMP (Bt2cAMP), a membrane
permeable cAMP derivative. The cells were incubated overnight (16 h) with
these agents each at a concentration of 100 J,J.M, and the serotonin transport_
rate was determined in these cells following the incubation. The effects of
these -agents on serotonin transport were compared with that of cholera
toxin (10 ng/ml). The results are given in Figure 33. Forskolin stimulated
serotonin transport to approximately the same level as cholera toxin
(forskolin, 2.5 ± 0.22-fold;

~holera

toxin, 2.3 ± 0.15 fold). IBMX and Bt2cAMP

also stimulated serotonin transport {1.6 + 0.09- and 1.8 ± 0.11-fold,
respectively), but the stimulation was less compared to the effects- of cholera
toxin and forskolin.
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Figure 32.

Time course of cholera "toxin 'effects on serotonin uptake.
Uptake of serotonin (initial rate; 5 min, 50 nM serotonin) was
measured in th·e JAR cells after exposure to ·10 ng/m.l cholera
•

.I

toxin ~or increasing periods· o~ ~ime (0 to 16 ho~rs). Stimulation
of serotonin uptake occured .. aft~:r· 2

h()ur~

incubation with·

cholera toxin and was maximal after 16 ·hours. The data
•• t

':.:

•

-

represent ~eans ± SE from four duplicate experiments.
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Figure 33.

Effect of cholera toxin, forskolin1 l!JMX and dibutyryl cAMP o~..
serotonin uptake in the JAR choriocarcinoma cell line. The
..

JAR cells :were exposed for 16 hours at 37°C to lO.ng/ml cholera
toXin or 100 J.LM of forskolin, IBMX or dibutyryl cAMP. Initial
'rates of serotonin uptake were measured (5 min, 50 nM
serotonin) and the data plotted as percent of control uptake.
The

data

represent means .±.. SE

determinations.
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8. Effects of Cholera Toxin on Other Cellular Transport Processes
and Protein Content.

To establish whether or not the cholera toxin-induced stimulation of
serotonin transport in this cell line was specific to the serotonin
transporter, we investigated the influence of cholera toxin (10 ng/ml) on two
other transport systems (taurine and

3-0-methyl~D-glucose)

as well as on

the protein content of the cells. Taurine is transported into human
placental brush-border membrane yesicles in a manner similar to
serotonin, requiring a transmembrane NaCl gradient (128, 129). The JAR
choriocarcinoma cells also express a taurine transporter whose
characteristics are similar to those of the transporter found in the normal
placenta (unpublished data). Thus, taurine transport in this cell line
occurs by an active mechanism. By contrast, transport of 3-0-methyl-Dglucose in these cells is mediated by a Na+-independent

glucose

transporter, a non-active transport process. Exposure of the cells to 10
ng/ml cholera toxin for 16 h was found to have no significant effect on
taurine transport (p=0.6) (Figure 34A). Under similar conditions, the
transport of 3-0-methyl-D~glucose also was not stimulated, but rather, was
significantly inhibited (p<0.001) (Figure 34B). There was also no significant
change (p=0.4) in the protein content between control· and cholera toxintreated cells (Figure 34C). These data demonstrate that the stimulatory
effect of cholera toxin on serotonin transp<?rt observed in the JAR
choriocarcinoma cell line was not a general phenomenon common to all
transport systems in these cells.
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Figure 34.

Effect of cholera toxin on taurine and 3-0-methyl-D-glucose
uptake in the JAR cell line. The initial uptake (3 min, room
temperature) of 25 nM taurine and 63 nM

3-0~methyl-D

glucose was measured in the JAR cells after 16 hours
incubation with 10 ng/ml cholera toxin. The protein
concentration was determined in control and .cholera-toxin
treated cells. *, p=0.6; **, p<O.OOl; ***, p=0.4. The data
represent means ± SE from 3 determinations.
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9. Effect of a Protein Kincise Inhibitor on the Cholera Toxin-Induced
Sti~n~&rowmn~~~

Since cholera toxin and other agents which elevate the intracellular
levels of cAMP stimulated serotonin transport, A-kinase is most likely
involved in this regulatory process. To test the involvement of the A-kinase,
we determined whether H-9, an inhibitor of protein kinases with a greater
specificity for A-kinase and G-kinase than for C-kinase, was able to
antagonize the stimulat9ry effect of cholera toxin (Figure

35)~

The JAR

choriocarcinoma cells were incubated overnight with or without cholera
toxin in the presence or absence of H -9 and serotonin transport was
subsequently measured in the cells. In the absence ofH-9, cholera toxin at a
concentration of 10 ng/ml stimulated serotonin transport by 2.3 ± 0.15 fold.
H -9 alone at a concentration of 50 JlM showed a 33% inhibition of serotonin
transport compared to control cells. However, compared to the cells treated
with H-9, serotonin transport in cells treated with cholera toxin plus -~-9
was stimulated only by 1.6 ± 0.2-fold. Thus the stimulatory effect.of cholera
toxin was significantly (p<0.015) antagonized by H-9. However, due to the
lack of absolute

speci~city

of H-9 to inhibit the A-kinase, the above results

suggest, but do not conclusively prove, the involvement of this protein
kinase in the cholera toxin induced stimulation.
10. Influence of Cholera Toxin on the Kinetic Parameters of

&rowmn Trans~rt.
The kinetjc parameters for serotonin uptake were determined by
studying the relationship between the initial transport rates (5 min
incubation) and serotonin concentrations in cells incubated overnight in the
presence and absence of 10 ng/mL cholera toxin. The concentration of
serotonin was varied over a range of 0.1-1.5 JlM. At each concentration, the
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Figure 35.

Effect of the protein kinase ·inhibitor, H-9 on serotonin ·uptake.
The JAR c·ells were incubated 16 hours wi.th 50 J.1M H-9
dihydrochloride, 10 ng/ml cholera toXin or a combination of the
two. Initial rates of serotonin uptake were measured .(5 min, 50
'nM serotonin). *, p<0.002; **, p<0.008 The results represent

means ± SE from 3 ·determinations.
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uptake buffer contained 0.1 J.LM radiolabeled 'serotonin an~ the remainder
was unlabeled serotonin. Non-carrier ~ediated trans_port:was determined
by measuring the transport of the radiolabel iii the presence of 1 mM
unlabeled serotonin and was subtracted from the total transport to -calculate
the carrier.;mediated uptake. When these .data were analyzed according to
the method of Eadie-Hofstee, a linear plot (r2>0.86) was obtained (Figure
36), in control as well as cholera

to~in-treated

involvement of a single transport system for

cells indicating the

sero~onin

in both cases.

However, the kinetic constants for .serotonin uptake· in the control· cells and
the cholera toxin-treated cells differed significantly. In

control._e~lls,

the

Michaelis-Menten constant Kt, was_· 0.516 + 0.092 J.1M and the maximal
.
.
.

velocity, Vmax, ·was 7.89 ± 0.67 pmol/mg

.

of protein/S min. '.In choler~,~~oxin

treated cells the corresponding values were 0.288 ±. 0.042 J.LM and 17.55 ± 1.06
pmol/mg of protein/5 min. Thus, the cholera

toxin-ind~ced

stimulation ·of

serotonin transport in these cells was due to an increase in the maximal
velocity of the transp9rt system as well as an increase in the affinity for
serotonin.
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Figure 36.

Effect of cholera toxin on the kinetics of serotonin transport.
'

Initial uptake ·rates (5 min incubation) of serotonin in the JAR
cells were measured from a NaCl-containing uptake medium
over a serotonin concentration of 0.1-1.5 J.l.M. The concentration
of cholera toxin ·was 10· ng/ml and the cells were inc.ubated 16
hours at 37°C. The results are given as an Eadie-Hofstee plot.
Cholera toxin caused an increase. in the. Vmax (7 .89 ± 0.67 to
17.55 ± 1.06 pmol/mg of protein/5 min) and a decrease in the Kt
(0.516 ±0.092 to 0.288 ± 0.042 J.1M). The data repres.ent means ±
SE from 4 determinations.
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DISCUSSION
A. MOdu1ation of Serotonin Uptake Kinetics by Ions and Ion Gradients.
.

This dissertation describes

a systematic study on

.

.

.

the modulation of

serotonin uptake kinetics by ions and ion gradients in brush-border
membrane vesicles derived from human term placentas. Na+ and Cl- were
found to be obligate for the function of the serotonin transporter in these
membrane vesicles . H+ and K+, though not obligate, had

profow~~4

effects

on the kinetics of the uptake system. The influence of these ion.s ·on the
uptake of serotonin has been investigated in platelet plasma

mem~rane

vesicles and more recently in brain plasma membrane vesicles. In .contrast
to platelets where N a+ -depe~dent uptake r-apresents almost all of the highaffinity

~serotonin

uptake (80), in brain there is a significant component

(about 50%) of high-affinity serotonin uptake ·which· is ·not inhibited by
classical serotonin uptake inhibitors such as fluoxetine (130). In this
respect, human placental brush-border ··membrane vesicles resemble the
platelet plasma membrane vesicles-because in both systems there is little or
no high-affinity serotonin uptake in the absence ofNa+. Therefore, only the
characteristics of the Na+-dependent serotonin uptake of the brain
synaptosomal membrane are used in the following discussion on the
differences and similaritie·s among the serotonin transport systems in
·brain, platelet and human placenta.

1. Sodium and ChlOride.
Extravesicular N a+ increases the affinity of the transporter for
serotonin as well as the translocation rate. of the transporte-r complex in the

human placenta (131) as it does in platelets. The relationship between·.the
Kt or the Vmax and Na+ has not been studied in brain owing to the
presence of a large component of the Na+-independent high-affinity
serotonin uptake. The N a+· to serotonin stoichiometry in the placenta is 1:1
which.'is the same as reported in platelets· (131). In contrast, two Na+ ions
have been shown to be involved in the transport of one serotonin molecule in
the brain (130). In platelets, external Cl- increases the Vmax and decreases
the Kt (15). Though the placental _serotonin transporter exhibits

simil~r

characteristics, the effect of Cl- on the Kt is very :small in the.: placenta
compared to the effect seen in platelets. There is no available in{Qrmation
on the influence of Cl- on the kinetic parameters of the brain serotonin
transporter._ The apparent .;Kt(Na+) for the platelet and brain serotonin
transporters is 52 and 118 mM,

re~pectively,

and the corresponding value

for the -placental transporter is 145 ± 15 mM. The.· apparent Kt(Cl-) in the
brain is 18 mM whereas it is 79 ± 5 mM in the placenta. It thus appears
that there are significant tissue differences in the affinities of the serotonin
transporter for Na+ and Cl-, but it cannot be ruled out at this time that
these differences result from varying experimental conditions employed in
these studies.
2. Proton and Potassium.
The role of protons in the N aCl gradient-driven serotonin transport
has beeil .studied in detail in plasma membrane vesicles prepared from
platelets (66). An inside-acidic pH greatly stimulates the initial uptake rate.
In the absence of a transmembrane NaCl gradient ([NaCl]i=[NaC1] 0 ), an
outwardly directed H+ gradient is able to drive serotonin uptake into the·
vesicles against a concentration gradient. On the basis of these results,
Keyes and Rudnick (66) have concluded that the presence of an outwardly

~151

directed H+ gradient energizes the NaCl-dependent serotonin uptake by
coupling the NaCl-serotonin transport with countertr~~~:eort of H+. The
involvement of H+ in serotonin transport· in brain plasma membrane
vesicles has been recently investigated (65). The results of this study are
strikingly different from the results described above in the platelet. An
inside-acidic pH is unable to stimulate the NaCl-dependent serotonin
uptake in the brain. In fact, the uptake is drastically inhibited by an insideacidic pH. The data from the present investigation indicate that, with
respect to the role of .H+, the placental serotonin transporter, behaves
similar to the platelet system. The NaCl-dependent serotonin ,tptake in
placental brush-border metpbrane vesicles is markedly stimulated= . by an
inside~acipic

pH as well as by an inside-acidic transmembra1,1e pH .

.gradient.
Even though coupling of transmembrane H+ gradients to NaCl
dependent serotonin uptake has -been unambiguously demonstrated in
platelet plasma membrane vesicles, the influence of H+ on the kinetic
parameters of the uptake system has not been investigated. The present
study describes for the first .time the modulation of -serotonin uptake
kinetics by H+ and the H+ gradient. Internal H+ increases the Vm.ax, but
decreases the affinity of the tra:J?-sporter for serotonin. These effects oil the
Vmax and the Kt are observed in the presence as well as i:o. th~ absence of a
transmembrane pH gradient.
lntravesicular K+ is known to ·accelerate the 'NaCl-dependent
serotonin transport both in·platelet (66, 120) and in brain· (65, 130) plasma
membrane vesicles. Similarly, the human placental serotonin transporter
is also stimulated by intravesicular K+. The apparent Kt(K+) value for the
platelet and brain serotonin transporter are 20 and 2 mM, respectively, the
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experimental pH being 6. 7 in both cases. The apparent Kt(K+) in the
placenta is 5.6 mM at pH 6.5 and 4.0 mM at pH 7.5. In- the platelet,
competition between internal H+ and K+ has been demonstrated (66)~ ·The
stimulation caused by internal K+ increases as the concentration of
internal H+ decreases. Internal K+ stimulates the uptake only minimally
when the internal H+ concentration is high (pH 5.6). Our results
demonstrate a similar competition between internal H+ and K+ in the
placenta. The maximal stimulation observed at 100 mM internal K+ is 2.9fold at pH 7.5 whereas the stimulation decreases to 1.9-fold at pH 6.5. The
competition between H+ and K+ is also evident from the Kt(K+) values
(

calculated at different pHs. The affinity of the transporter for internal K+
decreases as the concentration -of internal H+.

inc~eases.

Moreover,.

analysis of the effects of H+ and K+ on the serotonin uptake ·kinetics also
indicates. competition between these ions. Internal K+ has been shown to
increase the V max and decrease the affinity for .serot()nin in platelet
plasma membrane vesicles (120). Similar re.sults have been obtained in
placental brush-border membrane vesicles. The presence of K+ inside the
vesicles markedly increases the values -of both the Vmax and the
Kt(serotonin)· The effects of internal K+ and of internal H+ on the kinetic
parameters are qualitatively very similar. Moreover, the influence of
internal H+ on the kinetic parameters tends to disappear in the presence of
internal K+ .
Considering all the available information on the effects for Na+, Cl-,
H+ and K+ on the initial uptake rate and on the kinetic constants of the
serotonin transporter, it appears that the human placental transporter
resembles more closely the platelet transporter than the brain transporter.
The Na+ .stoichiometry and the influence of H+ are the most important

characteristics ·which distinguish the platelet and the placental
transporters from the neuronal transporter.

B. Paroxetine Binding to the Plaoontal Serotonin Transporter.
· This study was aimed at characterizing the placental serotonin ·
transporter with respect- to its interaction with antidepressants. The
transporter in the platelet and the brain is known to bind many
antidepressants with high affinity and, ·among these drugs, imipramine
has been most widely employed to study the transporter. Recently, however,
paroxetine, also an antidepressant, has emerged as ·a more suitable ligand
for this purpose because this drug is more potent and more selective than
imipramine in inhibiting the serotonin transporter (96, 99). Therefore we
. chose to use paroxetine in this study on the characterization of the
serotonin transporter present in the human placental brush-border
membrane. Two different approaches were employed to investigate the
interaction of.paroxetine with the transporter. Radiolabeled paroxetine was
used to delineate the characteristics of the binding of the ligand to the
transporter and also to study the influence of serotonin and imipramine on
the binding. In addition, the activity of the transporter was assessed by
measuring the uptake of radiolabeled serotonin into placental brush-border
membrane vesicles, and unlabeled paroxetine was used to· determine the
influence of the binding of this ligand to the transporter on its transport
function.
1. Paroxetine Binding to the Placental Brush-Border Membranes.
The brush-border membrane prepared from normal human term
placentas binds paroxetine with high affinity (Kd = 72 pM), and .the Bm.ax is
3.9 pmol/mg membrane protein. Serotonin inhibits paroxetine binding with
a Ki of 1. 77 JlM. Imipramine and desipramine which are potent inhibitors

of serotonin uptake, also inhibit paroxetine binding with Ki values of 4.4
and 48.7 nM, respectively. The inhibition of the binding by imipramine as
well as by serotonin is purely competitive. The nature of inhibition suggests ·
that imipramine, paroxetine and serotonin interact with the same site on
the transporter molecule. This view gains additional support from the
finding that paroxetine is a competitive inhibitor of serotonin uptake.
However, there are significant differences in the kinetic constants (Kd and
Ki) that apparently do not fit into this theory of single binding site and thus
warrant a critical evaluation. For example, the

Kd for paroxetine binding is

72 pM, which is -500 times less compared with the Ki determined for the
inhibition of serotonin uptake by

pa;roxe~ine. _Simi~ar~y,

there is ·also a

significant difference between the Ki. values calcuh1ted for imipramine to
inhibit paroxetine binding and serotonin uptake (21, · 25). Imipramine
inhibits serotonin uptake·,with a Ki of 21 nM, whereas the. Ki to inhibit
paroxetine binding is 4~4 nM. These differences are ·at least partly due to the
varied experimental conditions employed to.

determin~.

the inhibition

constants. The Ki for paroxetine to inhibit serotonin :uptake was calculated without preincubating the membrane vesicles with paroxetine before
initiation of serotonin uptake. Because paroxetine binding reaches
equilibrium only. after 5 min, the 15-s incubation employed in uptake
measurements does not allow maximal binding of the inhibitor to the
transporter. Furthermore, any conclusion ·based on the apparent
differences between the kinetic values calculated for the two processes,
namely the binding of antidepressants and the transport of serotonin,
should also take into account the differences between these processes.
While binding of the antidepressant to the transporter represents a single
step, transport of serotonin across the membrane is more complex,
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involving not only the binding of·serotonin to the transporter but also the
translocation of the bound serotonin across the membrane. The measured
transport rate is therefore a combined· result of the rates of these two
distinct steps. These factors certainly contribute to the observed differences
in the ·kinetic constants.
2. Effect ofTemperature on Paroxetine Binding.

The binding of paroxetine to platelet and neuronal serotonin
transporters has·been investigated in detail in other laboratories (100, 101,
132, 133). The Kd for paroxetine binding has ranged between 30 and 150 pM
in the brain (100, 101) and 50 _and 75 pM in the platelet. (132, 133). These
values are quite similar to the Kd value reported in the present study for the
placental serotonin. transporter. The temperature at which the binding
assay is performed has a profound influence on the characteristics ·of
paroxetine binding to platelet membranes (132, 133). At 0°C, binding of
paroxetine to the membranes is almost irreversible, whereas at higher
temperatures, the binding becomes rapidly reversible. Although the .time
necessary to reach equilibrium is significantly altered by the incubation
temperature, ·the amount of paroxetine bound. at equilibrium remains the
same. The binding of paroxetine to the placental brush-border membranes
also exhibits similar characteristics. The binding is more :rapid at 22oc
than at ooc, requiring 5 and 30 min, respectively; to reach equilibrium.
However, the equilibrium binding remains unaltered at both temperatures.
3. Influence ofIons on Paroxetine Binding.
The influence of ions such as Na+ and Cl- on paroxetine·binding has
been investigated neither in the brain nor in the platelet. However;

a

detailed analysis of ion requirements is available . for the binding of
imipramine to platelet membranes (131, 134). A comparison of the effects of

'

1.56

Na+ and Cl- on imipramine binding to placental membranes reveals
important differences. We have shown in the present study that one Na+ is
involved per binding of one paroxetine molecule in placental brush-border
membranes. This is in contrast to the findings of Talvenheimo et al. (131)
who have shown that two Na+ are involved per binding of one imipramine ·
molecule in platelet plasma membranes. However, the number of Na+
necessary for the translocation of on serotoilin molecule in both membrane
preparations is one (22, 131). Similarly, there is also a significant difference
in the effects of Cl-. Although ·Na+

is an absolute requirement for

paroxetine binding to placental membranes, Cl- is not. The binding of
paroxetine is almost the same in the presence as well as in the absence of
Cl-. On the contrary, the binding of imipramine to platelet membranes ·is
dependent on Cl- to an appreciable extent (134). The Cl--independent
binding represents only 15-40% of the maximal binding. ·The reason for
these differences is not clear at present. Some studies have indicated

~at

imipramine and paroxetine may not bind to the same site on the serotonin
transporter molecule (18, 81, 135). This view is however not unanimous and
has been refuted by other studies (102, 136, 1.37). The characteristics ·of
imipramine binding to placental brush-border membranes have not yet
been investigated. It will be necessary to compare the binding
characteristics of imipramine and paroxetine in the placental membrane
preparation determined under similar experimental conditions before one
can answer the question of whether or not these two ligands bind to the
same site on the placental serotonin transporter.
4. Effect ofTyrosyl Group-Specific Reagents on Paroxetine Bi~ng.

Treatment of placental brush-border membrane vesicles· with tyrosyl
group-specific reagents inhibits N aCl gradient-dependent serotonin uptake
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(22) as well as Na+-dependent paroxetine binding (this dissertation).
Protection experiments have suggested that the essential tyrosyl groups are
·located at or near the Na+ -binding site (22). It is likely that the same Na+binding site is involved in the activation of serotonin uptake and paroxetine
binding. The fact that one Na+ is involved per binding of one paroxetine
molecule supports this view. The Kt values for Na+ however are quite
different for these two processes (serotonin uptake, 144 ± 20 mM; paroxetine
binding, 10.0 ± 3.5 mM). This may again be related, at least in part, to the
fact that while paroxetine binding apparently represents a single step,
serotonin transport is more complex, involving binding, translocation, as
well as coupling to driving forces.
The finding that the serotonin transporter is present in the brushborder membrane of the human placental syncytiotrophoblast is interesting
and important for a riuniber of reasons. Unlike the other cells in which the
existence of the. transporter has been described, the syncytiotrophoblast is a
polarized cell with two distinct plasma membrane regions, a brus·h-border
and a basal region. The presence of the serotonin transporter in the
placental brush-border membrane is unique because the brush-border
membrane of other. ·similarly polarized cells such as intestinal and renal
tubular cells does not possess the transporter (unpublished observations).
Serotonin is a neurotransmitter and also a potent modulator of vascular
function. It is also involved in the control of morphogenesis, a process
essential for the formation of tissues and organs in the developing embryo.
The fact that the placenta possesses an active transport system for·
serotonin suggests that this monoamine may have a potential role in .the
function of the placenta .and also in the growth and development of the
fetus. Our present findings that paroxetine is a specific ligand for the

~158

placental serotonin transporter may help us to identify and characterize the
membrane protein(s) responsible for the transport function.

C. Interaction of Fluoxetine with the Human Placental Serotonin

Transporter.
· The human placenta is an easily obtainable tissue. The presence of a
high-affinity serotonin transport system in· the human placental brushborder membrane which binds tricyclic as well as non-tricyclic
antidepressants makes this tissue an excellent experimental tool to
investigate drug interactions with the serotonin. transporter. This
investigation was aimed at characterizing the placental serotonin
transporter with respect to its potential as a model for antidepressant drug
binding and serotonin uptake inhibition. In this study, the interaction of
fluoxetine with the transporter was evaluated by studying the influence of
this compound on the binding of [3H]p~roxetine as well ·as on the uptake ·of
[3H]serotonin using purified human placental brush-border membrane
vesicles.
1. Influence of Fluoxetine on Serotonin Transport ·and Paroxetine

Binding.
The results of this investigation indicate that -~_:uoxetine interacts
with the. placental serotonin transporter with

h~g4

affinity as evidenced by

reduced serotonin uptake and reduced paroxetin_e binding in the presence
of this compound. The Ki values to inhibit serotonin uptake and paroxetine
binding were 66 and 3 nM, respectively. Kinetic analysis revealed that
fluoxetine inhibition of serotonin uptake as well as paroxetine binding was
competitive in nature. Moreover, fluoxetine was able to displace paroxetihe
which was already bound to the transporter. The equilibrium displacement
strictly followed first-order kinetics. This enabled us to determine the
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dissociation rate constant for the binding of paroxetine to the transporter.
The Kd value for paroxetine binding calculated using the dissociation rate
constant was very close to the value determined by Scatchard analysis (55
versus 72 pM). All these data suggest that fluoxetine and paroxetine
interact with a single binding' site on the transporter. Kinetic data suggest
that serotonin also interacts with the same site. The Ki values determined
for

fluo~etine

to inhibit serotonin uptake and paroxetine binding differed at

least by an order of magnitude. This was expected since the Ki value for
fluoxetine to irihibit serotonin uptake describes the influence of fluoxetine
on the whole process rather than on any single event. An explanation for
this was given in the section on paroxetine binding. Therefore, the observed
difference in the Ki values for fluoxetine binding does not constitute
evidence against our conclusion that all three ligands, serotonin,
paroxetine and fluoxetine, interact with a single binding site on the
transporter.
2. A Common.Binding Site.

The antidepressants which inhibit serotonin uptake are divided into
two structurally distinct groups, tricyclic (e.g. imipramine and
desipramine) and non-tricyclic (e.g. paroxetine and fluoxetine). There is
strong supporting evidence that the inhibitors belonging to each group
interact with the serotonin transporter in a mutually exclusive manner (81,
135). But, there is a considerable debate regarding whether or not the
binding site is common for the two groups of inhibitors (81, 102, 135-138).
However, it appears that the recently observed heterogeneity of imipramine
binding sites in the neuronal tissue may have been responsible, at least to
some .extent, for the previous conclusions supporting the existence of
distinct binding sites for tricyclic and non-tricyclic inhibitors (139-141). The
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placental serotonin transporter has ·so far been characterized only with
respect to the binding of non-tricyclic inhibitors such as paroxetine {25) and
fluoxetine (24). Imipramine and desipramine, tricyclic inhibitors, have
been shown to inhibit serotonin uptake (21) as well as paroxetine binding.
(25) in placental brush-border membrane vesicles, but the binding
characteristics of this class of inhibitors have not been investigated. It will
be necessary, therefore, to compare the binding-properties of tricyclic and
non~tricyclic

inhibitors in the placental membrane preparation determined

under identical experimental conditions before one can answer the question
whether or not the two groups of inhibitors bind to the same site on the
placental .serotonin transporter.
The possibility that the placental serotonin transporter may be
distinct from the neuronal -serotonin transporter makes the results of the
present study interesting and important because previous work on the
.

.

.

interaction of fluoxetine with the s~rotonin·- transporter ;_has been done
predominantly with brain tissue (98, 142, 143). Fluoxetine inhibits serotonin
uptake and paroxetine binding in the brain with a Ki value of 25-52 nM and
0.9 nM, respectively. A comparison of these values

~th

corresponding

values obtained in the present· study. indicates that the sensitivity of the
placental serotonin transporter to flu.oxetine is

2-3

times ·less compared

with the neuronal serotonin transporter.
D. Effects of Sulfhydryl Group-Specific Reagents on Serotonin Transport

and Paroxetine Binding.
1. Inhibition ofSerotonin Transport and Paroxetine Binding.
The treatment of human placental brush-border membrane vesicles
with the sulfhydryl group-specific reagent, NEM, results in the inhibition of
serotonin uptake in these vesicles. NEM is one of the most widely used
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reagents for the modification of sulfhydryl residues in proteins (144) ..
However, there is evidence that NEM will also react nonspecifically with
other residues under acidic conditions (145). Therefore, treatment of the
vesicles with NEM was always done at neutral to alkaline pH. In addition to

NEM; 'other sulfhydryl group specific reagents were also· used; p-CMBS, a
mercurated reagent, and PAO, a reagent with high specificity for vicinal
dithiols. Preincubation of the placental membrane vesicles for 15 min with
1 mM NEM resulted in a. 50% inhibition of serotonin uptake. Dosedependent inhibition, however, revealed that p-CMBS was the most potent
. at inhibiting serotonin uptake, followed by PAO and then NEM (ICso values
are ·60, 100 and 350 J.LM for p-CMBS, PAO and NEM, respectively).
Interestingly, paroxetine binding was inhibited to not nearly as great. an
extent as serotonin uptake. Under identical· conditions, paroxetine binding
· was inhibited -50% by 5 mM NEM, -32% by 200 J.LM p-CMBS .and -42% by
200 J!M PAO. Since NEM and p--CMBS can modify sulfhydryl groups
.

-

'

whereas PAO can only modify adjacent thiols (vicinal), the data suggest
that sulfhydryl groups, and most probably vicinal dithiols, are involved in
the transport of serotonin and the binding of paroxetine to the transporter.
Other researchers have also shown. that the inhibition caused by
these two reagents can be reversed with the use of free thiols which restore
the transporter function (118, 112). Experiments showed that 20 mM
dithiothreitol (DTT) significantly reversed the PAO inhibition of serotonin
transport and nearly all the p-CMBS inhibition. Inhibition of paroxetine
binding-by PAO was significantly reversed by DTT. These results confirm
the involvement of thiol groups in the inhibition of the transporter by these
reagents.

We also· investigated the effects of NEM on serotonin transport
kinetics. Modification of the sulfhydryl groups with NEM resUlted in little to
no change in the Kt values whereas the Vmax was clearly decreased.
2. Protection from ·Sulhydryl Group Specific Reagent Inhibition.

Reversible inhibitors of the human placental serotonin trans.porter
such as paroxetine and imipramine have been shown to interact
competitively with the .serotonili binding site of the transporter molecule
(24, 25). If the essential sulfhydryl group i~ present at or near the substrate-

binding site, then the specific binding of the reversible inhibitor (paroxetine
or imipramine) to the. protein should effectively mask the site and protect
the sulfhydryl group from being modified by the sulfhydryl group-specific
reagent. Under these . conditions, we should ·be able to demons_trate
relatively normal activity of the transporter upon removal of the protecting
agent. Thus, if the treatment of the vesicles with the sulfhydryl group·fails to inhibit
specific reagent. in the presence of imipramine or paroxetine
. .
.

~·

.

the transporter function, then this can be taken -as evidence. for the location
of the essential sulfhydryl group at the substrate binding-site.
?AO was chosen for the protection studies due to its potency of
inhibition of both serotonin transport and paroxetine binding and because it
reacts specifically with the vicinal dithiols. To determine the possible site. of
PAO inhibition, the membranes were incubated in the presence of
'

'

imipramine, a reversible inhibitor of serotonin transport which can be
removed by dilution and centrifugation. Treatment of the membranes with
100 J!M PAO in the absence of a protecting agent resulted in -70% inhibition
o~

serotonin transport compared to serotonin transport in untreated

membranes. Incubation of the membranes with 5 J.LM imipramine prior to
treatment of the membranes with PAO and then subsequent removal of
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both reagents by dilution and centrifugation resulted in .a reduction of .this .
inhibition by PAO (to -30%). These results suggest that imipramine can
protect the serotonin uptake site from modification by PAO. Thus these. data
give evidence for the presence of a vicinal dithiol at or near the substratebinding site.
.E. Amiloride Inhibition of Serotonin Uptake and Paroxetine Binding.

The diuretic amiloride and its various 5-N substituted analogues
have been_.· shown to inhibit nearly any process driven
Na~

b~

a transmembrane

gradient. Most recently the neuronal noradrenaline transporter was

also found to be inhibited by amiloride and an amiloride analog, EIPA (146).
Since the human placental serotonin -transporter fs . also a Na+ gradient
driven transport system. and· since we have investigated the ·effects ofNa+ on
serotonin uptake and paroxetine binding, it was ·of interest to us to study the
effects of alniloride and several of its analogues on serotonin transport and
paroxetine binding in the placental

b~sh-border membranes~

1. Inhibition ofthe··Serotonin Transporter byAmiloride and its

Ancilogues.
Amiloride and its 5-N substituted analogues inhibit serotonin
I

.

transport and paroxetine binding in a dose-dependent manner with the
unsubstituted amiloride having the least potency for inhibition. The
presence of an aliphatic. carbon at the 5-N site seemed to confer at least a 5
fold increase in potency for both the inhibition of serotonin transport and.
paroxetine binding. This activity. may be related to steric hindrance of the
site or to the neutralization of the 5-N group allowing it more access to a
less hydrophilic area.
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2. Effect ofDMA on Serotonin Tra1uiport and Paroxetine Binding.
Because of its relatively high ·potency for inhibition of both serotonin
transport and paroxetine binding, DMA was- used to investigate the kinetics·
of serotonin transport and paroxetine binding. The results suggest that
DMA. causes a 2-fold decrease in the affinity of the transporter for serotonin_ ·
as well as a decrease in the Vmax· The binding of sodium to the serotonin
transporter is an absolute requirement for both the affinity of the
transporter for serotomn and for the translocation of serotonin across the
membrane. The binding of DMA to the Na+ binding site on the transporter
would interfere with both of these functions .causing the decrease in. the
, Vmax of serotonin transport and·a decrease in the affinity of the transporter

for serotonin. Another possible mode of inhibition by DMA is that it is
·transported or diffuses into the vesicles and binds to the Na+ binding site
after transport, while-the Na+ binding site is empty. The binding of DMA
wo~d

thus reduce the._ amount of free transporter at the external

membrane surface. · This. model was proposed for the inhibition of
·- ....

noradrenaline uptake by EIPA (146). Since DMA is an organic cation, it
may also inhibit serotonin transport

by interac-ting with, the

transporter at

the substrate binding site as well as at the Na+ binding site.
·The 'effect of DMA ·on paroxetine binding. was ·to cause a 2-fold
decrease in the affinity of the transporter for paroxetine with no effect on
the Bmax·

F. Serotonin Transport in the JAR Cell Line.
In this dissertation, we provide unequivocal evidence showing that
the JAR human placental choriocarcinoma cell line expresses a highaffinity serotonin tr~sporter. The characteristics of this transporter are
very similar to those of the transporter which we described previously in the

brush-border membrane of the normal term human placenta (21, 22, 24,
25). These characteristics include

en~rgization

by a transmembrane Na+

gradient, an obligate dependence on Cl-, specificity and high-affinity for
serotonin and sensitivity to inhibition by tricyclic and non-tricyclic
antidepres·sants. In addition, we have used this cell line to investigate the
regulatory aspects of the serotonin transporter. The results presented here,
clearly demonstrate that the serotonin transport activity in the JAR cell line
is under regulation by cAMP. Cholera toxin, which is known to elevate the
levels of intracellular cAMP, stimulates the serotonin transport activity by
approximately· 3-fold. This ·effect .can be mimicked by forskolin, ffiMX and
dibutyryl cAMP. The stimulatory effect of cAMP is specific for the serotoriin
transporter ·because, under similar conditions, two other transport systems
which we studied in this cell line are not stimulated. H -9, a protein kinase
inhibitor, significantly attenuates the stimulation caused .by cholera toxin.
However, owing ·to the lack of specificity of H-9, the results.from the
experiments with H-9 suggest, but do not prove, the ·participation of cAMPdependent protein phosphorylation in the cholera toxin mediated
stimulation of serotonin uptake. Kinetic analysis reveals that the
stimulation is due to an increase in the maximal velocity of the transport
system as well as an increase in the affinity ·of the system for serotonin.
The significance of these results is many-fold. The observation that
the serotonin transporter is regulated by cAMP is important because there
currently is very little information available on the regulatory aspects of the
serotonin transporter in any tissue. Ours is the first report on the
involvement of cAMP in the modulation of the serotonin transporter. A role
for C-kinase has recently been implicated in the modulation of the serotonin
transporter function in endothelial cells (87). In this case,. the effect of C-
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kinase is to reduce the transporter activity. Our findings that A-kinase is
involved in the stimulation of the transporter would
I

th~~jndicate

that the

•·

activity of the transporter is under reciprocal control by A-kinase and Ckinase.
·'Most of the attention on the serotonin transporter has so far been
focused on the role of the transporter in serotonergic transmission. That
platelets express a similar

~erotonin

transporter has prompted

m~ny

investigators to use platelets as. a model to study the mechanisms of
serotonergic transmission in neurons. However, in recent years there
appears to be a growing interest in ·the function and regulation of the
serotonin transporter in non-neuronal systems, such as the endothelium
and the placenta. Moreover, recent studies have indicated that .the
serotonin transporters ofthe neuronal and non-neuronal tissues may in
fact be different.. This· is a significant finding since the ,platelet, a nonneuronal tissue, has often 'been used as a model to study the neuronal
serotonin transporter. ·one of the more prominent differences between the
neuronal and ·non-neuronal serotonin transporters is the interaction of H+
with the transporter. There .is evidence that the activity of the platelet
plasma membrane serotonin transporter is coupled ·to a ·transmembrane
H+ gradient (66). The presence of an outwardly· directed H+ gradient
stimulated the NaCl-dependent serotonin transport' many-fold in purified
platelet plasma membrane vesicles. We have reported recently that the
serotonin transporter of the human placep.tal b,rush-border membrane .also
is

modulated by pH and pH gt.adleri.ts in

a similar ma·nner

(23). By

comparison, the serotonin transporter in synaptosomal membrane vesicles
is not stimulated but rather is inhibited by an outwardly directed H+
gradient (65).. Furthermore, there are indications that the platelet and the
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neuronal serotonin transporters ·may be under separate genetic control
(147). Therefore, the serotonin transporters of the neuronal and nonneuronal tissues may very likely be different proteins ·and hence may. be
regulated differently by intracellular second .messengers. The' serotonin
transporter of the-JAR cell line can be-used af? a

model-~

investigate the

characteristics of the non-:neuronal serotonin transporter.

Sine~

species

differences in the properties of the serotonin transporter can not be totally
excluded, use of the JAR human placental choriocarcinoma cell line as
well as brush-border membrane vesicles from term human placentas offer
a unique opportunity to characterize the non-neuronal serotonin
transporter of human origin. Human platelets are an alternate, viable
model for this

purpose~

but there are limitations to their use., such as tissue

availability. In addition, ·platelets being anueleated cells, are unsuitable for
investigations involving genetic analysis of the transporter. Thus, there are
many advantages to-using the JAR. . cell line
as a model system, making it a
.
'

valuable tool for studying various aspects of non-neuronal serotonin
transport in a tissue of human origin.
There is yet another unique aspect,to the human placental serotonin
transporter which makes it an interesting model ·system. Unlike platelets,
the human placental syncytiotrophoblast is a polarized cell, having two
distinct regions of the plasma membrane; the brush-border or maternalfacing membrane and the basal or fetal-facing membrane. However, the
serotonin transporter is present only in the brush border membrane. The·
polarity of the distribution of the transporter in the syncytiotrophoblast
suggests that serotonin in the maternal circulation can be preferentially
transported into the cell. The two poles of the syncytiotrophoblast markedly
differ in the distribution · of hormone receptors in their. respective
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membranes. The maternal-facing brush-border membrane possesses
. receptors for insulin, epidermal growth factor and insulin-like growth
factor I, whereas the fetal-facing basal membranes preferentially contain
the

~-adrenergic receptor (35, 148). Adenylate c~~ase,

intracellular· generation of cAMP is present

onl~

responsible for the

in the basal membrane._

Our observations that cAMP has a profound. srimulatory effect on the
serotonin transporter is thus very important to the understanding of the
physiological regulation of the transporter functioh in the normal placenta.
These findings suggest that the activity of the se+tonin transporter in the
maternal-facing membrane can be regulated oy hormones of fetal or
cytotrophoblast origin which interact with the receptors in the basal
membrane and affect the intracellular levels of cAMP through modulation
of the adenylate cyclase activity.
Cell lines which stably express the serotonin transporter have
enormous potential in studies involving regulatitn of the transporter. A
number of cell· lines have been shown to possess the serotonin transporter
activity, but all of them are of mouse origin and, ioreover, these cell lines
express the transporter only after experimental manipulations such as
viral transformation and/or induction of diffelientiation (111-113). In
addition, since it is likely that species differences in_ the properties ·Of the
serotonin transporter exist, the results- from the experiments using the
mouse cell lines can not be directly extrapolated to the human serotonin
transporter. A recent report described a mouse cell line which expresses a
serotonin transporter upon transfection. with huJan genomic DNA (li2).
However, it is not known whether the expressed

t~ansporter
is indeed the
I

human serotonin transporter because there is a possibility that the
transfection procedure activated the mouse gene and made the cell line·

~
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express the mouse serotonin transporter. Even if the expressed transporter
is of human origin, it is not clear whether the transporter is of the neuronal
type or non-neuronal type. The JAR human choriocarcinoma cell line
provides an unambiguous ex:perimen:tal tool to investigate the regulatory
and molecular aspects ·of the human non-neuronal serotonin transportero..

'

Pharmacologically, the placental transporter exhibits characteristics
which are very similar to those of the neuronal transporter..
Antidepressants such as fluoxetine, paroxetine, imipramine and
desipramine markedly inhibit the placental as well as the neuronal
serotonin transporter. Therefore, the JAR cell line can be used for a rapid
screening of potential antidepressants for their potency to inhibit the
serotonin transporters.
The .exact function of serotonin ·in the placenta and .the role the
serotonin transporter plays in that function is still a mystery. However the . .
human placenta is a highly vascularized tissue and serotonin is known to
have profound effects on vascular tolie·(1, 70). Some evidence suggests that
serotonin may play a r·ole in placental ftinction by increasing the vascular
tone of placenta.I blood vessels (149-151). Additionally, serotonin has been
shown to be a growth factor for certain types of cells (152, 153). Therefore it
is highly likely that serotonin may play an important role in the
development of the human placenta and that the serotonin transporter
present in the brush-border membrane of the syncytiotrophoblast is
involved in the regulation of serotonin levels in the placental tissue. The
presence of the serotonin transporter in this polarized cell is indeed unique
because the brush-border membranes ·of other polarized cells such as
intestinal and renal tubular cells do not possess the transporter. Th_at
cAMP modulates the activity of the transporter in the placental cell line

~

170

underscores the physiological importance of the transpoi·ter ,because cyclic
AMP is a well-known second messenger in the human placental · ·
syncytiotrophoblast, modulating the synthesis and/or secretion of various
hormones (154-156).

SUMMARY

The modulation of·serotonin uptake kinetics
by Na+, Cl-,
H+ and K+
.
.
was investigated in brush-border membrane vesicles prepared from
norn1hl human term placentas. The presence of Na+ ~d Cl- in the external_
medium was mandatory for the function of the serotonin transporter. In
both cases, the initial uptake rate of serotonin was a hyperbolic function of
the ion concentration, indicating involvement of one Na+ and one Cl- per
. transport of one serotonin molecule. The external Na+ increased the Vmax
of the transporter and also increased the affinity of the transporter for
serotonin. The external Cl- also showed similar effects on the Vmax and the

Kt, but its effect on the Kt was .sinall compared to that of Na. The presence of
an inside-acidic pH, with or without a transmembrane pH gradient,
stimulated the NaCl-dependent serotonin uptake. The effect ofinternal·[H+] ·
on the transport function was to increase the Vmax and decrease- the
affinity of the transporter for serotonin. The presence of K+ inside the
vesicles also greatly stimulated the initial rates of serotonin uptake, and the
stimulation was greater at pH 7 ~5 than at 6.5. The effects of internal [K+] on
the uptake kinetics were similar to those of internal IH+]. It ·increased the
V max but decreased the affinity for the transporter for serotonin. In

addition, the effects of internal [H+] on the kinetic parameters were masked
by the presence of K+ inside the vesicles, indicating. competition between
internal K+ and internal H+. These results indicate that the placental
serotonin transporter exhibits mo:re similarities with the platelet
transporter than with the neuronal transporter.
The interaction of paroxetine, a nontricyclic antidepressant, with the
human placental brush-border membrane vesicle
171

seroton~n

transporter
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was investigated. Paroxetine bound to the

purifi~d

placental brush-border

membranes with a high affinity (Ktf=72 pM) and with a Bmax of 3.9
pmol/mg of protein. -,Imipramine, desipramine and serotonin inhibited the
binding in a dose-dependent manner with inhibition constant (Ki) values of
4.4 riM, 48.7 nM and 1.77 JlM, respectively, whereas reserpine, ketanseri:Q.
and 5-hydroxytryptophan did not have any effect. Imipramine and
serotonin inhibited paroxetine binding by increasing the Kd_ with essentially
no effect on Bmax· Binding of paroxetine to the membranes increased
hyperbolically with increasing concentrations of Na+ in the assay medium.
Cl- had little effect on the binding. The effect of Na+ was primarily to
increase the affinity ·of the transporter for paroxetine with no effect on the
V max· The association constant (Ka) increased hyperbolically as the
concentration of Na+ increased, indicating ·a lNa+:l

paroxetine

stoichiometry. Treatment of the membranes with tyrosyl group-specific
· reagents reduced the Na+-dependent binding, suggesting the involvement
of tyrosyl residues ,in the binding process. This .inhibition was, however,
significantly

~educed

when treatment with the reagent was performed in

the presence of Na+ , suggesting that the reactive tyrosyl residues were
located at or near the Na+-binding site. Paroxetine inhibited NaCl

gr~dient

.dependent serotonin uptake. in placental brush-border membrane vesicles
both at pH 6.5 and 7.5. Kinetic analysis showed
th3:t the inhibition was.
.
'

'

competitive in nature because. paroxetine :increased ,'the

app~rent

dissociation constant (Kt) of the transporter without- altering the maximal
velocity (Vmax). It is

conc~uded

that p·aroxetine

i~', ·~f· specific

high-affinity

ligand for the human placental serotonin transporter..
The interaction of fluoxetine:,

a nontricyclic antidepressant, with the
.

.

human placental serotonin transporte~ was investiga~ed by· studying its

.

173
influence on [3H]paroxetine binding to the transporter and ''oil [3H]serotonin
uptake via the transporter. Fluoxetine inhibited binding of-paroxetine to the
membrane vesicles in a concentration-dependent manner. Kinetic analysis
revealed that the inhibition was competitive because the presence of 10 nM
fluoxetine increased th~ K<i for _paroxetine from 72 to 461 pM, but had ·no
effect on· the Bmax· Fluoxetine also ·caus·ed ·a· time-dependent dissociation of
paroxetine already bound to the transporter. The dissociation followed firstorder kinetics. Uptake of serotonin in these membrane· vesicles was also
inhibited by fluoxetine. The inhibition_ was concentration dependent with a
Ki value of.66 nM at pH 7.5 and ·80 nM at pH 6.=5. The effect offluoxetine on
the uptake kinetics was to increase the app~rent dissociation constant (Kt) .
for serotonin without influencing the maximal

tr~sport

capacity (Vmax).

The results demonstrate that fluoxetine is a high-affinity ligand and a
-·-

potent inhibitor of the serotonin transp_orler found in .the ·human placental
brush-border membrane.
The sulfhydryl group specific reagents NEM, PAO and p-CMB·s
inhibited serotonin transport in a dose-dependent manner with ICso values
of -350, 100 and 60 J!M respectively. The order for inhibition of paroxetine
binding was the same, although the potency of NEM was ·significantly .
reduced. The effect of NEM on serotonin uptake kinetics was to decrease the
Vmax from 59.8 to 39.7 pmol/mg of protein/15-s. The Kt values remained

virtually the same, 238 nM in NEM-treated membranes versus 286 nM for
control membranes. The inhibition of serotonin uptake and paroxetine
binding by PAO was significantly reversed by incubation with 20 mM DTT.
. p-CMBS inhibition ofs.erotonin uptake was reversed by treatment with DTT.
Preincubation of the membrane vesicles with 5 JlM imipramine protected
the serotonin transport function from inhibition by 100 J.LM PAO. These·
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results suggest a possible role for · thiol groups, and specifically vicinal
dithiols, in the transport of serotonin by the ,human placental serotonin
transporter. Protection from modification of the substrate-binding site -by
imipramine also suggests that the essential thiol groups are at or near the .
substrate- binding site.
Amiloride and its 5-N substituted analogues inhibited serotonin
transport in a dose-dependent manner. Unsubstituted amiloride was the
least potent followed ·by MGCMA, EIPA, MIBA, DMA, HMA, NMBA and
HEMNBA with ICso values of 79, 63, 12, 11.2, 7.9, 8.9, 2.82 and 3.16 J.1M,
respectively. The order of potency for inhibition of paroxetine binding was
the same. DMA caused a decrease in the-Vmax for serotonin transport from
5.8 to 4.2 pmol/mg of protein/15~8. Likewise the affinity of the transporter for
serotonin was also decreased (100 IiM to 44.1 nM). The presence_ of
hydrophobic alkyl groups at the 5-N site seemed to confer at-least- a 5-fold
increase in potency for both. the inhibition of serotonin transport -and
paroxetine binding. This activity may be related to steric hindrance of the
site or to the neutralization of the 5-N group allowing it more access to a
less hydrophilic area.
The JAR hum_an placental choriocarcinoma cell

l~!le

transports

serotonin, accumulating the monoamine inside the · cell against a
concentration gradient. The transport is energized by a N aCl gradient.
Tricyclic (imipramine and desipramine) and non-tricyclic (paroxetine and
fluoxetine) antidepressants markedly inhibit the tra:ri'sporter~ but reserpine
and 5-hydroxytryptophan do not. Ouabain, gramicidin and nigericin,
which reduce or abolish the transmembrane Na+ gradient and phloridzin,
which interferes with glucose transport into the cells, also inhibit

th~

transport. The activity of the serotonin transporter in this cell line· is
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stimulated in response to overnight (16-20 h) incubation ·with increasing
concentrations of cholera toxin (0.1 to 1000 ng/ml). The stimulation is
maximal at 16 h incubation and at 10 ng/ml cholera toxin (3.1 ±0.2 fold).
illMX (100 J.LM), Bt2cAMP (100 J.LM) and forskolin (100 J.LM) mimic the action
'

I

of cholera toxin, eliciting a 1.6 to 2.5 fold stimulation __ of the aerotonin
transporter activity.. The stimulatory effect of cholera toxin is significantly
antagonized by simultaneous incubation of the cells with 50 J.LM H-9, a .
protein kinase inhibitor. The effect of cholera toxin on. serotonin transport is
specific because, under similar conditions, cholera toxin inhibits 3-0methyl D-glucose transport and does not influence taurine transport in this
cell line. There is no ·signifi¢ant change in the· protein content of the cells
following cholera toxin

treatment~

Kinetic analysis reveals that cholera

toxin causes an increase in the maximal velocity (7.89 ±0.67- to 17.55 ± 1.06
pmol/mg of protein/5 min) and a decrease in the Micliaelis;;.Menten
constant (0.52 ·± 0.09 to 0.29 ±, 0.04 JiM). These data show that the JAR human
placental choriocarcinoma cell line expresses a high affinity serotonin
transporter which is sensitive to inhibition by antidepressants and that .the
activity of the transporter is under cAMP-dependent regulation.

'
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