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Abstract—During secondary aggregation, platelets release S-hydroxytryptamine (5-HT) from their
dense granule stores concurrent with arachidonic acid (AA) metabolism. To examine the hypothesis
that released 5-HT has a modulatory effect on the metabolism of AA by platelets, we incubated
nonaggregating washed human platelets with 5-HT in the presence of [*H]AA. Stimulation with 10*M
5-HT, followed by incubation with 3 uM AA and 1 uCi [°’H]AA for 5 min, resulted in a decrease in the
formation of thromboxane B, (TxB,) and 12-hydroxyheptadecatrienoic acid (HHT, P < 0.05). The
same treatment conditions and stimulation with 1077 to 10~*M 5-HT resuited in an elevation of 12-
hydroxyeicosatetraenoic acid (12-HETE) formation (P < 0.05). Treatment with the monoamine uptake
inhibitor imipramine (20 uM) further increased the stimulation of 12-HETE formation observed in the
presence of 10~*M 5-HT, suggesting that 5-HT may act at the platelet surface. A 5-HT;, receptor
agonist, 8-hydroxy-dipropylaminotetralin (DPAT, 1076 to 10~ * M) stimulated the formation of platelet
cyclooxygenase (CO) products, whereas (+)1-(2,5-dimethoxy-4-iodo phenyl)-amino propane hydro-
chloride (DOI, 10~¢ to 10"*M), a 5-HT, receptor agonist, had no significant effect on CO product
formation. In addition, the 5-HT, receptor antagonist ketanserin (1077 M) did not block the changes in
CO or lipoxygenase metabolism induced by 5-HT. Since both DOI and DPAT stimulated 12-HETE
formation whereas ketanserin was unable to reverse the 5-HT-enhanced 12-HETE formation, it seems
unlikely that the stimulation of a 5-HT, receptor is responsible for this action of 5-HT on platelets. We
conclude that 5-HT depresses CO product formation while increasing 12-HETE formation through
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interaction with a platelet serotonergic binding site other than the 5-HT, receptor.

Perfusion or incubation of nervous and vascular tis-
sue with 5-hydroxytryptamine (5-HT) has been
shown to increase prostaglandin (PG) biosynthesis
[1-6]. Additionally, 5-HT has been associated
indirectly with increased prostaglandin biosynthesis
since it stimulates arachidonic acid (AA) release by
several tissues [7] and is known to increase the rate
of phosphatidylinositol (PI) turnover in platelets [8].

Although 5-HT is known to increase cyclooxy-
genase (CO) metabolism in several biological
systems, studies examining the effect of 5S-HT on the
formation of all of the platelet AA metabolites,
including 12-hydroxyeicosatetraenoic acid (12-
HETE) have not been reported. To address whether
5-HT affects platelet AA metabolism, we used
washed human platelets incubated with [*H]AA and
stimulated with concentrations of 5-HT that are
attainable in plasma under normal and patho-
physiological conditions.

MATERIALS AND METHODS

Materials. 5-HT was purchased from the Sigma
Chemical Co. (St. Louis, MO). The serotonin ana-
logs DOI [+1-(2,5-dimethoxy-4-iodo phenyl)-amino
propane hydrochloride] and DPAT (8-hydroxy-
dipropylaminotetralin) were purchased from
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Research Biochemicals Inc. (Natick, MA). Ketan-
serin was a gift from Janssen Pharmaceutica (Beerse,
Belgium). Imipramine was a gift from the CIBA
Pharmaceutical Co. (Summit, NJ).

Glass-distilled methanol and ethyl acetate were
purchased from Burdick & Jackson (Muskegon, MI).
Water was deionized and purified with a Milli-R/
Q Water Purification System (Millipore, Bedford,
MA). Authentic tritiated AA and AA metabolite
standards were obtained from New England Nuclear
(Boston, MA).

Platelet preparation. Blood (50 mL) was drawn
from the antecubital vein of healthy adult human
volunteers who had not ingested any medication in
the preceding 10 days. The blood was drawn into a
syringe containing SmL of 3.8% (w/v) trisodium
citrate, pH 7.4, and washed platelets were prepared
by the method of Hamberg et al. [9]. The final
platelet resuspension was in Krebs—Henseleit buffer
(pH 7.4) made without calcium.

Incubation and extraction procedure. Aliquots of
washed platelets (0.5mL, 1 x 108 platelets) were
equilibrated in siliconized glass cuvettes in a dual
channel Payton aggregometer (Payton Electronics,
Buffalo, NY) at 37° for 3 min prior to drug addition.
Aggregation was monitored throughout each incu-
bation, and none of the experimental incubations
resulted in secondary aggregation. Unlabeled arachi-
donic acid (NuCheck Prep, Elysian, MN) at a final
concentration of 3uM AA and 1uCi [*HJAA
(240 Ci/mmol) were combined, prepared as the
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sodium salt, and employed as the AA substrate. We
have shown previously that this AA concentration
permits detection of both increases or decreases in
lipoxygenase and cyclooxygenase product formation
[10].

In the control condition, 10 uL of the AA substrate
was added to the platelet suspension. Pretreatment
with 5-HT was begun 15 sec before addition of the
AA substrate, and ketanserin or imipramine was
given 15sec before 5S-HT. Aggregation was moni-
tored during the 5-min incubation and none of the
treatments induced secondary aggregation. The incu-
bation was terminated after 5 min by the addition of
0.4 mL acetone. The platelet suspension was then
placed on ice and the pH lowered to 3 with formic
acid. Next, the reaction mixture was extracted twice
with 3mL of ethyl acetate, and the extracts were
pooled and dried under nitrogen. The residue was
dissolved in 2 mL methanol and filtered through a
0.45 um filter (Millipore).

HPLC analysis. The sample (0.5 mL) was injected
by a WISP 710B autosampler onto a 30 cm X 3.9 mm
uBondapak C3 10 um particle size reverse-phase
column with a phenyl Corasil packed guard column
(Waters Associates, Milford, MA). Elution was
accomplished in less than 1hr with two solvents
which were pumped at a total flow rate of 2 mL/min.
Two model 6000A Waters pumps (Waters Associ-
ates) were employed. Solvent A was distilled water
containing 0.1% glacial acetic acid and 0.15%
ammonium hydroxide, pH 6.2. Solvent B was meth-
anol.

The gradient elution was controlled by a Waters
720 System Controller (Waters Associates). Initial
conditions were 45% methanol and 55% solvent A.
The elution program consisted of a 10-min isocratic
elution at initial conditions, followed by a 20-min
linear gradient from 45 to 85% methanol. The
column was next eluted with 100% methanol for
10 min, followed by a 10-min re-equilibration at
initial conditions before the next sample was
injected. The column eluate was directed into an on-
line radiometric detector (Ramona LS from IN/US,
Fairfield, NJ). Within the detector the eluant was
split, and half of the eluant was mixed with scin-
tillation fluid (Budget Solv, RPI, Mt. Prospect, IL)
in a 3:1 ratio of scintillant to eluant. Peak identity
was established by comparison with the chro-
matographic mobility of authentic radiolabeled stan-
dards. The retention times of the standards were:
thromboxane B, (TxB,), 8min; 12-hydroxy-
heptadecatrienoic acid (HHT), 22 min; 12-HETE,
26.5min; and AA, 31 min. HHT was identified by
comparison with a standard that had been identified
as HHT by gas chromatography/mass spectrometry.
Data are presented as the percentage of counts
recovered in each peak compared to the total counts
recovered. Since 25% of the AA radiolabel is lost as
malondialdehyde (MDA) during the generation of
HHT, the percentage of counts recovered as HHT
was multiplied by 1.33. Cyclooxygenase product for-
mation is presented as the sum of the counts
recovered in the TxB, and HHT peaks.

Statistical analyses. An ANOVA was performed
with the various treatment groups. When a significant
F ratio was obtained, a Duncan’s procedure was
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Fig. 1. Effect of 5-HT on AA metabolism in washed human
platelets. Platelets (108/0.5 mL) were incubated in the pres-
ence of 3 uM AA and 1 uCi [*H]AA with or without 1077
to 10-* M 5-HT. Following a 5-min incubation, AA and its
metabolites were extracted into acidified ethyl acetate and
subjected to reverse-phase HPLC. Values for each exper-
iment are the mean * SE of counts recovered from 3 to 6
platelet preparations, each of which was performed in
duplicate. Key: (%) P < 0.05 compared to preparations not
treated with 5-HT. Symbols: (A) 12-HETE, (O) TxB,, and
(W) HHT.

employed; otherwise a Student’s t- or a modified
Student’s ¢-test was performed. In all cases, the null
hypothesis was rejected at P values greater than
0.05. Data for each experiment are presented as the
mean * SE of 3-7 experiments, each of which was
performed in duplicate.

RESULTS

We examined the effect of a 15-sec stimulation
with 5-HT prior to the addition of the 3 uM AA and
1 uCi [*H]JAA substrate on washed human platelet
metabolism of AA. The effect of 5-HT on platelet
12-HETE formation has not been examined pre-
viously and Fig. 1 shows that the addition of 107" M
to 10 *M 5-HT resulted in increased 12-HETE for-
mation (P < 0.05). As also shown in Fig. 1, a decline
in the production of both TxB, and HHT was
observed when platelets were stimulated with 10™* M
5-HT (P < 0.05). No statistically significant effect on
cyclooxygenase formation was observed for the other
concentrations of 5-HT tested (10°7 to 1075 M),
although a trend toward decreased cyclooxygenase
activity was observed with 1073 M 5-HT.

Imipramine is a monoamine uptake blocker which
has been shown to block 5-HT uptake in human
platelets [11]. At a concentration of 20 M, imi-
pramine has been shown to block 95% of the uptake
of 100 uM 5-HT. To determine whether the 5-HT-
induced changes in AA metabolism occurred
through an action of 5-HT inside the platelet or at
the platelet surface, we added imipramine to the
platelet incubation 15 sec before the 5-HT addition.
Asshown in Fig. 2, 10-* M 5-HT alone or imipramine
alone increased the formation of 12-HETE. Also,
the effect of imipramine plus 5-HT was not greater
than the effect of imipramine alone unless a con-
centration of 107 M 5-HT was utilized.

Platelet morphological responses to 5-HT can be
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Fig. 2. Effect of imipramine and 5-HT on 12-HETE for-
mation in washed human platelets. Platelets were washed
and diluted to 103/0.5mL incubation. Imipramine
(2 x 1073 M) followed 15 sec later by 5-HT (1077 to 10~ M)
was added to the platelet preparation. Next, the AA sub-
strate (3 uM AA and 1 uCi [PH]AA) was added. After a 5-
min incubation, AA and its metabolites were extracted into
ethyl acetate and prepared for reverse-phase HPLC. Values
for each experiment are the mean x SE of 3 platelet prep-
arations, each of which was performed in duplicate. Key:
(a) significantly different from untreated platelets
(P <0.05), (b) significantly different from imipramine
treatment alone (P < 0.05), and (c) significantly different
from treatment with the same 5-HT concentration alone
(P <0.05). Columns: (W) 5-HT, and (8) 5-HT plus imi-

pramine.

inhibited with 5-HT; receptor antagonists including
ketanserin. Since 5-HT, receptor stimulation
increases the rate of PI turnover and therefore may
increase the availability of a precursor of AA, we
examined the effect of ketanserin on AA metab-
olism. The concentration of ketanserin which we
employed has been demonstrated to inhibit the 5-
HT-induced morphological [12] and biochemical [13]
changes observed in human platelets. Figure 3 shows
that ketanserin had no effect on the inhibition of
cyclooxygenase metabolism by 5-HT. Figure 3 also
shows that 5-HT (10~*M), in the presence and
absence of ketanserin, increased 12-HETE for-
mation compared to the unstimulated control
(P <0.05). Overall, the data show that a 15-sec
ketanserin pretreatment did not alter significantly
the effect of 5-HT alone on platelet AA metabolism.

To probe further the mechanism by which 5-HT
alters platelet AA metabolism, we examined the
effects of DOI, a 5-HT, receptor agonist, and DPAT,
a 5-HT,;, receptor agonist, on platelet AA metab-
olism. Figure 4A shows that DPAT (10 %and
107°M) stimulated cyclooxygenase product for-
mation (P <0.05) compared to the unstimulated
control. Figure 4B shows that DOI did not alter
significantly cyclooxygenase metabolism compared
to the untreated control, although the trend at the
higher concentration was similar to the decreased
product formation observed at higher concentrations
of 5-HT. At the 10~* concentration, 5-HT, DOI, and
DPAT all differed from one another (P < 0.05) with
respect to their effect on cyclooxygenase product
formation. Figure 5 shows that both DOI and DPAT
concentration-dependently stimulated 12-HETE
formation (P < 0.05) compared to platelets to which
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Fig. 3. Effect of ketanserin on the 5-HT-induced changes
in arachidonic acid metabolism in washed human platelets.
Platelets (10%/0.5 mL) were incubated in the presence of
AA substrate 3uM AA and 1uCi [*HJAA) with 5-HT
(1077 to 10~*M). Following a 5-min incubation, AA and
its metabolites were extracted and subjected to reverse-
phase HPLC. Values for each experiment are the mean
percentage of counts recovered as arachidonic acid meta-
bolites + SE of 4-6 platelet preparations, each of which
was performed in duplicate. Key: (%) P < 0.05 compared
to preparations not treated with 5-HT, and (% %) P < 0.05
compared to treatment with ketanserin but without 5-HT.
Symbols: TxB, + HHT product formation with 5-HT alone
(0), and with 5-HT treatment in the presence of 107’ M
ketanserin (M); 12-HETE formation with 5-HT alone (A),
and with 5-HT treatment in the presence of 10~7 M ketan-
serin (A).

neither 5-HT nor its analogs had been added. Fur-
thermore, 107*M DOI or DPAT stimulated 12-
HETE formation to a greater extent than did 10~*M
5-HT (P < 0.05).

DISCUSSION

Our finding that 5-HT altered platelet AA metab-
olism differs from the results obtained by de Clerck
et al. [14] who used cat plasma and employed malon-
dialdehyde generation as the sole measure of prosta-
glandin biosynthesis. In addition, our study differs
from theirs in that we used a nonaggregatory con-
centration of AA which was below the saturation
level of the cyclooxygenase, thus enabling us to
detect both increases and decreases in the cyclooxy-
genase and lipoxygenase pathway [10].

The effects of 5-HT on human platelet AA metab-
olism which we observed could occur through at least
three mechanisms: (1) an enhanced release of AA,
(2) a direct effect on the fatty acid oxygenases, or
(3) by interaction with a 5-HT binding site. Stimu-
lation of platelet serotonergic receptors leads to an
increase in numerous intracellular processes which
could result in an increased release of AA. This
includes the formation of phosphatidic acid (PA) and
diacylglycerol (DAG) and the release of intracellular
calcium by enhanced phosphatidyl inositol (PI) turn-
over [7, 8, 15-17]. In fact, the platelet PI response
to ADP, epinephrine, A23187, and collagen is at
least partially blocked by cyclooxygenase inhibition,
thus providing evidence for the potential involve-
ment of AA turnover in the platelet response to 5-
HT [12]. Our studies, which utilize an exogenous
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Fig. 4. Effect of 5-HT and two of its analogs (DPAT and DOI) on cyclooxygenase product formation
in washed human platelets. Values for each experiment are the mean * SE of 6-7 platelet preparations,
each of which was performed in duplicate. Key: (%) P < 0.05 compared to preparations treated with 5-
HT at the concentration at which the 5-HT analog was tested. Panel A: effect of the 5-HT,, analog
DPAT (107 to 10 M) on the formation of cyclooxygenase product formation (TxB, and HHT). Panel
B: effect of the 5-HT, analog DOI on the formation of cyclooxygenase product formation (TxB, and
HHT). Symbols: () 5-HT treatment (1077 to 107* M), (W) DPAT (1077 to10~* M) treatment, and (A)
DOI (1077 to 10~ M) treatment.
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Fig. 5. Effect of 5-HT and two of its analogs on 12-HETE
formation in washed human platelets. Values for each
experiment are given as the mean = SE of 4-6 platelet
preparations, each of which was performed in duplicate.
Key: (%) P < 0.05 compared to preparations not treated
with 5-HT. Symbols: (0) 5-HT treatment (1077 to 107* M),
(M) DPAT (107 to 10~* M) treatment, and (A) DOI (1077
to 10~*M) treatment.
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3 uM AA substrate, bypass the release step in AA
metabolism. Therefore, it is unlikely that the changes
in AA metabolism which we observed following 5-
HT stimulation were due to an enhanced release of
endogenous AA.

Several lines of evidence suggest that 5-HT can
act directly upon fatty acid oxygenases. Serotonin
has been shown to increase the rate of cyclooxy-
genase turnover in bovine seminal vesicle homo-
genates [18, 19]. Harada and Kawamura [20] have
suggested that high concentrations of 5-HT resultina
depression of cyclooxygenase activity. Thus, a direct
interaction of 5-HT with the platelet cyclooxygenase
enzyme could, at least partially, explain the trend
toward stimulation of cyclooxygenase activity at 10~7
to 1075M 5-HT and the significantly decreased
cyclooxygenase activity which we observed in incu-

bations with 10™* M 5-HT. A direct action of 5-HT
on the platelet lipoxygenase can be excluded as a
possible mechanism for the stimulation of 12-HETE
formation which we observed in platelets treated
with 1077 to 10~*M 5-HT, since imipramine, which
blocks the uptake of 5-HT into the platelet, increased
the stimulatory action of 5-HT on 12-HETE forma-
tion.

The stimulation of 12-HETE formation, which we
observed in the presence of imipramine even without
addition of 5-HT, is a novel finding. Imipramine itself
may provoke 12-HETE formation or, alternatively,
imipramine may enhance the action of any 5-HT
previously released by the washed platelets. Since
Born and Gillson [21} have shown that 5-HT can be
released by platelets during the washing procedure,
it is possible that imipramine acts in our untreated
platelet incubations by allowing the released 5-HT
to stimulate 12-HETE formation. The possible pres-
ence of 5-HT in the washed platelet incubation
medium suggests that studies of AA metabolism in
washed platelets may be biased toward an increased
lipoxygenase and a depressed cyclooxygenase
activity, compared to that which would be observed
if 5-HT were not spontaneously released and present
in the medium. Our results with imipramine suggest
that 5-HT acts at the platelet surface to enhance 12-
HETE formation. These findings in platelets imply
that 5-HT release by other tissues such as the brain,
which is known to form 12-HETE [22], may result in
an increase in 12-HETE synthesis. Since imipramine
may enhance the formation of neuronal 12-HETE
in response to 5-HT, one might surmise that one
mechanism of action of imipramine in the treatment
of depression may involve 5-HT stimulation of brain
12-HETE levels. To our knowledge, the effect of
lipoxygenase products on mammalian behavior has
not been investigated.

Platelets possess two surface binding sites for 5-
HT, a 5-HT, receptor and the 5-HT uptake carrier
[23-26]. Recent evidence also suggests that platelets
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possess primarily 5-HT,-type receptors analogous to
those found in rat cerebral cortex and on bovine
vascular smooth muscle [27]. The morphological
responses of platelets to 5-HT and the proag-
gregatory activity of 5-HT are blocked in a con-
centration-dependent manner by selective 5-HT,
antagonists [28]. In addition, the 5-HT, agonist,
DOI, and its congeners, induce aggregation in cat
platelets [29]. Thus, the presence and physiological
relevance of platelet 5-HT, receptors are well docu-
mented.

Although interaction of 5-HT with 5-HT, recep-
tors is believed to be the mechanism of 5-HT-induced
platelet activation, several of the 5-HT-induced
platelet responses are not inhibited by 5-HT, antag-
onists. AA metabolism is not involved in the mor-
phological changes observed in human platelets
exposed to 5-HT. For example, addition of 5-HT
to human platelets does not result in irreversible
aggregation. In fact, 5-HT does not induce the
release of TxB, or ATP except in previously sen-
sitized platelets [24]. 5-HT is, however, proag-
gregatory and 5-HT addition amplifies human
platelet aggregatory responses to ADP, epinephrine,
norepinephrine, and collagen [12]). We have found
that ketanserin does not alter the 5-HT-induced
depression of platelet cyclooxygenase activity. This
lack of inhibition by ketanserin and the high con-
centration of 5-HT necessary to induce the decrease
in cyclooxygenase products suggest that this action
of 5-HT is not receptor mediated. Since DPAT does
not stimulate the 5-HT, receptor, the stimulation of
12-HETE formation observed with 5-HT and both
DPAT and DOI suggests that this stimulation is not
due to interaction with the 5-HT), site. It might be
suggested that the concentration of ketanserin we
employed was insufficient to inhibit the actions of 5-
HT. This seems unlikely as the 10~7 M concentration
of ketanserin which we used has been used by other
investigators to inhibit other biochemical effects of
5-HT [12, 13]. A second reason for our inability to
inhibit a potentially 5-HT,-mediated action of 5-HT
pertains to other actions of ketanserin. Very recent
work by Leysen et al. [30] describes the ability of
ketanserin to enhance the release of 5-HT from
platelets. Their results suggest that the inhibitory
action of ketanserin at 5-HT} sites may be overcome
by a ketanserin-induced release of 5-HT from its
platelet stores.

Several biological systems [31-33] possess two
types of serotonergic receptors, one of which acts
via elevation of cyclic AMP (5-HT) and the other
which acts by elevation of intracellular calcium levels
(5-HT3). Since binding studies provide evidence that
5-HT,; sites are not found on platelet membranes
[34], it is unlikely that the alterations in AA metab-
olite distribution which we observed are due to 5-
HT; receptor activation.

The other serotonergic binding site found on plate-
lets is the 5-HT transporter [34, 35]. Recent work
by Ieni and Myerson [36] reports that the 5-HT,
agonist, DPAT, binds to this site. Previous studies
on the effects of 5-HT; o have not examined the effect
of this agonist on AA metabolism. We found that
DPAT increased the formation of CO products,
whereas 5-HT depressed their formation. At the

lower 5-HT concentrations employed in our study,
a trend toward increased CO product formation was
observed; this trend may be due to a 5-HT;,-like
conformation or action of 5-HT.

We found DPAT as well as DOI to enhance 12-
HETE formation by interaction with a site which is
insensitive to ketanserin. Since the transporter would
recognize both 5-HT;, and 5-HT, agonists, the
stimulation of 12-HETE formation which we
observed with 5-HT, DOI, and DPAT may be due
to interaction with the 5-HT transporter.

In conclusion, the effect of 5-HT on platelet AA
metabolism may be due to the action of 5-HT at
a serotonergic binding site other than the 5-HT,
receptor. The increase in 12-HETE formation which
we observed with 5-HT, DOI, and DPAT may occur
through interaction with the 5-HT transporter which
recognizes different 5-HT conformations.
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