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Abstract-Serotonin transport and storage in suspensions of washed rabbit platelets were investigated 
by following the exchange of platelet-bound [‘H]serotonin and C’4C]serotonin added to the suspending 
medium. Assuming a three-compartment system (suspending medium, platelet cytoplasm and platelet 
storage organelles), the transfer rates between the different compartments were calculated from the 
exchange data by statistical analysis. Reserpine reduced the storage organelle serotonin content by 
inhibiting the transfer of serotonin from the cytoplasm into the amine storage organelles. It also reduced 
the fraction of serotonin in the cytoplasm transferred per unit of time into the suspending medium. 
lmipramine (20pM) inhibited the uptake of serotonin across the platelet plasma membrane into the 
cytoplasm and reduced the fraction of cytoplasmic serotonin transferred per unit of time into the 
suspending medium. At this concentration it had no effect on serotonin transport across the amine 
storage organelle membrane in either direction. The method used allows the serotonin transfer rates 
across the platelet plasma membrane to be distinguished from those across the amine storage organelle 
membrane in intact cells. and permits these transfer rates to be estimared simultaneously. The method 
may be used for determining the e.Tects of drugs that interfere with transport and storage of biogenic 
amines and in defining the defects in diseases with abnormal transport or storage of biogenic amines. 

We have recently developed a method of analysis of 
serotonin transport and storage in intact platelets 
Cl, 21. With this method it is possible to estimate the 
rates of serotonin transfer across the platelet plasma 
membrane and across the membrane of the storage 
organelles without introducing artifacts due to homo- 
genization. Using this approach, we have now exam- 
ined the effects of reserpine and imipramine, which 
are known to interfere with the transport and storage 
of biogenic amines such as adrenaline, noradrenaline 
and serotonin in nervous tissue [3], the adrenal 
medulla [4], and blood platelets [S]. In addition to 
confirming previously recognized effects of imipra- 
mine and reserpine on the transport and storage of 
biogenic amines, the present studies provide quantita- 
tive data on the effect of these drugs on serotonin 
transport across the amine storage organelle mem- 
brane in intact blood platelets. 

MATERIALS AND METHODS 

Non-radioactive compounds 

Bovine thrombin was obtained from Parke, Davis 
& Co., Detroit, MI. Serotonin [S-hydroxytryptamine 
creatinine sulfate complex (5-HT)] was purchased 
from Sigma Chemical Co. (St. Louis, MO). Apyrase 
(EC 3.6.1.5) was prepared according to Molnar and 
Lorand [6]. This preparation hydrolyzed 18nmoles 

* Part of this work was presented at the Forty-seventh 
Meeting of the American Heart Association, Council on 
Thrombosis, National Conference on Thrombosis and 
Hemostasis, Nov. 2&22, 1974, Dallas, TX, U.S.A. 

ATP/min/pg of protein and 300 nmoles ADP/min/pg 
of protein (3 mg protein/ml of apyrase). Reserpine (Ser- 
pasil) was obtained from Ciba Co. Ltd.. Dorval, Que- 
bec, and was used for the experiments in vivo. Reser- 
pine powder dissolved in absolute ethanol at a con- 
centration of 0.33 mM or Serpasil was used for the 
experiments in vitro. Both preparations gave the same 
results compared with the appropriate control. Im- 
ipramine (Tofranil) was obtained from Geigy Canada 
Ltd., and dissolved in 0.85% saline. All concentrations 
given are the final concentrations in the platelet sus- 
pensions after all additions. 

Radioactive compounds 

5-Hydroxytryptamine C3H] (G) creatinine sulfate 
(C3H]serotonin; C3H]-5-HT) in aqueous solution con- 
taining 2% ethanol (sp. act. between 11 and 17.3 Ci/m- 
mole) and 5-hydroxytryptamine-3’-[‘4C]creatinine 
sulfate ([14C]serotonin; [14CJ-5-HT) (sp. act. ap- 
proximately 50 mCi/m-mole in different batches) were 
obtained from Amersham/Searle Corp., Arlington 
Heights, IL. The radioactive purity of the [ 14C]-5-HT 
was determined by paper chromatography [S] and 
found to be between 96 and 98 per cent. UnlabelecJ 
serotonin was added to the radioactive serotonin 
when the final serotonin concentrations in the platelet 
suspensions were above 1 &I. 

Platelet suspensions 

Suspensions of washed platelets in Tyrode solution 
containing 0.35% albumin and apyrase (2 pi/ml of sus- 
pending medium) were prepared from rabbit blood 
by the method described by Ardlie et al. [7]. 
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PIuttdef release reactforl 

Suspensions of washed platelets were prepared 
from the blood of rabbits that had been injected intra- 
peritoneally with 5 mg reserpine/kg 18 hr prior to the 
collection of the blood [S]. Control suspensions were 
prepared from rabbits that had not been treated with 
reserpine. 

The washed platelets were equilibrated with 
[‘4C]-5-HT at a concentration of 123 PM for 60 min. 
It had been established previously [2] in experiments 
in which serotonin uptake was measured fluorometri- 
tally that no further accumulation of serotonin in the 
platelets was achieved under these conditions after 
20 min of incubation. The suspensions from reserpine- 
treated animals were equilibrated with serotonin in 
the presence of 2 PM reserpine. The control suspen- 
sions were equilibrated with serotonin in the absence 
of reserpine. After incubation with serotonin the 
platelets were resuspended in fresh Tyrode solution 
containing 0.35% albumin and unlabeled serotonin at 
the Same concentration at which platelets had been 
previously equilibrated. The platelet release reaction 
was studied immediately after the platelets were resus- 
pended. One ml of platelet suspension (IO” plate- 
lets/mm3) was warmed to 37” for 5 min and then incu- 
bated with Tyrode solution (0.1 ml) or with thrombin 
(in 0.1 ml of Tyrode solution) to give a final concen- 
tration of 0.45 units/ml for 3 min at 37” in a shaking 
device. The suspension was transferred rapidly into 
an Eppendorf centrifugation tube and centrifuged for 
45 set at 12,OOOy in an Eppendorf microcentrifuge 
3200. Samples for radioactivity determination were 
taken from the supcrnatant fluid. The radioactivity 
released by thrombin was corrected for the radioac- 
tivity found in the supematant fluid of the aliquot 
treated with Tyrode solution. Released radioactivity 
was expressed as a percentage of the platelet-bound 
radioactivity in the control sample. 

The effect of imipramine (20 PM) on the release of 
[ r4C]-5-HT from washed rabbit platelets was studied 
in a similar manner. The methods used differed in 
two ways: (I) the rabbits from which blood was 
obtained were not treated with imipramine, and (2) 
the washed rabbit platelets were equilibrated with 
[14C]-5-HT at a concentration of !OO FM in the pres- 
ence or absence of 20 fl imipramine for 2 hr with 
one change of the suspending medium after 1 hr. The 
prolonged incubation time (as compared to the ex- 
periments in which the effect of reserpine was studied) 
was chosen since preliminary experiments had shown 
that. in the presence of 20pM imipramine, the rate 
of serotonin uptake was reduced by more than 50 
per cent. 

Initial rate qf [31TJserotonin uptake by rabbit platelet 
suspensions 

Platelets were suspended at a concentration of 
104/mm3 or 106/mm3 in Tyrode solution containing 
5 mM HEPES (N-2-hydroxyethyl-piperazine-IV’-2- 
ethane sulfonic acid) buffer and apyrase (pH 7.35). 
To ensure accurate platelet concentrations, platelets 
diluted in 1% ammonium oxalate were counted by 
light microscopy in triplicate in Neubaur chambers. 
Platelets were kept at 37” in l-ml aliquots in conical 
plastic Eppendorf tubes. Modified Tyrode solution 

(0.1 ml) or reserpine (2 PM) or rmtpramrne t7OnM) 
was added to the aliquots of platelet suspensron and 
incubated for 30 sec. At this time 1. IOU or I7.J nmoles 
C3H]-5-HT was added and mixed. Samples to.1 ml) 
were removed IO. 30. 30. 30. 50 and 60 set later and 
transferred immediately into 2 ml of suspending 
medium containing 123 PM non-radioactrvc scrotonin 
and 0.4% formaldehyde [‘i’]. kept at 0 to stop tm- 
mediately further [‘HI-5-HT uptake. This 2.1-ml 
sample was then filtered and washed with 8 ml of ice- 
cold (0”) modified Tyrode solution (no calcium. no 
magnesium) on a Millipore filter HAWP. diameter 
25 mm. pore size 0.45 pm (Millipore Corp.. Bedford 
MA) plated on a Millipore filter holder (Cat. No. 
10.025.02) under vacuum. Filtration and washing 
required about 15 sec. The filters were drred overntght 
in scintillation counting vials. Then 10 ml of Triton- 
X-lOt&toluene scintillation fluid [lo] was added to 
each via!. The vials were mixed with a vortex mixer 
for 30sec, cooled to 4” and counted in a B-scmtilla- 
tion counter. The counts per min obtained from the 
filtered samples were corrected for non-specific bind- 
ing to the filter and converted into nmoles [3H]-S-HT 
taken up/lo9 platelets. In the absence of inhibitors 
the rate of C3H]-5-HT uptake was linear with time 
for at least 1 min when a low concentration of scro- 
tonin (1 PM) was used. and less than 5 per cent of 
the total C3H]-5-HT added was taken up during this 
time. The slope of the curve was calculated by linear 
regression analysis, expressed as nmoles of 
C3H]-5-HT taken up/mini lo9 platelets and considered 
to represent the initial rate of serotonin uptake by 
the platelets. In the presence of reserpine or high con- 
centrations of 5-HT (100 or 123 PM), the initial rate 
of uptake was obtained graphically by drawing the 
tangent to the C3H]-5-HT uptake curve. 

Serotonin eschange r.vperiments 

Experiments were performed in which the exchange 
of radioactive serotonin tracers between platelets and 
surrounding medium was determined. Under equilib- 
rium conditions for the total serotonin, there is no 
net flux of serotonin but a net movement of tracer 
occurs when the tracer is not distributed according 
to the equilibrium amounts among the pools. e.g. if 
one label is outside the platelets and the other is in- 
side. These experiments provide the data by which 
serotonin fluxes may be determined. 

Suspensions of washed platelets were prepared 
from the blood of reserpine-treated and untreated 
rabbits. The platelets were equilibrated with 
C3H]-5-HT (123 PM) for 60 min in the presence or 
absence of reserpine (2 PM) as described for the 
studies of the platelet release reaction. After incuba- 
tion, the platelets were resuspended in fresh Tyrode 
solution containing albumin (0.35%) and apyrase 
(2pl/ml of suspending medium). The platelet count 
was adjusted to 109/ml. In experiments in which the 
effect of imipramine was investigated, washed 
platelets were prepared from the blood of untreated 
rabbits. The platelets were then equilibrated with 
C3H]-5-HT (1OOpM) in the presence of imipramine 
(20pM) for 120 min with a change of suspending 
medium after 60min. After incubation. the platelets 
were resuspended in a medium containing either 
123 PM (reserpine experiments) or 100 MM unlabeled 
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serotonin (imipramine experiments) and the drug 
which had been present during the previous incuba- 
tion. All incubations were performed at 37”. After the 
platelets were resuspended in these media, 
[14CJ-5-HT was added to the suspending medium. 
(The change in serotonin concentration resulting from 
the addition of the radioactive serotonin was less than 
0.3 PM.) Since the final concentrations of serotonin 
and drug were those of the previous incubation, no 
further net loss or uptake of serotonin could occur. 
The exchange of tracers between surrounding medium 
and platelets was determined; [“CJ-5-HT is taken 
up by the platelets and disappears from the surround- 
ing medium. At the same time c3H]-5-HT accumu- 
lates in the surrounding medium. Samples (approxi- 
mately 0.5 ml) of platelet suspension were taken every 
2min. The platelets were removed by centrifugation 
in an Eppendorf microcentrifuge 3200 and the radio- 
activity in the supematant fluid was determined. The 
exchange of tracers and thereby the exchange of sero- 
tonin can be observed until complete equilibrium of 
the tracers has taken place. Usually samples were 
taken for 6&80min. 

The high serotonin concentrations (100 or 123 PM) 
in the exchange experiments were chosen to ensure 
that there would be no appreciable net movement 
of serotonin across the platelet plasma membrane and 
to minimize the fraction of serotonin converted to 
its metabolites during the exchange experiments (see 
below and Ref. 2). Although part of the serotonin 
transfer across the platelet plasma membrane may be 
due to diffusion rather than due to active transport 
at the high serotonin concentrations used, these con- 
ditions were essential for later analysis. The high con- 
centration of serotonin used in these experiments 
allowed us to estimate the maximum transport rates 
of serotonin between the different compartments 
which would otherwise be impossible with presently 
available techniques. 

Analysis of serotonin exchange experiments 

The exchange of serotonin between platelets and the 
suspending medium was followed with two radioac- 
tive tracers, “C and jH. At the beginning of the ex- 
periments the [‘HI-5-HT is largely within the 
platelet, and the [r4CJ-5-HT is in the suspending 
medium. The serotonin exchange data are obtained 
as counts of r4C and 3H radioactivity in the suspend- 
ing medium. These data may be converted to the frac- 
tion of total 14C and 3H in the platelet suspension. 
It is assumed that the platelet suspension contains 
three compartments: suspending medium (compart- 
ment 1); “cytoplasm” (compartment 2); and storage 
granules (compartment 3). Serotonin is exchanged 
between the granule compartment and the suspending 
medium via the “cytoplasm” compartment. The pro- 
portion of the serotonin in any compartment that is 
transferred to another compartment in 1 min is the 
fractional turnover rate between these compartments. 
Thus, for example, if a value of 1 is given to the 
amount of serotonin in any compartment and 10 per 
cent of this amount is transferred per min to a netgh- 
boring compartment, the fractional turnover rate 
from one to the other is 0.1 (mitt- ‘). [For easier read- 
ing we have used the term “percentage of serotonin 
transferred between compartments” (unit: min-‘) in 

Results and Discussion. “Percentage of serotonin 
transferred between compartments” is obtained by 
multiplying the fractional turnover rate by 1CQ.l For 
the transfer of serotonin from compartment 1 to com- 
partment 2, the fractional turnover rate is represented 
by the symbol a2r and for the transfer from compart- 
ment 2 to 1 by the symbol alz, etc. Under the steady 
state conditions of the exchange experiments, these 
fractional turnover rates for serotonin are constant. 
The fractional turnover rates are assumed to be equal 
for radioactive and non-radioactive serotonin. The 
fraction of tracer in compartment 1 (the suspending 
medium) is referred to by m, and may be described 
by the following equations for 14C and 3H tracers 
if a compartmental model is assumed [l]. 

[‘4(-J m, = A + Be-“” + Ce-hr 
(1) 

[jH] m, = A + &-“I” + &-‘:z’ (2) 

In these equations, the pre-exponential constants A, 
B, C, D and E are functions of the initial tracer distri- 
bution among the compartments and the fractional 
turnover rates (or,, a,,, az3 and a1&, whereas the 
exponential constants, II and A,, are functions of the 
fractional turnover rates alone. These functions are 
given in the Appendix. 

As the initial distribution of r4C is known, all this 
tracer lying within the suspending medium, the frac- 
tional turnover rates describing the exchange of sero- 
tonin can be estimated from the 14C data set:‘A, B, 
C, AI and I, that give the best fit of Eqn. 1 to the 
data being determined. 

Although the 3H data set cannot be used to calcu- 
late the fractional turnover rates, the initial distribu- 
tion of 3H within the platelet being unknown, this 
data set is valuable in that the equation describing 
it, Eqn. 2, has constants in common with Eqn. 1 (A, 
a, and A,). The simultaneous fitting of both data sets 
to Eqns. 1 and 2 thus provides more precise estimates 
of these constants. The fitting employs a Bayesian 
multivariate technique of analysis which takes into 
account the correlation of errors in both data sets. 
Details of this technique have been described pre- 
viously [l]. (The expanding simplex method of 
Nelder and Mead [ll] was used to search for the 
estimates of A, B, C, D, E, 1, and 1, with highest 
posterior probability. The criterion of maximum like- 
lihood was that of Box and Draper [ 121.) From the 
estimates of A, B, C, J., and I,, the fractional turnover 
rates a12, azlr az3 and a32 may be calculated from 
the work of Robertson et al. [13] (see Appendix). 

As the platelets are at equilibrium with respect to 
serotonin and as the amount of serotonin within the 
suspending medium is known, the amounts of sero- 
tonin in the two platelet compartments may be calcu- 
lated as follows: let S, be the total amount of sero- 
tonin in compartment 1, S, the total serotonin in 
compartment 2, and S3 the total serotonin in com- 
partment 3. Then (amount of. serotonin in compart- 
ment 1) x (fraction of serotonin in compartment 1 
transferred to compartment 2 every min) 

= flux from compartment 1 to 2 (amount/unit time) 
= aztgr 

Similarly : 

flux from compartment 2 to 1 (amount/unit time) 

= a*zSz 



I648 H.-J. REIMERS e’f ul 

At equlhbrlum : 

&IS, = u,zSz 

or: 

s, = s, a2l 

Similarly : 

a12 

s =S!E 
3 2 

u23 

The analysis of the exchange experiments as de- 
scribed above is based on the assumption that the 
[‘4C]-S-HT added to the platelet suspension is not 
converted to other compounds to an appreciable 
extent during the experiment. We have previously 
reported [2] that this assumption is justified for 
washed rabbit platelets in the absence of drugs that 
influence serotonin transport or storage. However. 
Pletscher [5] found that part of the endogenous 
platelet serotonin as well as part of exogenously 
added serotonin is metabolized in the presence of res- 
erpine. We confirmed the observation of Pletscher [S] 
and found that under the conditions of our experi- 
ments approximately 2 per cent of the [14C]-5-HT 
(123 PM) added to the platelet suspension (IO9 plate- 
lets/ml) was metabolized within 1 hr in the presence 
of 2 PM reserpine. Further experiments were done to 
demonstrate that the small amounts of S-HT metabo- 
lites formed will not influence the results obtained 
in the serotonin exchange experiments greatly. 

E\-prrirnent I. In this experiment, we examined 
whether or not the amount of 5-HT metabolites in 
platelets in the presence of reserpine is large or small 
compared to the platelet content of 5-HT. Platelets 
from reserpine-treated rabbits were equilibrated with 
[‘4C]-5-HT at a concentration of 123 PM in the pres- 
ence of reserpine (2 PM) for 90min with a change 
of the suspending medium after 60min. They were 
then resuspended in fresh medium containing 123 PM 
unlabeled serotonin (platelet count, 109/m1). Immedi- 
ately upon resuspension. [ 1 4C]-5-HT and its radioac- 
tive metabolites were determined by paper chroma- 
tography [S] in aliquots of the total platelet suspen- 
sion and the supernatant fluid from the platelet sus- 
pension. Platelet-bound [14C]-5-HT and radioactive 
metabolites were calculated; 2.9 per cent of the total 
platelet-bound radioactivity was found in 5-hydroxy- 
tryptophol (5-HT’ol), the only 5-HT metabolite 
formed within the platelets to any extent [14]. This 
indicates that the amount of metabolites present in 
reserpine-treated platelets is very small under the 
exchange conditions of the present experiments. 
Absolute values may be calculated from Table 2. 
Thus. if all the 5-HT’ol (1.28 nmoles/lO’ platelets) 
were in the cytoplasmic compartment, it would con- 
tribute 7.9 per cent of the total 5-HT + metabolite 
content in this compartment. If it were exclusively 
in the granule compartment. it would contribute 4.6 
per cent of the total 5-HT + metabolite content in 
this compartment. 

Ezprhnmr 2. In this experiment, we examined 
whether newly formed 5-HT’ol would accumulate in 
the suspending medium or be retained in the platelets. 
Platelets from reserpine-treated rabbits were equili- 
brated with 123 PM [‘4C]-5-HT and then resus- 

pended at a concentration of tU”/ml m a medium 
containing [‘4C]-5-HT of the same concentration 
(t 23 PM). The accumulation of [‘4C]-5-HT’01 in the 
platelet suspension and its distribution between 
platelets and the suspending medium were deter- 
mined. At all times (up to 60min). between X0 and 
95 per cent of the total [‘4C]-5-HT’-ol formed was 
found in the suspending medium. (Control experi- 
ments showed that the formation of radioactive 
5-HT’ol by platelets in the absence of reserpine was 
negligible.) This indicates that the majority of 5-HT’ot 
formed in blood platelets in the presence of reserpine 
accumulates in the suspending medium. 

E.~uperiment 3. In this experiment, the absolute 
amounts of 5-HT’ol formed within 60 min in a 
platelet suspension containing reserpine were esti- 
mated. Platelets from reserpine-treated rabbits were 
equilibrated with unlabeled 5-HT at a concentration 
of 123 $4 and resuspended in a medium containing 
[14C]-5-HT at a concentration of 123 PM (platelet 
count 109/m1). The formation of [‘4C]-5-HT’ol was 
studied over a period of 60 min. In this experiment. 
I.5 per cent of the total [14C]-5-HT was metabolized 
to [I 4C]-5-HT’ol. Since the [’ 4C]-5-HT’ol accumu- 
lates practically exclusively in the suspending medium 
(see Exp. 2) and since the concentration of 
[‘4C]-5-HT in the suspending medium is known 
(123 PM at the beginning of the experiment and only 
slightly less after 60 min because of the small amount 
metabolized), one can calculate that about 
0.015 x 123 nmoles [‘4C]-5-HT’ol is formed by 10” 
platelets during the 60min of the exchange experi- 
ment. Dividing this number by 60. we obtain the 
amount of 5-HT’ot formed/min (0.031 nmole/min,!lO” 
platelets). Table 2 of Results indicates that the 
exchange of serotonin across the platelet plasma 
membrane in the presence of reserpine is 
8.6 + 1.3 nmo1es/min/l0” platelets. Thus. the forma- 
tion and flux of 5-HT’ol from the platelets into the 
suspending medium contribute probably less than 0.4 
per cent to the total flux of 14C across the platelet 
plasma membrane. The experiments in which the in- 
itial uptake of serotonin was determined (Fig. I ) sup- 
port further the conclusion that the small amount of 
5-HT’ol formed during the exchange experiments 
does not influence the numerical results significantly. 
Practically the same values were obtained when 
uptake of serotonin into the platelets was determined 
by either calculation from the exchange experiments 
or by direct determination in short-term incubation 
experiments (see Results). 

Consequently, a correction was made to the radio- 
activity as measured in the supernatant fluid to reflect 
the true amount of radioactive serotonin present 
when analyzing the exchange of serotonin in the 
presence of reserpine. Only this correction needed to 
be made since the main metabolite, 5-HT’ol. collected 
in the surrounding medium. Since it was found that 
approximately 2 per cent of the radioactivity in the 
supematant fluid after I hr was not serotonin. the 
appropriate percentage was subtracted from each 
supematant fluid radioactivity measurement. taking 
into account the time of measurement, e.g. 1 per cent 
was subtracted at 30 min. The subsequent mathemati- 
cal analysis for fractional turnover rates showed little 
sensitivity to this correction. 
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Imipramine almost completely prevents the forma- 
tion of serotonin metabolites in the suspension of 
washed rabbit platelets [S]. Therefore, no correction 
was applied in experiments in which the serotonin 
exchange in the presence of imipramine was investi- 
gated. 

RESULTS 

Effects of reserpine on serotonin storage and transport 

Liberation of serotoninfrom platelets. Washed rabbit 
platelets were labeled with [i4C]-5-HT (I PM), 
washed and resuspended in Tyrode solution contain- 
ing albumin (0.35%) and a small amount of apyrase. 
Upon addition of reserpine (2 PM), about 20 per cent 
of the initially platelet-bound i4C accumulated in the 
suspending medium within 60 min. 

Inhibition of serotonin accumulation by platelets. 
Washed rabbit platelets rapidly accumulated 
[i4C]-5-HT added to the suspending medium. Reser- 

(2nM) inhibited this accumulation of 

1 

0 
0 20 40 60 

0 

0 20 40 60 

SECONDS 

Fig. 1. Effect of reserpine on the initial rate of uptake of 
C3H]-5-HT. Panels A and B: Washed rabbit platelets 
(106/mm3) were incubated for 30sec with saline (A) or 
2 PM reserpine (B). before the addition of 123 PM 
C3H]-5-HT. Mean and standard error (S. E. M.) of tripli- 
cate determinations. (This was typical of five experiments. 
Mean &- S. E. M. in these five experiments was 
7.9 + 0.4 nmoles/min/109 platelets for the control platelets 
and 7.8 + 0.4nmoles/min/109 platelets for the reserpine- 
treated platelets; P < 0.8.) Panels C and D: Washed rabbit 
platelets (104/mm3) were incubated for 30sec with saline 
(C) or 2 PM reserpine (D) before addition of I FM 
C3H]-5-HT. Mean + S. E. M. of triplicate determinations. 
(This was typical of eleven experiments. Mean k S. E. M. 
in these eleven experiments was: 3.0 k 0.2 nmoles/min/109 
platelets for the control platelets and 2.8 + 0.2nmoles/ 
min/t09 platelets for the reserpine-treated platelets; 
P i 0.5.) In these experiments less than 8 per cent of the 
serotonin was taken up by the platelets during the observa- 
tion period; therefore the concentration of serotonin was 

not appreciably depleted during the time of study. 

Fig. 2. Effect of reserpine on 5-HT exchange. Platelets 
from rabbits that had received 5 mg/kg of reserpine intra- 
peritoneally 18 hr prior to the collection of blood. were 
equilibrated with C3H]-5-HT at a concentration of 123 PM 
in the presence of 2pM reserpine and then resuspended 
in [“%+5-HT and reserpine at the same concentrations. 
Exchange of sH and r4C between platelets and suspending 
medium was followed in supematant fluid samples of ali- 
quots of the platelet suspension taken at 2-min intervals, 
Details are described in Materials and Methods. Control 
platelets were prepared without reserpine in the same way 
from blood of animals that had not been given any reser- 
pine. The platelet count was 106/mm3. This was one of 
five similar experiments. Key: (o---_~) exchange of 3H 
and r4C in the presence of reserpine; (BA) exchange 

of ‘H and r4C in the control platelet suspension. 

[‘4C]-5-HT. However, reserpine (2 uM) did not in- 
hibit the initial rate of [‘4C]-5-HT uptake at either 
low (1 @I) or high (123 FM) 5-HT concentrations 
(Fig. 1). The initial rate of 5-HT uptake at 123 PM 
was about three times greater than that at I FM 
5-HT. 

Effect on exchange of serotonin between platelets and 
suspending medium. Washed rabbit platelets from 
either reserpine-treated animals or untreated control 
animals were incubated with C3H]-5-HT at a concen- 
tration of 123 PM in either the presence or absence 
of 2pM reserpine. The platelets were resuspended in 
[‘4C]-5-HT and reserpine at the same concentration 
at which they had been equilibrated. Supernatant 
fluids from samples of the platelet suspension were 
prepared at 2-min intervals. The concentration of 3H 
and i4C in each supernatant fluid was determined 
(Fig. 2). Analysis of the data showed that transfer 
from the cytoplasmic compartment into the granule 
compartment (amine storage granules) was signifi- 
cantly diminished in the presence of reserpine. How- 
ever, the percentage of serotonin in the amine storage 
organelles that was transferred into the cytoplasm per 
unit of time was not significantly altered (Table I). 
As a consequence of these changes in transport, the 
amount of serotonin in the amine storage organelles 
was greatly reduced (by about 85 per cent) compared 
to the control platelets (Table 2). 

Reserpine (2 @I) did not affect the rate of serotonin 
exchange between the suspending medium and the 
cytoplasm across the platelet plasma membrane 
(Table 2). In agreement with this. the percentage of 
serotonin transferred from the suspending medium 
into t!ie cytoplasm per min was unaltered by reser- 
pine. However. the percentage of serotonin in the 
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Table I. Effect of reserpine on transfer of serotonm between suspendmg medium and different 
compartments of a suspension of washed rabbit platelets* 

Percentage of serotonin transferred 
between compartments/min 

Compartments 
Reserpme-treated Slgmficance of difference 

Control platelets platelets between meanst 

Suspending medium to 
cytoplasm 

Cytoplasm to suspending 
medium 

Cytoplasm to storage 
granules 

Storage granules to 
cytoplasm 

7.1 * I.2 6.9 f I .O 

73.4 + x.9 48.1 + 1.6 

29.6 k 6.6 4.5 + 0.7 

1.7 * 03 2.4 * 0.3 

Not significant 

Significant 

Significant 

Not significant 

* Results are expressed as means + S. E. M. of five experiments. In these studies serotonin trans- 
port has been described by non-linear equations containing several constants. Significance of the 
change of the values of these constants was assessed through (a) Student’s t-test and (b) direct 
determination of 95 per cent joint confidence contours for the estimated values in each experiment. 
Details of these techniques have been described [I]. The reserpine treatment and experimental 
details are described in Materials and Methods. The serotonin concentration in the suspending 
medium was 123 pM. The platelet count was I06/mm3. 

t At the 95 per cent level of confidence. 

cytoplasm transferred into the suspending medium 
per unit of time was reduced by about one-third 
(Table 1). and consequently the cytoplasmic S-HT 
pool was slightly increased in the presence of reser- 
pine (Table 2). 

Effect qf reserpine on thromhin-induced release qf 
serotonin. In the next set of experiments, we examined 
whether the values for the size of the cytoplasmic 
compartment and the granule compartment obtained 
from the exchange experiments are comparable to the 
values for releasable and non-releasable serotonin of 
platelets. Washed platelets from reserpine-treated rab- 
bits were equilibrated with [‘4C]-.5-HT (123 PM) in 
the presence of reserpine (2 PM) and resuspended in 
Tyrode solution containing albumin (0.35%) and un- 
labeled serotonin at the same concentration at which 
the platelets had previously been equilibrated. Upon 
addition of thrombin (0.45 units/ml), reserpine-treated 

platelets released 72 ) 3 (mean k S. E. M.) per cent 
of their radioactivity whereas the control platelets 
released 91 + 3 per cent of their radioactivity. This 
difference was significant (P < 0.05; N = 4). 

Effects q/ imipramirw 011 .serotorGl storage und trans- 

port 

Liheratiorl C$ serotonir7 from platelets. Imipramine 
(20pM), added to a suspension of washed rabbit 
platelets prelabeled with [‘4C]-5-HT at a low concen- 
tration (I PM), caused the accumulation of only a 
very small amount of 14C in the suspending medium 
upon prolonged incubation (Fig. 3). When platelets 
were prelabeled with [‘4C]-5-HT at a high concen- 
tration (100 PM) and resuspended in a medium con- 
taining no added scrotonin, imipramine (20pM) 
caused the accumulation (net cfflux) of a larger 
amount of 14C in the suspending medium (Fig. 3), 

Table 2. Effect of reserpine on serotonin content in different compartments of a rabbit platelet 
suspension and its exchange between these compartments* 

Compartment 
Reserpine-treated Slgnlficance of differ- 

Control platelets platelets encc between means 

Cytoplasm 
Storage granules 

Exchange of serotonm 
between suspending medium 
and platelet cytoplasm 

Exchange of serotonin 
between platelet cytoplasm 
and platelet storage 
organelles 

Serotonm 
(nmoles/lO’ platelets) 

10.x * 0.x lb.? k 3.3 
177 f I9 18.1 * 3 3 

Serotonin 
(nmoles/min/lO’ platelets) 
x.9 * 1.5 8.6 + I.3 

P < 0.2 
P < 0.001 

P < 0.9 

3.1 + 0.x 0.67 + 0.1 I P < 0.07 

* Means + S. E. M. of five experiments. The significance of the differences was calculated by 
Student’s t-test. 

The reserpine treatment and experimental details are described in Materials and Methods. The 
serotonin concentration in the suspending medium was I23 PM. The platelet count was IOb/mm3. 
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exchange of serotonin between washed rabbit 
platelets and the suspending medium was followed 
in the presence or absence of 20pM imipramine as 
described in Materials and Methods. Analysis of these 
experiments showed that 20 PM imipramine inhibited 
the exchange of serotonin across the platelet plasma 
membrane (Table 3). Imipramine reduced the fraction 
of serotonin transferred per unit of time from the sus- 
pending medium into the platelet cytoplasm and 

r 

0 10 20 30 40 50 60 

MINUTES 

Fig. 3. Effect of ~mipra~ne on the liberation of 14C from 
platelets preiabeled with [ “%T)-5-HT and the accumulation 
of radioactivity in supernatant fluid. Washed platelets incu- 
bated with either I PM [‘%I-5-HT (A, A) or IOOpM 
[‘4C]-5-HT (CL 0) were resuspended in the presence (A. 
0) or absence (A, 0) of imipramine (20 PM). Radioactivity 
was determined in the supernatant fluid from aliquots of 
the two suspensions taken at 3-min intervals. The platelet 
count was 106/mm’. This was one of three similar 

experiments. 

indicating that imipramine reduced the amount of 
serotonin in the platelets. 

lnbjbition o~seroton~n ~~rnu~t~o~ by p~ute~ets. Im- 
ipramine (20pM) powerfully inhibited the initial 
uptake of [3H]-5-HT at low (1.5 ,uM) and high 
(100 PM) serotonin concentrations (Fig. 4). 

Effect on exchange of serotonin between platelets and 
suspending medium. The reduced amount of serotonin 
in blood piateicts in the presence of imipramine could 
be due to the diminished uptake of serotonin across 
the platelet plasma membrane demonstrated above 
or due to diminished uptake of serotonin into the 
amine storage organelles from the cytoplasm, or both. 
This was examined in experiments in which the 

6 

D 

IMIPR. 20,uM 

f3H15HT 15 UM 

-1 

0 “rnc’~ mm 10~,,1,>, 

0 20 40 60 

SECONDS 

Fig. 4. Effect of imipramine on the initial rate of uptake 
of [‘HI-5-HT by washed rabbit platelets. Panels A and 
B: Washed rabbit platelets ( 106/mm3) were incubated for 
10 min with saline (A) or 20 PM imipramine (B) before the 
addition of 1OOpM C3H]-5-HT. Mean of duplicate deter- 
minations. (This was typical of two experiments.) Panels 
C and D: Washed rabbit platelets (10”jmm3) were incu- 
bated for 30sec with saline (C) or 20pM imipramine (D). 
before the addition of 1.5 FM C3H]-5-HT. Mean of dupli- 
cate determinations. (This was typical of five experiments.) 

Table 3. Effect of imipramine on serotonin content in different compartments of a rabbit platelet 
suspension and its exchange between these com~rtments* 

Compartment 
Imipramine-treated Significance of differ- 

Control platelets platelets ence between means 

Cytoplasm 
Storage granules 

Exchange of serotonin 
between suspending medium 
and platelet cytoplasm 

Exchange of serotonin 
between ptatelet cytoplasm 
and platelet storage 
organelles 

Serotonin 
(nmoles/i09 platelets) 

11.3 + I.8 8.5 f 2.1 
179 _e 25 155 * 7 

Serotonin 
(nmoles/min/109 platelets) 
8.4 + 1.6 3.2 + 1.4 

2.5 f 0.3 1.8 + 0.3 

P < 0.4 
P < 0.4 

P < 0.05 

P < 0.2 

* Means + S. E. M. of three experiments. The significance of the differences was calculated by 
Sttident’s r-test. 

The imipramine concentration was 20 PM; the serotonin concentration in the suspending medium 
was 1OOgM. The platelet count was 106/mm3. 
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Table 4. Effect of lmlpramlne on transfer of serotonin between different compartments of washed 
rabbit platelets* 

Percentage of serotonin transferred 
between compartments/min 

Compartments 
Imipramine-treated Significance of difference 

Control platelets platelets between meanst 

Suspending medium to 
platelet cytoplasm 

Platelet cytoplasm to 
suspending medium 

Platelet cytoplasm to 
storage granules 

Storage granules to 
cytoplasm 

x.4 + I.6 

70.6 + 2.3 

23.4 * 3.0 

I.5 f 0.1 

3.2 + 1.4 _ 

34.7 f 7.6 

24.7 * 7.9 

I.2 + 0.2 _ 

Significant 

Significant 

Not significant 

Not significant 

* Results are expressed as means + S. E. M. of three independent experiments. The significance 
of the differences between the means was calculated as described in Table I. The concentration 
of serotonin In the suspending medium was IOOpM. The imipramine concentration was 20pM. 
The platelet count was 10b/mm3. 

t At the 95 per cent level of confidence. 

reduced the fraction of serotonin lost per unit of time 
from the cytoplasm into the suspending medium 
(Table 4). However. the exchange of serotonin across 
the amine storage organelle membrane was not sig- 
nificantly reduced at this concentration of imipramine 
(Table 4). 

Efict qf imipraminc ou thromhirl-induced releasr qf 
srrotonin. Platelets were equilibrated with serotonin 
in the presence of imipramine as described in Mater- 
ials and Methods. Upon addition of thrombin (0.4 
units/ml), imipramine-treated platelets released 96 + 3 
(mean 1_ S. E. M.) per cent of their radioactivity 
whereas the control platelets released 88 f 3 per cent 
of their radioactivity. This difference was not signifi- 
cant (p < 0.2; N = 3). 

DISCUSSIO!X 

Reserpine [X. 15-231 and imipramine 124,251 inter- 
fere with the storage and transport of biogenic amines 
in nervous tissue 13.26.~391. adrenal medulla 
[4,4@42], blood platelets [43-523 and other cells 
such as mast cells [53]. Because they can be rapidly 
isolated in pure form, platelets are usefui for the in- 
vestigation of transport and storage of biogenic 
amines [54,55]. The present studies show that it is 
possible to examine quantitatively the effects of im- 
ipramine and reserpine on serotonin transfer across 
the platelet plasma membrane and the amine storage 
organelle membrane in intact platelets. 

Resrrpirlr 

Reserpine liberates serotonin from blood platelets 
[8,43.+. 481 and inhibits accumulation of serotonin 
by platelets [45.5&5X]. Reserpine binds to the amine 
storage organelle membrane 159,601 but is also found 
outside the amine storage organelles 1601, for 
example. in the platelet plasma membrane 1553. How- 
ever, its precise location and distribution outside the 
amine storage organelles are presently unknown [60]. 
Although it had been suggested originally that reser- 
pine exerts its effects by inhibiting the active uptake 
across the platelet plasma membrane C45.56.61.621. 
more recent experiments did not show an effect of 

reserpine on the initial uptake of serotonin by 
platelets [57,58]. However, reserpine reduced the dif- 
fusion of serotonin from the platelets into the sur- 
rounding medium [63] and inhibited the uptake of 
serotonin into (isolated) amine storage organelles 
[SO]. In the experiments reported in this paper, with 
intact platelets it was possible to examine quantitat- 
ively the rates of exchange of serotonin across the 
plasma membrane and the granule membrane. Using 
this intact platelet system, we found that reserpine 
exerted a greater effect at the storage organelle mem- 
brane (transfer from the cytoplasm to the granules) 
than at the plasma membrane (transfer from cyto- 
plasm to suspending fluid). Values for the serotonin 
transfer rates were calculated by statistical analysis 
from experiments in which the exchange of radioac- 
tive serotonin between platelets and the suspending 
medium was followed using methods developed pre- 
viously [l, 21. An attempt was made to examine the 
validity of the numerical values obtained by this 
method, by comparing the rate of exchange across 
the platelet plasma membrane with the initial rate 
of uptake of serotonin measured in independent ex- 
periments. For this purpose, a method was developed 
that made it possible to measure serotonin uptake 
at very short time intervals (10 set) after its addition. 
This was necessary since it was found that the uptake 
of [3H]-5-HT or [ 14C]-5-HT in the presence of reser- 
pine was linear for less than 1 min. The values 
obtained with this method for the initial rate of 
uptake of serotonin by washed rabbit platelets were 
similar to the values obtained for the transfer of sero- 
tonin from the suspending medium into the platelet 
cytoplasm by statistical analysis of the serotonin 
exchange experiments. At a serotonin concentration 
of 123 PM, the rate of transfer from the suspending 
medium into the platelets was 7.8 f 0.4 nmoles/ 
min/lO’ platelets when measured by the filtration 
method and 8.9 _+ 1.5 nmoles/min/109 platelets when 
calculated from the exchange experiments. 

Imipramine 

In contrast to reserpine, imipramine causes no or 
only very little liberation of serotonin from the 
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platelets [49]. However, similar to reserpine, imipra- 
mine inhibits the accumulation of serotonin by blood 
platelets [24,46,5 1,62,6466]. All investigators agree 
that this inhibition is due to an inhibition of the 
active serotonin uptake across the platelet plasma 
membrane [S,SZ], although there is some dispute 
about whether this inhibition is competitive [64,66] 
or non-competitive [67] in nature. The effect of im- 
ipramine on serotonin uptake across the platelet 
plasma membrane was confirmed in the initial uptake 
studies as well as in the serotonin exchange experi- 
ments. In the presence of imipramine, we also 
observed some accumulation of platelet serotonin in 
the suspending medium, indicating a small reduction 
of the serotonin storage capacity. This finding is in 
agreement with the hypothesis-put forward by 
Markwardt [NJ-that any drug which inhibits the 
uptake causes a slow release of endogenous serotonin 
as well. This is so because the passive diffusion of 
serotonin out of the platelet is counteracted by active 
uptake across the platelet plasma membrane [68,69]. 
In addition, it was found in these experiments that 
imipramine at a concentration of 20 @I reduced the 
fraction of serotonin transferred from the platelet 
cytoplasm into the suspending medium per unit of 
time. This is consistent with the suggestion of Gey 
and Pletscher [70] that tricyclic drugs such as chlor- 
promazine and chlorprothixene inhibit liberation of 
endogenous monoamine compounds in brain tissue 
by reducing the permeability of brain membranes to 
the amines. Similarly Lingjaerde [71] demonstrated 
recently that doxepin, another tricyclic drug, 
diminished the efflux of radioactive serotonin from 
preloaded platelets at a concentration of 10pM. The 
diminished fraction of serotonin transferred from the 
platelets into the suspending medium per unit of time 
provides an explanation for the finding that platelets 
liberate only a small amount of their serotonin during 
incubation with imipramine. 

In vitro, it has been shown that imipramine at high 
concentrations (> 40 PM) [SO] inhibits the uptake of 
serotonin into isolated amine storage organelles. Fur- 
thermore, small amounts of imipramine accumulate 
in the amine storage organelles [72] when intact 
platelets are incubated with this drug. Imipramine has 
been shown in vitro to displace serotonin from its 
adenosine triphosphate complex 1733. However, our 
data on the transfer rates of serotonin across the 
amine storage granule membrane in intact platelets 
indicate that imipramine at a lower concentration 
(20 PM) has no significant effect at this site. 

E&ct of reser~fne and i~i~ra~i~e on intr~effufar 
serotonin dfstribut~n 

It was possible to calculate from the percentages 
of serotonin transferred into the neighboring com- 
partment(s) per unit of time under the equilibrium 
conditions of the present experiments the amounts 
of serotonin (+its metabolites; see Materials and 
Methods) in the intermediate ~extragranular, cytoplas- 
mic) pool and the storage compartment (amine stor- 
age organelles). This calculation showed that the 
intermediate compartment contained about 5-10 per 
cent of the platelet serotonin. the remaining 90-95 
per cent being in the storage compartment. It is 
generally thought that only the serotonin bound to 

the amine storage organelles but not the extragranu- 
lar material can be released from platelets during the 
release reaction [74]. Thus, it is possible to examine 
the validity of the numerical results obtained from 
analysis of the serotonin exchange by m~suring the 
amount of releasable serotonin. Thrombin caused a 
maximal release of about 90 per cent of the platelet- 
bound serotonin in the absence of either imipramine 
or reserpine. This value is similar to those reported 
from other laboratories [75]. The value of 5-10 per 
cent for non-releasable, extragranular serotonin in 
normal washed rabbit platelets is similar to the esti- 
mate of extragranular noradrenaline in sympathetic 
nerve tissue [76] and the particle-free store of adrena- 
line in the adrenal medulla [77,78]. 

In reserpine-treated platelets from reserpine-treated 
animals, the absolute amount of serotonin in the 
extragranular compartment did not change signifi- 
cantly, whereas the storage granule pool was greatly 
diminished (calculated from the exchange experi- 
ments). Consequently the proportion of the total 
platelet serotonin (+ metabolites) within the inter- 
mediate (extragranular) compartment rose to 25-40 
per cent under the equilibrium conditions of these 
experiments whereas -75 per cent remained in the 
granules. Upon stimulation with thrombin, about 70 
per cent of the platelet serotonin was released. 

In contrast, imipramine, which diminished the 
platelet serotonin content only slightly, did not 
change the relative distribution of serotonin between 
the extragranular and the granular compartment sig- 
nificantly as calculated from the exchange experi- 
ments. This is consistent with the finding that imipra- 
mine did not change the releasable proportion of the 
total platelet serotonin. 

The method of studying serotonin exchange in in- 
tact platelets used in these experiments may be applic- 
able in investigating the sites at which other drugs 
interfere with the storage and transport of biogenic 
amines. It may also prove helpful in defining more 
precisely the nature of the defect in some diseases 
that are thought to be related to disorders of trans- 
port or storage of biogenic amines [55,79Wl]. 
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APPENDIX 

The platelet suspension is assumed to be comprised of 
three compartments: suspending medium (compartment 1). 
“cytoplasm” (compartment 2) and storage organelles (com- 
partment 3). Symbols: a2, is the fraction of serotonin in 
compartment I (suspending medium) that transfers to com- 
partment 2 (“cytoplasm”) in unit time; aI2 is the fraction 
of serotonin in compartment 2 that transfers to compart- 
ment 1 in unit time; aa is the fraction of serotonin in 
compartment 2 that transfers to compartment 3 (storage 
organelles) in unit time; and az3 is the fraction of serotonin 
in compartment 3 that transfers to compartment 2 in unit 
time. If there is neither creation nor destruction of the 
serotonin tracer within a compartment, then, for that com- 
partment : 

rate of accumulation = (rate at which serotonin tracer is 
of tracer in the transferred from the other com- 
compartment partments into this compartment) 

- (rate at which serotonin tracer 
is lost to the other compartments). 

Thus, for compartment 1 

dmr 
z = a12m2 - a2,ml 

Similarly, for compartment 2 

dm, 
- = a2,m1 + az3m3 - a12m2 - a3*m2 
dt 

x = (a21 + al2 + a23 + 62) 

y = Lx* - 4(a21a32 + az1az3 + a12a233l1’2 

The initial distribution of the “‘C tracer is known 
[m,(O) = 1, m,(O) = ma(O) = 0] and thus the fractional 
turnover rates may be calculated from the estimated values 
of A, B, C, I, and AZ. The relationships permitting direct 
calculation of fractional turnover rates were obtained from 
the work of Robertson et al. [13], and are: 

azl = BI, + CI, 

and for compartment 3 
al2 = (4 + 4 - alI) - 

1,i2(1 -A) 

dm, al1 

dt = a32m2 - az3m3 A1,1* 
a*3 = ~ 

a12 

A&(1 - 4 
a32 = - az3 

a21 

This set of simultaneous differential equations may be 
rewritten in vector notation and solved through matrix 
diagonalization [SZ]. 

As described in Materials and Methods, the solution for 
m, takes the form of 

ml(t) = P. + Be-“” + Ce-“” 

in which A, B, C, .& and I, are expressed in terms of 
the fractional turnover rates (a,2, a2,. az3 and as*) and 
the initial distribution of tracer [m,(O), m,(O). m,(O)]. These 
relationships then follow: 

412023 
A=--_ 

412 

a2&23 - ~2h(O) _ 
a32b23 - a2J >I 

(a23 - 12) 
C=- 

(azl - h)a21mAO) 
-22 [ a12(az3 - a2A 

- m2(0) 

+ a2&23 - ~.h(O) 
a32@23 - a2J 1 

1, = (x - YV2 

12 = (x + Y)/2 

where 


