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I. INTRODUCTION 

Norepinephrine, epinephrine, dopamine, serotonin, and histamine 
(Fig. 1) are the most commonly studied monoamines present in brain 
and other tissues. Their functions as vasoactive agents and hormones 
and, particularly, as neurotransmitters are thought to be modulated 
partially by transport into cells or nerve endings specialized for their 
storage. For instance, norepinephrine released by nerve stimulation is 
believed to be inactivated in most tissues principally by reuptake into 
the presynaptic neuron. 

Η Η  OH Η  OH Η  Η 

OH OH 
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FIG . 1. Structural formulas for some biogenic amines. 

Tissues that store biogenic amines contain subcellular structures 
(vesicles) bounded by a membrane, and these structures have amine-
binding properties. An example of such vesicles within synaptosomes 
(nerve ending particles from brain) is shown in Fig. 2. Amine accumula
tion in these tissues is the result of several processes: (1) transport across 
the cell membrane, which occurs via an energy- and sodium-dependent, 
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F I G . 2. Synaptosomes (containing vesicles and mitochondria) prepared from a rat 
brain homogenate. 30,000 χ . 

carrier-mediated process and (2) transport across the vesicle membrane, 
with (3) subsequent physical-chemical binding within the vesicle. Intra
cellular amine storage vesicles attain amine concentrations estimated to 
be as high as 0.3 Μ [83]; intracellular to extracellular concentration 
gradients of 1000 to 1 are found in cells containing such amine storage 
vesicles. Other cells (e.g., the erythrocyte or Ehrlich ascites tumor cell), 
which lack storage vesicles, achieve gradients for amines only slightly 
above unity [34,142]. 

In the physiological pH range, the biogenic amines are almost totally 
in a positive charged state (the amine group is in the — N H 3 + form), 
and diffusion across lipid membranes is limited. The cell membrane 
carrier system manifests a high affinity (Km values average 4 χ 10"7 Μ) 
but low capacity for transport of the amines (Table I). This is physiologic
ally important because amines are active compounds and occur extra-
cellularly in extremely low concentrations. 

Study of the transport and storage of biogenic amines is complicated 
by the presence of many processes occurring simultaneously: besides 



T
A

B
L

E 
I 

R
EP

R
ES

EN
TA

TI
V

E 
K

IN
E

T
IC

 
C

O
N

ST
A

N
TS

 
FO

R
 T

R
A

N
SP

O
R

T 
O

F 
SO

M
E 

B
IO

G
EN

IC
 

A
M

IN
ES

 

Ti
ss

ue
 

Sp
ec

ie
s 

A
m

in
e 

K m
 

R
ef

. 

B
ra

in
 

R
at

 c
or

te
x 

N
or

ep
in

ep
hr

in
e 

4  
χ 

ΙΟ
"7 

Μ
 

—
 

73
 

R
at

 s
yn

ap
to

so
m

e 
N

or
ep

in
ep

hr
in

e 
6 

χ 
ΙΟ

"7 
Μ

 
0.

10
/x

g/
gm

/m
in

ut
e 

60
 

M
ou

se
 m

id
br

ai
n 

5-
H

yd
ro

xy
tr

yp
ta

m
in

e 
7 

χ 
ΙΟ

"7 
Μ

 
0.

23
 n

M
/g

m
/m

in
ut

e 
21

5 
R

at
 s

tr
ia

tu
m

 
N

or
ep

in
ep

hr
in

e 
2  

χ 
1

0
"6 

Μ
 

0.
20

 n
M

/g
m

/m
in

ut
e 

23
2 

R
at

 s
tr

ia
tu

m
 

D
op

am
in

e 
3

^ 
χ 

10
 ~

η  Μ
 

0.
20

 n
M

/g
m

/m
in

ut
e 

23
2 

H
ea

rt 
R

at
 

N
or

ep
in

ep
hr

in
e 

1.
5 

χ 
10

-•
η  Μ

 
—

 
73

 
R

at
 

N
or

ep
in

ep
hr

in
e 

6.
6 

χ 
10

" 
1  Μ

 
0.

23
 /

xg
/g

m
/m

in
ut

e 
13

8 
R

at
 

Ep
in

ep
hr

in
e 

1.
4 

χ 
10

-6  Μ
 

0.
19

/x
g/

gm
/m

in
ut

e 
13

8 

Pl
at

el
et

 
H

um
an

 
5-

H
yd

ro
xy

tr
yp

ta
m

in
e 

3
^ 

x 
10

 -η  
Μ

 
—

 
34

,2
30

 

V
as

 d
ef

er
en

s 
G

ui
ne

a 
pi

g 
5-

H
yd

ro
xy

tr
yp

ta
m

in
e 

9 
χ 

ΙΟ
"5 

Μ
 

—
 

24
5 

R
at

 
N

or
ep

in
ep

hr
in

e 
1 

χ 
1

0
~

6 
Μ

 
—

 
14

6 

506 DENNIS L. MURPHY AND IRWIN J. KOPIN 



13. THE TRANSPORT OF BIOGENIC AMINES 507 

bidirectional fluxes at the two membranes (cellular and vesicular), 
amines are continually being synthesized, released directly from the 
vesicles to the extracellular space (presumably by exocytosis), and 
degraded by metabolic enzymes. Amine transport against an electro
chemical gradient at the cell membrane has not been clearly demon
strated because the magnitude of any free intracellular (i.e., extra vesicu
lar) amine pool has not been quantitatively determined. Because of the 
difficulty in studying this multicompartmental system, biogenic amine 
transport and storage have been examined principally in relation to 
drugs that affect these processes (e.g., reserpine is thought to affect 
vesicular storage; monoamine oxidase inhibitors may act on amine 
synthesis and transport as well as on the enzyme; and the tricyclic 
antidepressants are competitive inhibitors of cell membrane amine 
transport). 

In this chapter we review only studies providing information on the 
mechanisms of biogenic amine transport; other aspects of amine 
metabolism and drug effects on amines less directly related to transport 
can be found in recent reviews [3,7,26,83,88,100,151,251]. The tissues 
studied the most include the autonomic and central nervous systems, 
blood platelets, the adrenal medulla, and mast cells. Amine transport 
in individual tissues is considered separately because methods for study 
and transport characteristics vary in the different tissues and for the 
different amines. 

II. BIOGENIC AMINE TRANSPORT IN THE PERIPHERAL 
ADRENERGIC NEURON 

The existence of a specific mechanism for the concentration of bio
genic amines was first suggested by the demonstration that large doses of 
epinephrine or norepinephrine administered intravenously increase the 
catecholamine content of dog, cat, and rat hearts [185,205-207]. Fluoro-
metric techniques and the use of radioactively labeled amines provided 
the methods whereby catecholamine uptake was shown to operate at 
the lower amine concentrations present physiologically [11,180,181,241, 
266]. The localization of this uptake process was suggested to be the 
peripheral adrenergic neuron since tissues with extensive sympathetic 
nerve supply (e.g., the heart) concentrated most of the administered 
catecholamines [65,153,266,274], and tissues in which the sympathetic 
nerves had degenerated following surgical sympathectomy were found 
to have markedly reduced uptake [127,241]. Histological techniques, 
including radioautography and fluorescence histochemistry, later were 
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used to demonstrate directly that administered catecholamines are con
centrated mainly in sympathetic terminals and fine nerve fibers pre
viously identified as part of the adrenergic system [102,103,118,119,167, 
269]. 

The importance of norepinephrine uptake for adrenergic neural 
function is indicated by evidence suggesting that 35-90% of the nor
epinephrine released on nerve stimulation is inactivated via the neuronal 
and extraneuronal uptake mechanisms rather than by metabolism or loss 
into the circulation [41,42,213]. Although newly synthesized norepine
phrine is preferentially released from cat spleen during continued, rapid 
neural stimulation [152], synthesis can account for only 10% of the 
total norepinephrine released at maximal stimulus rates [124]. A nearly 
quantitative reuptake of released norepinephrine appears to be respon
sible for the maintenance of constant norepinephrine levels in neurons 
during periods of increased nerve activity [124]. In heart and blood 
vessel preparations during slower rates of stimulation, reuptake appears 
to be less important than synthesis for maintenance of transmitter 
stores and normal function [19]. 

A. Preparations Used for Study of Amine Transport in the Adrenergic 
Neuron 

Most investigations of norepinephrine transport have been carried 
out in isolated organs having a rich sympathetic innervaton, particularly 
the heart, spleen, blood vessels, and vas deferens. Isolated amine storage 
vesicles prepared from tissue homogenates have also been studied. In 
whole organs (the heart and spleen), amines are perfused through the 
vascular bed and thus must pass several different cellular barriers to 
reach the specific transport sites at the adrenergic nerve ending. In tissue 
slices, the diffusion barrier to amine transport sites is also variable; and 
in neither whole organ nor slice preparations has uptake been quantita
tively related to the number of adrenergic nerve endings included. Since 
some norepinephrine is apparently bound in tissue components other 
than the adrenergic neuron [59,85] and since, at least under some con
ditions, exogeneously administered amines do not equilibrate either 
rapidly or completely with endogenous amines [72,138], the exact nature 
of the transport process may be obscured. 

Most assessments of uptake are made using radioactively labeled 
amines, and the assumption is made that the initial rate of accumulation 
of the amine is a true measure of amine influx. The validity of this assump
tion has not been proved in all of the different preparations and con
ditions in which amine uptake has been studied. During the "initial" 
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interval, usually several minutes, there may be significant amine release, 
metabolism, or countertransport, any of which may alter the apparent 
rate of amine accumulation. However in most studies in which short 
incubation periods and low amine concentrations are used, these factors 
do not appear to influence significantly the rate of amine accumulation. 

The transport of norepinephrine, which has been established as the 
adrenergic neurotransmitter, has been studied most frequently in peri
pheral neurons, although uptake of epinephrine, serotonin, metaraminol, 
α-methylnorepinephrine, and some other amines also has been examined. 

B. General Characteristics of the Transport Process 

Perfused hearts concentrate norepinephrine 10-40 times over the 
levels in the perfusing medium [65,138,159]. Iversen [142] has suggested 
that the actual concentration gradient achieved in the adrenergic neural 
tissue, which represents only a minute portion of the heart tissue weight, 
might exceed 10,000:1. 

With perfusion concentrations of 0.01-1.0 Mg/ml, the initial rates of 
influx of radioactivity labeled norepinephrine into the isolated rat heart 
appear to be identical with the rates of net transport of norepinephrine 
measured fluorometrically [138], This supports the view that uptake of 
norepinephrine at low perfusion concentrations, when measured during 
the initial minutes after beginning perfusion, is a valid approximation of 
unidirectional fluxes at zero time. However, with more prolonged incu
bation periods (20-30 minutes), 3 H influx begins to exceed net norepine
phrine uptake as determined fluorometrically, indicating that some 
exchange of endogenous norepinephrine with the newly accumulated 
3H-norepinephrine, or metabolic breakdown, occurs. This discrepancy 
between the accumulation of radioactivity and net uptake becomes 
greater as the external amine concentration is increased [138]. 

Amine uptake by the perfused rat and cat heart is saturable and mani
fests a high affinity for DL-norepinephrine (Km = 6.64 χ 10" 7 Μ). While 
the calculated Michaelis constant for DL-epinephrine (Km = 14.05 
χ 10" 7 M) is approximately twice that for norepinephrine, the maximum 
rates of uptake for both amines are quite similar (0.23 jig/minute/gm 
heart for norepinephrine and 0.19 ^g/minute/gm heart for epinephrine) 
[138,140]. The difference in the affinity of peripheral neurons for up
take of norepinephrine versus epinephrine is reflected in the relative 
importance of uptake for inactivation of these amines. About 60% of 
intravenously administered norepinephrine is inactivated by uptake, 
while only about 30 % of epinephrine appears to be bound in the tissues 
[11,266]. 
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Despite the problems inherent in measurement of transport in a whole 
perfused organ like the heart, where only a very small fraction of the 
tissue (the adrenergic neurons) constitutes the transport site, diffusion 
is not thought to be an important factor when the initial rates of trans
port of low concentrations of amines are studied. Most uptake is by the 
adrenergic neurons, since low concentrations of specific inhibitors of 
uptake (e.g., cocaine and the imipramine-type drugs) and immuno-
sympathectomy block most of the biogenic amine uptake [138]. Extra-
neuronal binding does occur, however, particularly at high concentra
tions of norepinephrine (see below). 

C. Dependence of Transport on Cell Metabolism and Ions 

The transport of monoamines in the peripheral adrenergic neuron 
requires energy input from either glycolysis or oxidative metabolism 
and is also influenced by the extracellular concentrations of sodium and 
potassium. 

In the isolated perfused heart, the absence of oxygen or incubation 
with dinitrophenol does not diminish the uptake of norepinephrine; 
incubation with iodoacetate or in the absence of glucose similarly has 
no effect on uptake. However, in the absence of both oxygen and glucose, 
uptake of norepinephrine is markedly decreased but can be restored by 
providing either oxygen or glucose [259]. In other tissues containing 
peripheral adrenergic neurons (such as the uterus, vas deferens, and 
iris), anoxia, dinitrophenol, and iodoacetate inhibit uptake of epineph
rine, norepinephrine and a-methylnorepinephrine [72,107,114,116,117]. 

Norepinephrine accumulation in heart slices and in isolated perfused 
hearts is reduced in proportion to the amount of sodium replaced by 
sucrose or potassium in the incubation medium [27,28,107,145]. The 
total replacement of sodium by lithium, potassium, or sucrose markedly 
reduces the accumulation of 3H-norepinephrine [27]. Uptake is also 
reduced in a calcium-free medium [107]. Ouabain (10~4 M) partially 
inhibits, noncompetitively, norepinephrine and metaraminol accumula
tion [17,18,28,73,101,195). Potassium concentrations less than 6 mM 
or greater than 26 mM also diminish uptake. Sodium and potassium 
are mutually antagonistic in affecting uptake and may compete for the 
same membrane site [28]. Metaraminol uptake in rat uterine horn pre
parations is also dependent upon sodium and potassium [195]. 

Bogdanski and Brodie [27] and Berti and Shore [17,18] have suggested 
that amine uptake in the adrenergic neuron is linked to the Na-K-
ATPase system in the cell membrane. Thus the amine transport process 
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may be similar to the transport process for amino acids and sugars in 
other tissues [63,237]; the affinity of the membrane carrier for nor
epinephrine appears to be dependent upon the sodium concentration, 
while Na-K-ATPase serves to maintain the low internal sodium concen
tration necessary for release of norepinephrine from the carrier at the 
internal surface of the membrane [28,107,114,259]. 

In recent studies in rabbit heart slices, the transport of the non-
metabolized amine metaraminol was found to be stoichiometric with 
sodium uptake; metaraminol and sodium appear to be transported to
gether across the cell membrane [242]. At high sodium concentrations, 
reduction of available sodium decreases metaraminol uptake by re
ducing the maximal rate of transport without changing the affinity of 
the carrier (Km) for metaraminol. However, below 37.1 mM sodium 
concentrations, the Km for L-metaraminol (but not D-metaraminol) is 
decreased. Ouabain remains an effective inhibitor of L-metaraminol 
transport at external sodium concentrations of 20 mM, indicating the 
continuing importance, even at this very low external sodium concentra
tion, of Na-K-ATPase activity and ion gradients for amine transport 
[242]. 

D. Competition for Uptake among Structural Analogs of Norepinephrine 
in the Peripheral Adrenergic Neuron 

Epinephrine competitively inhibits the uptake of intravenously 
adminstered norepinephrine into peripheral organs containing adrener
gic neurons; other amines, including ephedrine and tyramine, also 
diminish uptake [10,73,128]. The most comprehensive studies of com
petition among compounds structurally similar to norepinephrine are 
those of Burgen and Iversen, who used 52 different compounds [44,142]. 
Affinity for the uptake site in the rat heart was increased by a-methyl-
ation and the presence of phenolic hydroxyl groups and decreased by 
/Miydroxylation, N-substitution, or O-methylation. A recent re
appraisal of these same data using regression analysis suggested that the 
dominant factor in fitting the different compounds into the postulated 
molecular carrier site was the relative orientation between the hydro
phobic benzene ring and the positively charged amine group [13]. In 
most studies in other tissues as well as in heart, the order of affinity of 
amines for the transport site appears to be L-metaraminol > dopamine 
> L-a-methylnorepinephrine > L-norepinephrine > DL-amphetamine 
> tyramine > L-epinephrine > serotonin > isoproterenol [44,142]. 
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Stereochemical specificity has also been observed, both L-norepineph-
rine and L-epinephrine at low concentrations being concentrated more 
avidly than their D-isomers [138,140] α-Methylnorepinephrine, tyr-
amine, α-methyltyramine, metaraminol, and octopamine also appear to 
be taken up by the norepinephrine transport system in the peripheral 
adrenergic neuronal membrane [50,52,77,89,101,141,159,182,229]. Iso
proterenol, however, is poorly concentrated and its accumulation is 
not blocked by cocaine or desimipramine [47,92,126]. 

In the isolated vas deferens of the rat, both norepinephrine and sero
tonin are accumulated. Serotonin appears to enter vesicles of adrenergic 
neurons that normally do not contain this amine. Transport of amines 
into this tissue is temperature-dependent, saturable, and diminished by 
ouabain, cocaine, imipramine, or phenoxybenzamine [146]. Subcellular 
fractionation by sucrose density centrifugation of homogenates of 
guinea pig vas deferens suggests that the accumulated serotonin is dis
tributed identically with endogeneous norepinephrine, i.e., in the frac
tions containing amine storage vesicles [74,245]. Norepinephrine in
hibits serotonin uptake, and hypogastric nerve stimulation results in 
release of serotonin, suggesting that the indoleamine might substitute 
for norepinephrine in this adrenergic neuron [245]. 

The rat iris has been studied primarily by a semiquantitative fluores
cent histochemical technique, which has provided information comple
mentary to the biochemical data obtained in other tissues. Direct 
visualization of norepinephrine permits study of intracellular localiza
tion of sites of amine accumulation and examination of drugs affecting 
this localization. The method is not sensitive enough to detect changes 
in amine accumulation reliably unless the amines are first depleted with 
reserpine and an inhibitor of monoamine oxidase is used to allow intra
cellular (but extravesicular) concentration of the amines. Under these 
conditions metabolism-dependent transport blocked by dinitrophenol, 
potassium cyanide, nitrogen, glucose absence, and 0°C, and also in
hibited by cocaine and desimipramine leads to estimated 1000-fold 
increments in intraneuronal norepinephrine concentration [117]. How
ever, the uptake does not appear to be stereospecific. The view that in 
such reserpinized tissue the accumulated amine remains in a free intra
cellular pool is supported by the increased rate of loss of the amine 
following inhibition of uptake by imipramine-type drugs and by the 
lack of change in amine content following sustained preganglionic 
neuronal stimulation, which normally depletes intravesicular amines 
[117,162]. Epinephrine, dopamine, and α-methylnorepinephrine (but not 
isoproterenol) are also accumulated by adrenal nerves in the iris [62,117]. 
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Amine uptake has also been studied using a variety of methods in the 
lung, colon, salivary glands, trachea, and different blood vessel pre
parations [92,169,183,184,241]. 

E. Extraneuronal Uptake 

Isolated rat hearts perfused at concentrations of epinephrine or nor
epinephrine above 1 /ig/ml exhibit a marked increase in the initial rate 
of amine uptake disproportionate to the amount of amine in the per
fusing medium based on rates determined at lower concentrations. At 
these higher catecholamine concentrations the uptake-affinity relation
ship between norepinephrine and epinephrine is reversed (Km for nor
epinephrine is increased to 2-52 χ 10~4 Af), the stereospecificity relation
ship favoring the uptake of the L-amines over the D-forms is lost, and the 
calculated maximal rates of uptake are markedly different from those 
found with lower amine concentrations ( F m a x for uptake of norepine
phrine = 17.0 jug/minute/gm). In addition, the rate constant for loss of 
tissue amines when perfusion is continued without catecholamines is 
greater than that seen after perfusion with lower amine concentrations, 
suggesting that the amine storage site is not intraneuronal. Iversen 
[140],, who described these characteristics in the isolated heart, named 
this process "Uptake 2 . " 

Subsequent studies in which histochemical fluorescence techniques 
were used have provided additional evidence that Uptake 2 represents 
extraneuronal accumulation [59,84,85,163,164]. With high concentra
tions of norepinephrine, cardiac muscle cells, coronary blood vessels, 
fat and connective tissue, as well as adrenergic nerves, take up nor
epinephrine. Drugs (e.g., normetanephrine and phenoxybenzamine) or 
perfusion at a low temperature (20°C), which leads to a reduction in 
Uptake 2 amine accumulation [140], markedly reduce the nonadrenergic 
neuron fluorescence. Although phenoxybenzamine also reduces neural 
fluorescence, normetanephrine, which has been found to be among the 
most potent inhibitors of Uptake 2 , does not reduce the fluoresence in 
the adrenergic neurons, again suggesting that the location of Uptake 2 

is in cardiac muscle and other nonneuronal tissue [59,85]. 
Extraneuronal accumulation of monoamines has also been described 

in salivary glands and blood vessels [6,120,260]. Recently Uptake 2 has 
been demonstrated to operate at lower amine concentrations, although 
it is normally obscured by neuronal uptake and rapid metabolism of the 
amine taken into extraneuronal stores. This extraneuronal amine uptake 
process (especially in tissues with large masses of smooth muscle such 
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as intestine or blood vessels) may participate in the inactivation of 
administered epinephrine and isoprotenenol as well as that of related 
endogeneous norepinephrine [158], 

F. Uptake in Isolated Vesicles from Adrenergic Neurons 

Amine storage vesicles obtained from spleen and heart homogenates 
have been studied in attempts to determine the contribution of the 
vesicle to norepinephrine uptake. A preparation containing vesicles 
from bovine splenic nerves loses endogenous norepinephrine rapidly at 
37°. Radioactively labeled norepinephrine (1-3 χ 10" 6 Μ) added to a 
preparation that has lost two-thirds of the initial norepinephrine content 
is taken up in the presence of ATP, leading to a twofold increase in 
norepinephrine concentration; uptake is directly proportional to the 
amine concentration [81,82]. 

The relative affinity of L-norepinephrine compared to D-norepine-
phrine for uptake into the splenic nerve particles suggests a 9.4:1 
preference for the L-compound [81,82]. Epinephrine, which is concen
trated less well than norepinephrine by intact cells and organs, and 
isoproterenol, which is essentially not concentrated, are both accumu
lated equally as well as norepinephrine by splenic nerve particles. In 
addition, uptake of epinephrine and isoproterenol, like uptake of nor
epinephrine, is increased by ATP and inhibited by reserpine. Furthermore, 
isoproterenol decreases the uptake of radioactive norepinephrine into 
these isolated vesicles. These results suggest that specificity among 
structurally similar amines is maintained at the cell membrane level 
and is not a property of the vesicle in the adrenergic neuron. The 
physiological ion concentrations and their importance for isolated 
vesicles, however, remain unknown, and conclusions in this area remain 
tentative. Uptake of norepinephrine by splenic nerve particles is in
hibited 30-60% by concentrations of 3 χ 10" 4 Μ phenoxybenzamine, 
phentolamine, pronethalol, and dichlorisoproterenol [79,80], 

Michaelson et al. [175] found that vesicles obtained from rat heart 
exhibit somewhat different characteristics. After incubation at 0°C with 
3H-norepinephrine, levels of amine twice those in the medium are 
attained in the vesicle preparation, and up to five times more at 37°C. 
However, most of the radioactivity was found not to represent nor
epinephrine but a norepinephrine metabolite (3,4-dihydroxyphenyl-
glycolic aldehyde). Furthermore, there was extensive nonspecific 
absorption of norepinephrine on particles other than storage vesicles. 
Particles from another adrenergically innervated tissue, the bovine 
vesicular gland, also differ from splenic nerve particles in accumulating 
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negligible amounts of norepinephrine or epinephrine even in the 
presence of ATP [79]. 

Metaraminol and octopamine are taken up by the same transport 
process as is norepinephrine and are stored in vesicles. If vesicular 
storage is blocked by a drug, octopamine is destroyed by the action of 
monoamine oxidase; metaraminol is not a substrate for this enzyme 
and continues to accumulate in the cell. If cell membrane uptake is 
blocked, there is decreased uptake of both metaraminol and octopamine. 
Comparing the effects of drugs on accumulation of metaraminol and 
octopamine has provided another useful means to distinguish the site 
of drug action on amine accumulation [51,101,151]. 

G. Drug Effects on Amine Uptake in the Peripheral Adrenergic Neuron 

1. TRICYCLIC ANTIDEPRESSANTS 

Imipramine and desipramine are the most potent inhibitors of 
monoamine transport in the peripheral adrenergic neuron, decreasing 
norepinephrine uptake in the isolated rat heart by 50 % at a concentra
tion of 1.3 χ 10" 7 Μ and serotonin uptake into guinea pig vas deferens 
at a concentration of 5 χ 10" 7 Μ [74,142]. Both in vivo and in vitro, 
these drugs inhibit the uptake of norepinephrine, epinephrine, and 
serotonin and other structurally similar monoamines into peripheral 
tissues containing adrenergic neurons [8,9,73,128,140,174,248]. 

Structurally similar drugs including amitriptyline, protriptyline, 
chlorprothixine, and a group of bicyclic phthalan derivatives also in
hibit uptake of catecholamines [142,260]. Monomethylamine derivatives 
are several times more active than the dimethylamine compounds 
[52,140,260]. A few antihistamine drugs that share some properties 
with the tricyclic antidepressants also inhibit the uptake of norepine
phrine, as do chlorpromazine, bretylium, and guanethidine [73,129,136, 
137,140,159]. Desipramine does not affect norepinephrine uptake into 
isolated splenic nerve vesicles except in concentrations of 1 0 " 4 M, some 
8000 times more than is required to block uptake at the cell membrane 
[239]. These drugs also block the accumulation of both metaraminol 
and octopamine, consistent with the view that uptake is limited by 
membrane transport rather than intraneuronal binding [51]. 

2. COCAINE 

Cocaine inhibits norepinephrine uptake into amine-storing tissues in 
the intact animal [181,266], in tissue slices [73], in the iris, and in the 
isolated perfused heart or spleen [102,131,139,159,162,246]. Kinetic and 
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histochemical florescence studies indicate that cocaine is a competitive 
inhibitor of monoamine transport at the neuronal membrane [52,131, 
162]. Cocaine does not affect transport of amines into vesicles isolated 
from splenic nerve [78]. Inhibition of uptake produced by cocaine can 
be overcome by increasing the norepinephrine concentration in the 
medium. Cocaine, at a concentration of 3.8 χ 10~7 M, produces 50% 
inhibition of uptake of norepinephrine by the isolated perfused heart 
[140]. Cocaine also blocks the uptake of α-methylnorepinephrine in the 
perfused heart and in the iris [131,182] as well as the uptake of metara
minol, octopamine, epinephrine and α-methyltyramine in vivo [52,141, 
163], but accumulation of norepinephrine in the uterus or in sympathetic 
ganglia is not affected [89,272]. The inhibition of uptake by cocaine is 
unrelated to its local anesthetic action since structurally related local 
anesthetics do not inhibit monoamine transport [181]. 

3. RESERPINE 

While reserpine diminishes the total accumulation of monoamines, 
the initial rate of uptake of norepinephrine in the isolated perfused 
heart is not affected by reserpine [140,154]. Fluorescent studies show 
that amines administered after reserpine accumulate diffusely through
out the sympathetic preterminal axons rather than in the terminal 
varicosities [117,118]. While an equal amount of labeled norepinephrine 
appears to be removed from the fluid perfusing isolated hearts of rats 
treated with reserpine compared to the hearts of untreated animals, less 
radioactivity is retained, and the effluent perfusate contains increased 
amounts of deaminated metabolites of norepinephrine [143]. These 
observations suggest that reserpine acts only on vesicular storage and 
not on neuronal membrane transport. 

Reserpine is suggested to unmask a separate uptake system in heart 
that is stereospecific for L-metaraminol and ouabain-sensitive [18,242]. 
The drug appears to potentiate the inhibitory effects of a reduction in 
the extracellular sodium content and of ouabain on the transport of 
L-metaraminol but not D-metaraminol. It is possible that these changes 
reflect vesicular effects of reserpine since only L-metaraminol (and not 
D-metaraminol) is accumulated by sympathetic neuronal vesicles. At 
1 χ 10~ 7M, reserpine produces a 50% inhibition of norepinephrine 
uptake by splenic nerve vesicles [238]. 

4. M A O INHIBITORS AND ADRENERGIC BLOCKING AGENTS 

In vivo uptake of 3H-norepinephrine into the rat heart is not affected 
by inhibitors of monoamine oxidase [8]. In isolated rat heart prepara
tions, some monoamine oxidase inhibitors (harmine, harmaline, 
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phenelzine, and tranylcypromine) inhibit norepinephrine uptake [139, 
159]. Adrenergic blocking drugs (phenoxybenzamine, dichlorisopro-
terenol, pronethanol, phentolamine) at concentrations of lO~ 6 to lO~ 5 M 
inhibit monoamine uptake [9,86,102,146,159]. Amphetamine also in
hibits uptake in higher concentrations and has an additional action 
which results in amine release [117]. 

5. OTHER DRUGS AND SOME PHYSIOLOGIC FACTORS AFFECTING 
UPTAKE 

A variety of other drugs and physiological variables may influence 
monoamine transport. The vasopressor peptide angiotensin inhibits the 
uptake of norepinephrine in brain, spleen, blood vessels, and isolated 
perfused hearts in concentrations that may be as low as those found 
physiologically [191-193,196] . Newborn animals do not appear to be 
able to accumulate norepinephrine until 7 to 10 days after birth [109]. 
Hearts from hyperthyroid rats accumulate less norepinephrine than 
normal hearts [273]. Stress affects the accumulation of ^-norepine
phrine as shown by a decrease in norepinephrine uptake in the rabbit 
heart in vivo following injections or mock injections of saline [105]. 
Nerve stimulation also appears to affect norepinephrine uptake into 
peripheral adrenergic neurons in the heart, spleen, and submaxillary 
glands [21,54,104]. In the submaxillary gland, the increased uptake 
attending sympathetic nerve stimulation does not seem to be the result 
of changes in blood flow, extraneuronal uptake, amine synthesis or 
amine metabolism, but rather appears to be a specific increase in uptake 
at the neuronal membrane that may be blocked by desipramine [54]. 

III. TRANSPORT OF BIOGENIC AMINES IN THE CENTRAL 
NERVOUS SYSTEM 

Brain biogenic amine transport has proved difficult to study because 
of the heterogeneity of amine-specific neurons in different brain regions. 
Chemical and histochemical analyses have demonstrated noradrenergic, 
serotonergic, and dopaminergic tracts in several regions of brain 
[162,258]. As in the periphery, norepinephrine and the other amines 
are thought to function as neurotransmitters, with reuptake of released 
amines serving to inactivate and conserve the transmitters. The uptake 
mechanism, however, has proved to be only relatively specific for a par
ticular amine; for example, dopamingergic tracts in the corpus striatum 
can also accumulate norepinephrine, and neurons normally containing 
catecholamines may, under some conditions, accumulate exogenous 
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serotonin [157,232]. 3H-Histamine is also accumulated in isolated nerve 
ending preparations (synaptosomes), but histamine transport has not 
yet been studied [233]. 

A. Preparations Used to Study Amine Transport in Brain 

Brain perfusion is not practicable since only a small fraction of intra
venously administered amines penetrate the blood-brain barrier [262]. 
However, in vivo studies have been accomplished by direct injection of 
amines into the cerebrospinal fluid of the ventricles or cisterna magna 
[108,221]. Brain slices, brain homogenates, and isolated synaptosomes 
have been used to examine uptake in vitro. Synaptosomes, the sheared-
off resealed presynaptic nerve terminals separated from brain homo
genates by sucrose density gradient centrifugation, may prove to be the 
most satisfactory means of studying transport mechanisms in brain 
[60,232,267]. Amine uptake by intraneuronal vesicles can be examined 
directly only after their isolation, although inferences regarding uptake 
into the vesicle can be made upon determination of the metabolic pro
ducts of the amines as indicated above with reference to the peripheral 
adrenergic nervous system [223,224]. 

B. General Characteristics of Amine Transport in Brain 

1. SEROTONIN UPTAKE 

Serotonin is accumulated in brain tissue and bound to different 
subcellular fractions following in vitro or intraventricular administra
tion. Serotonin administered by intraventricular perfusion is accumu
lated mostly in the supernatent fraction (unlike endogeneous serotonin, 
which is principally separated with the particulate fraction), and uptake 
occurs in direct proportion to the amine concentration in the perfusing 
medium, without evidence of saturation [194]. Histochemical fluores
cence studies indicate that serotonin and catecholamines injected into 
the ventricles accumulate principally in serotonergic and adrenergic 
neurons adjacent to the ventricles and the ventricular part of the 
subarachnoid space [96,98]. 

Subcellular fractions obtained from guinea pig brain homogenates 
appear to bind serotonin in different ways: (1) soluble proteins bind 
serotonin at concentrations of 10" 3 to 5 χ 10" 2 Μ (this probably 
represents low affinity binding of the cationic amine to the proteins by a 
nonspecific cation-exchange process) [212]; (2) a medium-affinity 
binding to the particulate fraction that contains mitochondria and 
monoamine oxidase is inhibited by the MAO inhibitor harmine; and 
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(3) a high-affinity uptake that accumulates serotonin at low (10" 7 to 
10" 6 M) concentration appears to be localized in nerve ending particles; 
this is inhibited by D- and L-LSD at concentrations of 10" 6 Μ and is 
partly inhibited by reserpine [165,166]. Imipramine, but not reserpine 
or iproniazid, inhibits the uptake of serotonin by the nerve ending 
fraction studied by Wise and Ruelius [268]. This uptake process is 
similar to that found in brain slices. In 1962, Dengler et al. first demon
strated that slices of rat and cat brain accumulate serotonin by a tem
perature-dependent, saturable process, which leads to tissue concen
trations several times that of the medium [72,215]. Incubated directly 
in the sucrose medium, synaptosomes concentrate serotonin by a tempe
rature-dependent process that does not appear to be saturable [186,214]. 

2. CATECHOLAMINE UPTAKE 

In vivo, after intraventricular or intracisternal injection, catechol
amines are found, at least in part, in neurons that normally contain the 
amines. The amounts of labeled amine present in the brain shortly 
after injection reflect transport of the amine across the neuronal 
membrane and subsequent vesicular storage. Interference with metabol
ism of the catecholamine slows disappearance of the injected compound, 
but only interference with the uptake and storage of the compound 
significantly alter the initial levels of the injected substance [108,110]. 
Inferences regarding an inhibitory effect of a drug on uptake at the 
neuronal membrane or at the vesicular storage site may be made by 
examining the amine metabolites. As in the peripheral adrenergic 
system, monoamine oxidase is thought to be responsible for intra-
neuronal destruction, while catechol-O-methyl transferase acts mainly on 
extraneuronal catecholamines. Inhibition of uptake by the intracellular 
vesicles leads to a decrease in stored amine and an increase in deamina-
ted catechols. Inhibition of uptake at the neuronal membrane, on the 
other hand, increases O-methylated amines [223,224]. 

In vitro, norepinephrine is taken up by a temperature-dependent, 
saturable process [72]. Synaptosomes from rat brain suspended in 
Krebs bicarbonate buffer concentrate 3H-norepinephrine to 200 times 
the level in the medium. This temperature-dependent uptake is saturated 
at 1-2 μΜ/ml, with an apparent Km of 5.6 χ 10" 7 Μ [60]. Tissue-to-
medium gradients of 11:1 are attained for 3H-norepinephrine in rat 
brain homogenates prepared in sucrose and suspended in Krebs-
Hensleit solution [232]. Brain regions differ in total amine accumulation; 
the striatum attains twice the 3H-norepinephrine concentration of the 
hypothalamus and the cerebral cortex; the cerebellum accumulates less. 
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In all regions, however, the initial rates of 3H-norepinephrine uptake 
are nearly identical. The Km for 3H-norepinephrine uptake in the stria
tum is 2.0 χ 1 0 - 6 M, while a lower Km of 4.0 χ ΙΟ - 7 Μ is found for 
3H-norepinephrine in the other brain areas [232]. 

3H-Dopamine is also accumulated in these synaptosome preparations, 
attaining tissue-to-medium gradients of 12-240:1 in different brain 
regions; the striatum has a gradient ten times higher than the other 
regions. In all brain regions 3H-dopamine accumulation is two to four 
times greater than 3H-norepinephrine uptake, but both amines are 
metabolized at similar rates during a short (5-minute) incubation inter
val. Uptake of 3H-dopamine by the striatum appears to have a single 
Km of 4.0 χ 10" 7 M. In all other brain regions studied, however, there 
appear to be at least two components of uptake with Km values of about 
0.8 χ ΙΟ"7 Μ and 1.4 χ 10" 6 Μ [232]. 

Norepinephrine binds to subcellular particles isolated from brain 
homogenates, but there does not appear to be a clear relationship 
between norepinephrine concentration (over a range o f l 0 " 7 t o 10~4 M) 
and the amount of amine bound. The presence of at least four inflection 
points suggested to Herblin and O'Brien [125] that there were at least 
five binding components on their brain homogenate preparation. 
Further fractionation of the homogenate was attempted with sucrose 
density gradient centrifugation; differences in characteristics of the 
binding to the separated portions could be demonstrated by dissimilar 
effects of drugs such as ergotamine, bufotenin, pyrogallol, psylocybin, 
and serotonin on amine binding. 

C. Dependence of Brain Biogenic Amine Transport on Ions and Cell 
Metabolism 

Saturable amine uptake is inhibited by dinitrophenol and iodoacetate 
and stimulated by glucose and oxygen, indicating energy dependence 
[20,72]. The ion dependence of uptake has been demonstrated mainly in 
synaptosomes. The 200-fold concentration of 3H-norepinephrine by 
rat brain synaptosomes is halved by reduction of sodium in the medium 
from 143 to 75 mM and is virtually abolished in the absence of sodium 
[29,60]. Optimal amine uptake requires potassium in concentrations of 
3 to 12 mM, and there is a marked reduction in uptake if the potassium 
is omitted [29,60]. Ouabain reduces the rate of norepinephrine and 
serotonin uptake by synaptosomes [29,60] and also markedly decreases 
serotonin deamination, suggesting that the effect of ouabain is on the 
cytoplasmic membrane and not on storage [28]. Ouabain preincubation 
in the presence of sodium is required to block the initial transport of 
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serotonin but not that of norepinephrine. Since, in this synaptosome 
preparation, the Na-K-ATPase is not blocked immediately by ouabain, 
it was suggested that the effect of the ouabain on amine transport is 
indirect and secondary to a delayed decrease in the sodium and potas
sium gradients resulting from the Na-K-ATPase inhibition [247]. 
Ouabain (10~5 to 10" 4 M) partially inhibits norepinephrine and sero
tonin uptake into mouse, rat, and cat brain slices [20,72,214], 

D. Structural Specificity and Competition for Uptake in Brain 

After administration of serotonin or 5-hydroxytryptophan, serotonin 
can be demonstrated by histochemical fluorescence in catecholamine-
containing neurons in the tubular-infundibular area. Catecholamines 
were first depleted by reserpine, and nialamide was used to inhibit 
monoamine oxidase. Indole concentrations considerably higher than 
the levels of catecholamines that are required to induce fluorescence 
were necessary to demonstrate serotonin uptake into an adrenergic 
neuron [157]. However, after intraventricular administration, serotonin 
accumulation is not found in paraventricular, catecholamine-containing 
neurons [97]. The physiological importance of this nonspecific amine 
uptake remains to be demonstrated. 

Norepinephrine (6 χ 10" 5 Μ) reduces the accumulation of 1 4 C-
serotonin administered intraventricularly [194]. However, norepine
phrine is a less effective inhibitor of 3H-serotonin uptake than is seroto
nin or tryptamine on norepinephrine uptake in mouse brain slices [214], 
Since different proportions of adrenergic and serotonergic neurons may 
be present in the brain slices studied, this result cannot be interpreted 
as evidence for a preferential transport of serotonin at the nerve ending. 
In rat brain slices, 14C-serotonin uptake is inhibited by other amines 
(but not by 5-hydroxytryptophan) at concentrations of 10~5Af: 
tryptamine > dopamine > L-norepinephrine > DL-5-hydroxytryptophan 
[20]. Blackburn et al suggested that serotonin and norepinephrine are 
transported at different sites since the norepinephrine concentration 
needed to produce a significant inhibition of serotonin uptake is almost 
100 times more than the Km value for norepinephrine uptake [20]. 
Tryptamine, N-N-dimethyltryptamine, and bufotenin (3-5 x 10" 5 M) 
all diminish accumulation of radioactivity in the mouse brain slices 
incubated with 3H-serotonin (1 χ 10" 7 M) by approximately 50%, 
while less inhibition was observed with dopamine > norepinephrine 
> LSD > mescaline [20]. 

In homogenates of striatum, dopamine at concentrations of 4.5 
χ 10" 7 Μ produces 50% inhibition of norepinephrine uptake, while a 
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higher norepinephrine concentration (1 χ 10" 6 Μ) is required to inhibit 
dopamine uptake 50% [232]. These dopamine-norepinephrine inter
actions in the striatum are competitive, suggesting that both amines are 
transported at the same sites. The lower Km for dopamine compared to 
norepinephrine in brain areas other than the striatum indicates that, as 
in heart, dopamine has a greater affinity for this uptake site [232]. 

E. Uptake by Brain Vesicles 

Norepinephrine and serotonin concentrations measured fluoro-
metrically in different brain regions appear to correlate with the number 
of large (800-1200 A) granular synaptic vesicles present. Although 
changes in the electron-microscopic density of the granular, "dense 
core " material in these large vesicles do not regularly accompany the 
marked changes in norepinephrine or serotonin content that result 
from the administration of reserpine, pargyline, /?-chlorphenylalanine, 
α-methyl-p-tyrosine or a-methyl-ra-tyrosine, these structures are gener
ally accepted as the storage site for putative amine neurotransmitters. 
This view has recently been questioned since smaller (400-600 A) 
vesicles have also been found in brain [5,22-24,95-97,197]. In the peri
pheral adrenergic system, the granular density of similar small vesicles 
is reduced by drugs, such as reserpine, which deplete amines [25,133, 
254,255]. Thus, the small granular vesicles may be the site of drug-
sensitive amine storage. 

Vesicles isolated from pig hypothalamus, incubated at either 0° or 
37°C, accumulate added norepinephrine in proportion to the concentra
tion (1-800 χ 10" 8 M) of the amine in the medium. ATP and M g 2 + or 
C a 2 + increase amine accumulation at 37° but not at 0°C. Since the 
greatest increment in uptake occurs at lower amine concentrations, a 
saturable mechanism of uptake by the temperature-sensitive, ATP-
dependent process is probable [198]. 

In these hypothalamic vesicles, reserpine and prenylamine reduce 
norepinephrine uptake both at 37°C and at 0°C. These drugs also in
hibit an Mg 2 + - or Ca2 +-activated ATPase present in the vesicle prepara
tion. Desipramine also reduces norepinephrine transport into vesicles 
but does not inhibit the Mg-Ca ATPase. This drug appears to inhibit 
competitively the vesicle membrane uptake of norepinephrine, just as it 
does uptake at the cell membrane [198]. 

The nature of the storage mechanism within the vesicle has been 
investigated by examination of substances present in vesicles that may 
chemically bind biogenic amines. Phosphatidyl serine, phosphoinositol, 
cerebroside sulfate, springomyelin, and other lipids present in brain 
strongly bind cations, including monoamines. The ability of these 
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compounds to yield lipid-soluble complexes with monoamines has been 
suggested to function in the transport or storage of monoamines in the 
brain. Evidence for this role is based largely on in vitro studies in model 
systems. While specificity of cation binding for monoamines has not 
been demonstrated, it has been suggested that the potassium release by 
cells in the presence of histamine, catecholamines, or serotonin may 
reflect cation displacement and exchange [113]. The addition of mag
nesium, calcium, or other bivalent metals to these lipids further in
creases the solubility of monoamines in the organic phases of model 
systems. This change has been explained by the formation of ternary 
metal-ATP-amine coordination complexes demonstrated by titration 
[53,61,90,91,113,132,161,186,261,270,271]. 

F. Drug Effects on Brain Monoamine Transport 

The tricyclic antidepressant drugs are competitive inhibitors of nor
epinephrine and serotonin uptake in brain, but have a lesser effect on 
dopamine transport [48]. Desipramine is a somewhat less effective 
inhibitor of serotonin uptake in brain than is imipramine, and a higher 
concentration of desipramine is required to reduce serotonin uptake in 
brain than is needed for norepinephrine [20,98,194,214]. Similarly, other 
monomethylamine derivatives of the tricyclic antidepressants are better 
inhibitors of norepinephrine than of serotonin uptake [215]. Cocaine, 
amphetamine, bufotenin, α-ethyltryptamine and chlorpromazine also 
decrease the rate of uptake of 3H-serotonin by mouse brain slices 
[214,215]. Whereas dopamine uptake is unaffected by desipramine or 
protriptyline, D-amphetamine inhibits both dopamine and norepine
phrine uptake [48]. 

The monoamine oxidase inhibitors pheniprazine and iproniazid 
increase the total accumulation of 3H-serotonin in mouse and rat brain 
slices, but do not affect the initial rate of uptake of the amine [20,214, 
215]. Another monoamine oxidase inhibitor, phenyl-a-methylpropyl-
hydrazine, does not influence the uptake of 3H-norepinephrine in cat 
cerebral cortex slices [72]. 

As in other tissues, reserpine administration reduces the total accum
ulation of monoamines, but generally the initial rate of uptake is 
unaffected. This is seen after intraventricular injection of the amines as 
well as in vitro studies using rat, cat, and mouse brain slices or synapto
somes [20,29,72,191,214,215,226,228]. Reserpine added in vitro to rat 
brain synaptosomes nearly doubles the rate of efflux of serotonin from 
this preparation [29]. 

Rats deprived of rapid-eye-movement sleep accumulate an increased 
amount of intraventricularly administered 3H-norepinephrine [204]. 
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IV. BIOGENIC AMINE TRANSPORT IN BLOOD PLATELETS 

Platelets possess amine storage vesicles and concentrate serotonin in 
an intracellular-to-extracellular gradient of over 1000:1; other biogenic 
amines are concentrated less avidly [34,134,235,250]. Vesicles isolated 
from rabbit platelets contain 2.1 X 10" 5 Μ serotonin/mg protein, which 
is more than 200 times the concentration of this amine in intact platelets 
[66]. Since platelets lack tryptophan hydroxylase and are unable to 
synthesize serotonin, apparently this amine is derived totally from 
plasma [58,99,243,263]. 

A. General Characteristics of Serotonin Transport in Platelets 

The accumulation of serotonin by platelets, and the dependence of 
this accumulation on intact platelet membranes were first shown by 
Humphrey and Toh [135]. Transport of serotonin into platelets occurs via 
a saturable, energy- and sodium-dependent mechanism (see below) which 
manifests a high affinity but low capacity for transporting this amine 
[199]. Even at low external concentrations of serotonin (5 χ 10~7 M), 
the initial rate of uptake is rapid. As the external concentration of 
the amine is increased, the rate of uptake approaches an asymptote, 
suggesting that the capacity of the saturable carrier is a limiting step. 
This relation between the concentration of serotonin in the medium and 
the initial rate of serotonin transport can be described by Michaelis-
Menton kinetics [34,99]. The apparent Km for uptake of serotonin into 
the human platelet is 3-4 χ 10" 7 Μ [34,230]. At higher concentrations 
or at lower temperatures, serotonin accumulation is directly propor
tional to the external serotonin concentration. Such uptake is thought 
to represent passive diffusion [32,199]. However, uptake at 4°C is 
inhibited by imipramine, suggesting that the diffusion that occurs at 
low temperatures is carrier-mediated [178]. 

Normal human platelets contain serotonin concentrations of 0.1-0.4 
//g/mg protein, but up to ten times this amount can be accumulated in 
vitro as well as in vivo (e.g., in platelets from patients with serotonin-
producing carcinoid tumors) [32,64,121,135,171,231,276]. 

B. Cellular Metabolic Basis for Transport 

Serotonin uptake by platelets is temperature-dependent, occurring 
most efficiently at 40°C. Inhibition of serotinin accumulation by such 
substances as cyanide, sodium azide, sodium monoiodoacetate, malon-
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ate, and 2,4-dinitrophenol indicates that the process is dependent upon 
cellular energy production [32,219]. Blockers of sulfhydryl groups 
(w-ethylmaleimide and /7-chloromercuribenzoate) and dyes that are 
electron acceptors (methylene blue) are also effective inhibitors of up
take. These substances, which are thought to affect the transport 
process indirectly, cause 50% inhibition of serotonin uptake at con
centrations in the range 1-9 χ 10" 5 Μ [87]. 

While ATP enhances serotonin transport, only under some conditions 
(e.g., prolonged incubation) does glucose uniformly increase uptake 
[134,172,219,236]. Similarly, only after long incubation times with high 
serotonin concentrations does anerobic incubation even slightly reduce 
uptake [187,264]. Uptake of serotonin at low amine concentrations is 
not suppressed by incubation in a nitrogen atmosphere for short inter
vals [134,187,236]. These observations suggest that the immediate 
metabolic requirements for transport are met by glycolysis or cellular 
energy stores [202]. Serotonin uptake is reduced 50-70% in EDTA-
anticoagulated platelet preparations compared to those containing 
sodium citrate [34]. 

C. Ion Dependence of Serotonin Uptake by Platelets 

Sodium is required for serotonin transport into platelets, although 
the extracellular sodium levels can be reduced to approximately 25 mM 
without diminishing uptake; further reductions markedly impair uptake 
[230]. There is a linear relationship between the reciprocals of extra
cellular sodium concentration and serotonin uptake, suggesting that 
sodium and serotonin are coupled 1:1 with the carrier for transport. 
A reduction in the sodium concentration leads to a decrease in affinity 
of the carrier for serotonin (Km is increased) without affecting the trans
port capacity (K m a x ) [230]. Thus sodium can be considered to facilitate 
the binding of serotonin to the membrane carrier; although a similar 
role for sodium in amine transport in the rat heart has been proposed, 
the expected change in Km for metaraminol in the rabbit heart was found 
only when sodium concentrations were reduced to below 37.1 mM 
[27,28,242]. 

Potassium is required for maximal uptake of serotonin by platelets 
[230,264], and potassium exchange across the platelet cell membrane is 
increased in the presence of serotonin [30]. Extracellular N H 4

+ , Li + , or 
M g 2 + cannot replace K + [264]. Ouabain and other cardiac glycosides 
that block the exchange of N a + and K + inhibit the effect of potassium 
on serotonin uptake [173,264,265]. When the concentration of sodium is 
low (12 mM) and the Km for serotonin uptake is increased (decreased 
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affinity for uptake), an increase in the concentration of potassium 
further increases the Km. This suggests that K + may compete with N a + 

for the same site on the carrier, K + altering the carrier in such a way 
as to diminish its affinity for serotonin [230]. 

At physiological pH, serotonin is essentially completely ionized 
(pATa = 9.8), and changes in pH alter uptake by platelets. While seroton
in is more rapidly taken up at pH 8 than at pH 5.7, most of the uptake 
at pH 5.7 is saturable and kinetically resembles an enzymatic process; 
uptake at pH 8 with fairly high substrate concentrations appears to be 
primarily by diffusion [264]. 

Ouabain, in concentrations of 10" 6 to 10~3Af, partially inhibits 
(20-50%) platelet uptake of serotonin [34,201,219,265]. At 10" 4 M, 
ouabain also partly inhibits (20%) the surface ATPase activity of the 
platelet [170]. 

D. Transport of Other Amines 

Platelets can accumulate monoamines other than serotonin, although 
transport is slower, smaller concentration gradients are achieved, de
pendence on energy metabolism is less clear, and diffusion appears to 
play a greater role than a saturable carrier mechanism. Uptake of epine
phrine and norepinephrine more closely resembles that of serotonin, 
while histamine and tryptamine uptake appear to be more prominently 
via noncarrier diffusion [31,35,45,134,230,236,263,264]. Norepinephrine, 
dopamine, and histamine, which are taken up by platelets after adminis
tration, are all preferentially concentrated in the vesicular subcellular 
platelet fraction in vivo [67]. 

Epinephrine accumulation in rabbit platelets is stimulated by glucose. 
As with serotonin, this stimulation is diminished by sodium fluoride, 
iodoacetate, and 2,4-dinitrophenol, indicating that the glucose effect 
depends upon its being metabolized. In contrast to serotonin uptake, 
however, ATP and succinate do not stimulate epinephrine uptake. 
Analogs of epinephrine, including norepinephrine and dopamine, 
decrease epinephrine uptake into platelets, as do serotonin, tryptamine, 
and tyramine. Catechols lacking an amino group are not inhibitory 
[31,220]. 

Norepinephrine is accumulated in human, pig, and rabbit platelets. 
In human platelets the uptake is proportional to the concentration in 
the medium, achieving a distribution ratio of 5:1 [2,35,173]. Ouabain 
(10~ 4M), complete substitution of LiCl for NaCl, or omission of 
potassium reduces norepinephrine uptake approximately 30-40 % [2,173]. 
Serotonin and tryptamine in high concentrations (1 χ 10~4 M) also 
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reduce uptake [2]. In rabbit platelets the effect of ouabain appears to 
be a consequence of inhibition of the potassium-dependent component 
of uptake [173]. 

Tryptamine transport appears to require a different pH for optimum 
uptake, is much less suppressed by cold, is negligibly inhibited by the 
absence of sodium or potassium, and is less inhibited by cocaine, re-
serpine, or ouabain compared to serotonin transport. These differences 
indicate the importance of the phenolic hydroxyl group in the serotonin 
molecule for the specific transport process [36,172,173]. 

Epinephrine, norepinephrine, tryptamine, and a-methyltryptamine 
competitively interfere with serotonin uptake, suggesting that transport 
of these amines may be mediated by the platelet membrane carrier for 
serotonin [34,172,236]. Structurally related amino acids such as tryp
tophan, 5-hydroxytryptophan, phenylalanine, and dihydroxyphenyl-
alanine, however, have little competitive action [236]. 

E. Transport in Isolated Platelet Vesicles 

Vesicles prepared from platelets by lysis and density gradient ultra-
centrifugation and incubated in various media are less stable in vitro 
than intact platelets. Endogenous serotonin, histamine, and ATP are 
gradually released, about 50 % loss occurring after a 30-minute incuba
tion at 37°C. This loss is slowed at lower temperature [66]. 

Vesicles isolated from platelets accumulate 14C-serotonin in vitro. 
Ouabain, monoiodoacetate, sodium fluoride, and glucose do not alter 
this vesicular amine uptake. The accumulation of biogenic amines in 
platelet vesicles is highly selective for serotonin: At 5.7 χ 10" 7 Μ con
centrations, the rate of uptake of serotonin is much greater than for 
other amines (serotonin > dopamine > epinephrine > norepinephrine 
> 5-hydroxydopamine = tyramine > tryptamine > histamine). This re
lationship is similar to that found in intact platelets [67]. Thus, the pref
erential uptake and storage of serotonin by platelets may be the result 
of molecular specificity for this amine in the platelet vesicle as well as 
the cell membrane. In contrast, isolated splenic nerve granules do not 
manifest similar specificity in accumulating such monoamines as nor
epinephrine, epinephrine, and isoproterenol [81,82]. 

F. Intravesicular Binding of Serotonin in Platelets 

Even before electron microscopic visualization and autoradiographic 
verification of serotonin storage within vesicles in platelets [68-70,176, 
235,250], nonvesicular intracellular binding of serotonin had been con
sidered unlikely. After homogenization, all serotonin was found to be 
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ultrafiltrable and dialyzable. In addition, evidence obtained by electro
phoresis did not support the view that serotonin was bound to a specific 
protein fraction, and the high concentration of serotonin in vesicles 
suggested that some means of reducing osmotic activity of the amine 
must be operating [219]. 

Platelets contain very high concentrations of ATP, and a form of 
binding of the cationic serotonin to the negatively changed ATP mol
ecule, first suggested by Born and Gillson in 1959 [34], has been sup
ported by recent data indicating that a separate pool of ATP exists in 
platelet vesicles. In a solution containing ATP and serotonin in a molar 
ratio of 2 : 1 (the ratio found in platelet vesicles), complexes with 
apparent molecular weight about an order of magnitude higher than 
those of the single solutes are found. Even higher molecular weight 
micelles of serotonin and ATP appear in the supernatant solution ob
tained from disrupted rabbit platelet vesicles. Ions and other stabilizing 
factors present in vivo may enhance micelle formation and account for 
the ability of platelet vesicles to store the very high concentrations 
(20-25% w/v) of serotonin and ATP attained, without exceeding the 
osmotic pressure of the cell [16]. 

G. Effects of Drugs on Amine Transport in Platelets 

1. THE TRICYCLIC ANTIDEPRESSANTS AND PHENOTHIAZINES 

Imipramine, desipramine, amitriptyline, and nortriptyline are com
petitive inhibitors of the saturable component of serotonin uptake by 
platelets. Imipramine or desipramine, at concentrations of 0.5 to 
5.3 χ 10" 6 Af, inhibit uptake by about 50% [93,168,275]. Imipramine 
and amitriptyline are more effective inhibitors than their monomethyl-
amine congeners; chlorpromazine is less effective [236,275]. The con-
centation of imipramine required to inhibit uptake of serotonin by 
vesicles is more than ten times that which inhibits uptake by intact 
platelets [66]. 

In less than 1 minute, 14C-imipramine is maximally bound to the 
platelet surface, but the drug does not appear to enter the cell; continued 
incubation for 1 hour leads to no further binding of the labeled drug, and 
over 85 % of the imipramine can be removed by a single washing [37]. 
Diffusion of serotonin into platelets as measured after treatment with 
10" 3 Μ 7V-ethylmaleimide is not affected by desipramine (6 χ 10" 5 Μ) 
[93]. 

Whereas imipramine in high concentrations (10 4 M) releases sero
tonin from platelets in vitro, at these high concentrations chlorpromazine 
also releases the amine. Thus, chlorpromazine and imipramine are 
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equally effective as amine-releasing agents, but imipramine inhibits up
take in a 100-fold smaller dose than does chlorpromazine [15,189]. 
Chlorpromazine administration in similar doses has recently been 
observed by electron microscopy to lead to gross cellular damage with 
leaking of cytoplasmic contents [244]. In addition, chlorpromazine may 
directly affect the vesicle storage mechanism since chlorpromazine itself 
can be bound to platelet vesicles [234]. 

At plasma concentrations achieved clinically in man, imipramine 
probably does not release significant amounts of serotonin [203]. In
hibition of serotonin uptake appears to occur in vivo during administra
tion of imipramine in man [179]. There is a gradual fall in platelet 
serotonin levels to about 10% of normal over a 3-week period of con
tinuous imipramine treatment [168,275]. This delay is probably related 
to platelet turnover (platelet half-life is 9-10 days) with gradual re
placement by platelets that are unable to accumulate amines. No 
measurable loss of endogenous serotonin is observed during the first 
several hours after initiation of treatment with imipramine (1 χ 10" 6 Μ) 
and only 10% is lost after 12 hours [203]. This suggests that only a 
minimal amount of serotonin is retained within the platelet by the 
membrane amine pump mechanism alone and that the serotonin must 
be bound within the amine storage vesicles. 

2. RESERPINE 

Reserpine impairs noncompetitively serotonin accumulation by 
platelets, presumably by its effects on amine storage vesicles [40,64,93], 
Given in vivo to rabbits 16 hours before uptake studies, reserpine 
(5 mg/kg) is preferentially accumulated within vesicles and results in a 
90% reduction in net accumulation of unlabeled serotonin. This is 
accompanied by a nearly complete loss of endogenous platelet serotonin 
content, an effect also seen with much smaller reserpine dosage in man 
[39,43,66,67,123]. In vitro, reserpine reduces the endogenous serotonin 
content by 50% within a 3-hour period [15,189]. However, under con
ditions where serotonin storage is already impaired (e.g., in a glucose-
free medium), reserpine can retard loss of serotonin from platelets [14]. 

After reserpine-induced amine release from platelets, there is a 
decrease in the number of storage vesicles visible in the electron micro
scope [12,68,250]. Empty vesicles can be separated from reserpine-
treated platelets, indicating that depletion of the serotonin content 
occurs without destruction or release of the vesicles themselves [66]. In 
isolated vesicles, reserpine (0.1-1.0 jug/ml) inhibits the uptake of 1 4 C-
serotonin even more markedly than in intact platelets. During short 
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incubation periods (30 minutes at 37°C), reserpine does not accelerate 
the loss of serotonin [66]. Despite markedly lower serotonin levels in 
platelets in man, Haverback et al [123] found no apparent change in the 
hemostatic functions of platelets during chronic administration of 
reserpine (0.5-1.5 mg/day). 

3. MONOAMINE OXIDASE INHIBITORS 

During chronic administration to man, iproniazid, an inhibitor of 
monoamine oxidase, leads to a several-fold increase in serotonin content 
in platelets [168,200]. However, uptake of serotonin (or other amines) 
is not affected by M A O inhibitors except at high drug concentrations 
(5 χ 10" 5 to 2.5 χ 10~4 M) [2,156]. The rate of depletion of serotonin 
from platelets treated with reserpine or tetrabenazine (but not chlor-
promazine) is decreased by monoamine oxidase inhibitors [189,190]. 

4. OTHER DRUGS 

In addition to ouabain, drugs affecting cell metabolism, and structural 
analogs of the monoamines, a variety of other drugs affect platelet up
take of monoamines. Generally, these drugs are active only at fairly 
high concentrations (over 10" 5 M)and include propranalol, pronethanol, 
dichlorisoproterenol, phenoxybenzamine, phentolamine, amphetamine, 
quinidine, quinine, chloraquin, mepaquin, dihydroergotamine, methyl-
sergide, lysergic acid diethylamide, debrisoquin, and guanethidine 
[2,34,37,38,46,173,236]. 

In man, treatment with lithium carbonate resulting in lithium con
centrations in plasma of 1.0 meq/liter is associated with an increase in 
14C-serotonin and 3H-metaraminol uptake by platelets in vitro [179]. 
This is similar to the action of lithium on uptake of amines by synapto
somes obtained from the brains of animals treated with lithium and 
suggests that lithium action in man is similar to its effect in experimental 
animals. 

V. BIOGENIC AMINE TRANSPORT IN MAST CELLS 

Mast cells collected from rat and mouse peritoneal cavities accumulate 
serotonin to concentrations 78 times higher than the incubating medium 
[94]. While serotonin transport is temperature-dependent and saturable, 
histamine appears to be concentrated up to nine times over the medium 
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concentration by diffusion and vesicular binding alone [71,115]. There 
is disagreement over whether dopamine and norepinephrine may be 
accumulated in mast cells [4,75,76,94,171]. Rat mast cells store 10-40 μg 
histamine and 1 μg serotonin per million cells; estimates of the mast cell 
granule concentration of histamine range from 0.3 to 10 Μ [94,111,177, 
252], 

Rodent mast cells differ from platelets and other blood cells in being 
able to synthesize serotonin and histamine. The cells possess transport 
mechanisms for the amine precursors 5-hydroxytryptophan, histidine, 
and also dihydroxyphenylalanine (DOPA) [75,155,211]. Other leuko
cytes do not accumulate the amines or their precursors; human mast 
cells do not synthesize serotonin [75,112]. 

Serotonin uptake into mast cells is inhibited by tryptamine, cocaine, 
imipramine, chlorpromazine, and various antihistamines, while hist
amine uptake is diminished by tryptamine, norepinephrine, serotonin, 
phenoxybenzamine, guanethidine, and LSD but not by antihistamines 
[71]. Reserpine produces a loss of serotonin from neoplastic mast cells 
[256]. 

There is evidence that histamine may be electrostatically bound to a 
heparin-protein complex within the mast cell granule via the carboxyl 
groups of the protein and possibly also those of the heparin [1]. Other 
monoamines, including serotonin > norepinephrine > epinephrine, are 
tightly bound to a protein-heparin model complex in vitro which can 
be dissociated by sodium and other inorganic cations [83,253]. The 
chemistry of histamine binding has recently been reviewed by Green 
[112]. 

VI. BIOGENIC AMINE TRANSPORT IN THE ADRENAL 
MEDULLARY VESICLE 

Catecholamine transport in the adrenal gland has been studied 
primarily in regard to the role of the storage vesicle, since these sub
cellular structures are readily isolated from this gland and are stable 
in vitro. However, there appear to be as many differences as similarities 
between these vesicles and the amine storage vesicles in peripheral 
neurons, brain, and platelets. 

Epinephrine uptake into adrenal medullary vesicles is dependent on 
ATP, Mg 2 + , and temperature [49,50,149,150]. Mercury and p-chloro-
mercuribenzoate markedly decrease amine release as well as uptake, 
while agents affecting sulfhydryl groups (/j-ethylmaleimide, dithiosulfate) 
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diminish uptake alone. Anerobic incubation, potassium cyanate, 
sodium and/or potassium concentration changes, and ouabain are all 
without effect on the uptake of amines into adrenal vesicles. The addi
tion of ATP and magnesium increase amine uptake approximately five to 
eight times over control values. Manganese but not calcium can sub
stitute for magnesium, and inosinetriphosphate (but not other adenine 
nucleotides) yield stimulation equal to ATP. Although ternary metal-
amine-ATP complexes have been suggested as the mode of amine 
binding in vesicles in other tissues, in the adrenal vesicle the uptake of 
1 4C-ATP and 5 4 Mn is not proportional to the amount of catecholamine 
uptake. Furthermore, ATP uptake is not proportionately blocked by 
reserpine [50]. Calcium is the metal present in highest concentrations in 
adrenal vesicles, followed by magnesium, iron, and zinc; but even 
calcium is present in only a 1:27 molecular ratio to the catecholamines 
[36]. Thus norepinephrine is probably not taken up and stored stoichio-
metrically with a metal and ATP [50]. 

Among other amines, epinephrine and dopamine are taken up by 
adrenal vesicles nearly identically to norepinephrine, while serotonin is 
concentrated more avidly. Only partial stereospecificity is present, the 
L-isomer of epinephrine being somewhat preferentially accumulated 
[50]. The protein components of the vesicles are released with the cate
cholamines, suggesting a role in storage, but the relation of the high 
content of water-soluble protein to amine storage in the vesicles is not 
yet clear [130,217,227,240]. 

Reserpine, prenylamine, chlorpromazine, and haloperidol inhibit up
take into the adrenal vesicle, but higher norepinephrine concentrations 
are able to overcome the effect of reserpine, suggesting a possible 
competitive interrelationship between the amines and reserpine at the 
vesicular membrane. Serotonin and tyramine decrease the uptake of 
the catecholamines. The hydrazine-type monoamine oxidase inhibitors 
iproniazid and nialamide have no effect, while harmaline and tranyl
cypromine diminish uptake. Imipramine, cocaine, and adrenergic 
blocking agents also decrease uptake, but concentrations of 3 χ 10" 5 Μ 
are required for imipramine and 10~3 Μ for cocaine to achieve a 40-50% 
inhibition of uptake. Bretylium and guanethidine have no effects on 
uptake [50]. 

Metaraminol appears to inhibit competitively epinephrine uptake and 
is itself taken up by the adrenal medullary vesicle by a temperature-
dependent process. Metaraminol uptake is not dependent on magnesium 
or ATP, however, and is not affected by reserpine. Metaraminol uptake 
also differs from that of epinephrine and other catecholamines since its 
uptake exhibits no evidence of saturation at concentrations up to 
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2 χ 10~2 Μ [160]. The Km for epinephrine uptake by these vesicles is 
4-8 χ 10" 4 Μ [147,160]. Metaraminol appears to displace endogenous 
catecholamines; release of endogenous catecholamines by this drug is 
directly proportional to metaraminol uptake [160]. 

VII. BIOGENIC AMINE TRANSPORT IN TISSUES NOT 
CONTAINING AMINE STORAGE VESICLES 

Biogenic amine transport has been studied in tissues that do not 
possess storage vesicles, including the erythrocyte, the kidney, and the 
Ehrlich ascites tumor cell. The results are of some interest because they 
emphasize that, without vesicles, high, steady-state concentration grad
ients are not attained, although some of these cells do possess specializa
tion of the cell membrane for transport of amines. 

A. The Kidney 

The renal tubule of hen kidney transports norepinephrine, epine
phrine, and dopamine from the blood into tubular fluid against a con
centration gradient [208-210]. Although an amine, epinephrine appears 
to be transported by the same transport system as organic acids at about 
75% of the rate of /?-aminohippurate transport; epinephrine transport 
is inhibited by probenecid, several thiazide diuretics, some mono
amine oxidase inhibitors, and cocaine [208-210]. Norepinephrine and 
dopamine are transported not only by this organic acid system but also 
by the renal organic base transport system. Phentolamine, dichloriso-
proterenol, guanethidine, plus several MAO inhibitors and cocaine (but 
not reserpine or bretylium), inhibit transport of all three amines in vivo 
[208]. Structurally similar amines and amine metabolites, including 
metanephrine, normetanephrine, and 3-methoxy-4-hydroxymandelic 
acid (VMA), have weak inhibitory effects [208]. At higher concen
trations, dopamine, in the presence of an MAO inhibitor, appears to 
be transported only by the renal organic base system [218]. 

In man, the plasma-to-urine concentration ratios for norepinephrine 
observed do not suggest that net tubular secretion of this catecholamine 
occurs [55,122,257]. In the dog, 3H-norepinephrine is freely filterable 
in the glomerulus and may be partially reabsorbed in the renal tubule; 
3H-norepinephrine is clearly not secreted by the dog kidney [188]. In 
contrast, epinephrine appears to be secreted in the dog kidney [148]. 
In these experiments, however, a relatively large amount, rather than 
a tracer dose, of epinephrine was administered, and a pharmacologic 
effect of epinephrine remains a possibility. 
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B. The Choroid Plexus 
14C-Norepinephrine and 14C-serotonin are concentrated 9- to 16-fold 

by the rabbit choroid plexus in vitro. This uptake becomes saturated at 
higher concentrations of the amines and is suppressed by some meta
bolic inhibitors, a nitrogen atmosphere, and ouabain. Norepinephrine 
transport is partially inhibited by L-epinephrine, serotonin, and hexa-
methonium. Kinetic studies indicate that norepinephrine and serotonin 
competitively inhibit 14C-hexamethonium uptake, suggesting that a 
common transport site is utilized for all three compounds. Reserpine 
inhibits 14C-serotonin uptake [249]. 

C. The Erythrocyte 

Serotonin, norepinephrine, and histamine, in concentrations of 2 
/xg/ml, are accumulated in the erythrocyte by a temperature-dependent 
process. The initial rate of serotonin uptake is 20-fold greater than that 
for norepinephrine and 4-fold greater than that for histamine [33]. 
Epinephrine enters the erythrocyte more rapidly than norepinephrine 
[216]. Estimated steady-state concentration ratios for norepinephrine 
are 2.4-2.8:1, while those for serotonin are 2.0-2.3:1 and for histamine 
1.7-1.8:1. An increase in amine concentration up to 16 /xg/ml in the 
medium leads to a proportionate increase in the uptake of the amines, 
without evidence of saturation [33]. Accumulation of the amines in the 
erythrocyte is not inhibited by cocaine, chlorpromazine, LSD, or 
pronethalol at concentrations of 10" 6 to 10" 5 Â g/ml [33]. Differences 
between amines in lipid solubility or degree of ionization are too small 
to account for the differences in initial uptake rates observed in the 
erythrocyte. Steady-state distributions according to Donnan equilib
rium would lead to ratios of 1.5:1; the higher ratios observed suggest 
that serotonin and norepinephrine (and perhaps histamine) are bound 
in the cells, perhaps to hemoglobin as shown for serotonin [33,93,225]. 

D. The Ehrlich Cell 

Ehrlich ascites tumor cells concentrate 14C-benzylamine three- to 
fourfold over the incubation medium by a combination of a rapid, 
saturable uptake process and a slower, nonsaturable process. The 
saturable uptake mechanism is different from the amino acid transport 
systems studied in detail in this cell by Christensen [56] and is not 
sodium-dependent. It is inhibited partially by a number of structurally 
related amines including phenylethylamine, epinephrine, and norepine
phrine [57]. 
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VIII. SUMMARY 

The accumulation of biogenic amines in cells from the central and 
sympathetic nervous system, platelets, and mast cells involves two 
membranes. Transport across the cell membrane is energy-, tempera
ture-, and sodium-dependent. There is a high affinity but low capacity 
for the amines transported by this carrier-mediated process. Transport 
is structurally stereospecific and is inhibited competitively by structural 
analogs of the biogenic amines. Transport across the intracellular 
storage vesicle membrane depends on ATP and magnesium and mani
fests stereospecificity but less clear structural specificity. Storage of 
biogenic amines within vesicles may involve physical-chemical binding 
with ATP and thus account for the very high concentrations of amines 
contained within vesicles (estimated to be as high as 0.3 M) as well as 
the 100:1 intracellular to extracellular gradients observed in transport 
studies. Cocaine and the tricyclic antidepressant drugs, such as imi-
pramine, are competitive inhibitors of the cell membrane transport step 
for biogenic amines, while reserpine inhibits amine transport at the 
vesicle membrane. Other cells and tissues accumulate biogenic amines 
much less avidly and with less specificity. 
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