use of beads as markers, this low-amplitude
shear oscillation should be measurable in the
absence of bending in fragments of demem-
branated flagella examined under conditions
appropriate for reactivating the bending of
intact flagella.

These applications will be facilitated by
development of more automatic and higher
precision methods for photographic image
analysis to obtain measurements of bead
separation in both straight and curved re-
gions of a flagellum. Other recent work has
demonstrated the ability of digital image-
processing methods to extract positional in-
formation from light microscopic images at
nanometer dimensions, well below the re-
solving distance of light microscopy (10,
21).
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Histamine Is an Intracellular Messenger Mediating

Platelet Aggregation

SATYA P. SAXENA, LORNE J. BRANDES, ALLAN B. BECKER,
KErTH J. StMONS, FRANK S. LABELLA, JON M. GERRARD*

Inhibition of human platelet aggregation by N,N-diethyl-2-[4-(phenylmethyl)phe-
noxy]ethanamine-HCl (DPPE), a novel antagonist of histamine binding, suggested
that histamine might serve a critical role in cell function. Phorbol-12-myristate-13-
acetate (PMA) or collagen was found to increase platelet histamine content in parallel
with promotion of aggregation. Inhibitors of histidine decarboxylase (HDC) sup-
pressed both aggregation and the elevation of histamine content, whereas DPPE
inhibited aggregation only. In saponin-permeabilized platelets, added histamine re-
versed the inhibition by DPPE or HDC inhibitors on aggregation induced by PMA or
collagen. The results indicate a role for histamine as an intracellular messenger, which

in platelets promotes aggregation.

ISTAMINE IS A WELL-ESTABLISHED
extracellular messenger in numer-
ous physiological and pathophys-
iological conditions, including allergies, in-
flammation, gastric acid secretion, neurotrans-
mission, cardiac dysfunction, and uterine con-
traction, and is implicated in others such as
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immunoregulation (7). Almost 30 years ago,
Kahlson et al. (2) suggested that newly
formed histamine might be an important
mediator of cell growth. Histidine decarbox-
ylase (HDC) activity, the ability of cells and
tissues to form histamine, has been correlated
with cell multiplication and growth (3). Stud-

ies of DPPE, an antiproliferative agent that
antagonizes histamine binding at a novel
(non-Hy, non-Hj, non-Hj) affinity site that
binds histamine in micromolar amounts (4),
showed that DPPE inhibits platelet aggrega-
tion stimulated by PMA, a tumor promoter
usually considered to act primarily through
activation of protein kinase C (5). However,
DPPE did not inhibit protein kinase C-
induced phosphorylation of a platelet M,
47,000 protein (p47) (6). Thus, the antiag-
gregatory effect of DPPE is not due to antag-
onism of protein kinase C. Since PMA in-
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duces histidine decarboxylase (7), we evaluat-
ed the possibility that PMA-induced platelet
aggregation, antagonized by DPPE, might be
mediated in part by stimulation of intracellu-
lar histamine formation.

We used high-performance liquid chro-
matography (HPLC) to measure intracellu-

lar histamine production in PMA-treated
human platelets. The histamine found in
unstimulated platelets (12.2 = 1.5 pmol per
10° cells) agrees well with previously report-
ed values (8). In platelets activated by PMA
(480 nM), histamine production increased
in parallel with the extent of aggregation
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- + time. (B) Inhibition of PMA-induced histamine
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30 Aggregation of washed platelets in histidine-free
medium (27) was recorded 2 min after PMA
addition, with a Payton dual-channel aggrego-
meter. Histamine content was assessed by HPLC. Washed platelets (2.5 x 10% to 9 x 10® per
milliliter) were extracted with alkaline chloroform and butanol (4:1, v/v) as described by Keyzer et al.
(8). Histamine was derivatized to a fluorogenic compound with o-phthalaldehyde (28) and was injected
onto a pBondapak Cg column. Isocratic elution was carried out with a mobile phase containing 41.5%
methanol:acetonitrile (83:17) and 58.5% 0.02M P buffer, pH 6.0, at a flow rate of 1 ml/min.
Fluorescence was monitored (emission/excitation ratios, 460:356). The elution time for histamine was
24.5 min, and there were no interfering peaks. The limit of detection of the method is 200 pg of
histamine. Incubation of an extracted platelet sample with histaminase (0.75 mg/ml) (Sigma) selectively
removed the histamine peak, confirming its identity. Further confirmation was obtained through the
use of an RIA for histamine (Immunotech), which gave identical results to those shown in (A) for
platelet histamine production in response to PMA (29). Day-to-day variation was less than 5%. Where
used, inhibitors of HDC were ordinarily added 30 s before PMA (480 nM) (O, @). For the 2-hour
incubation experiment, a-FMH was added to whole blood, and each subsequent buffer and the platelets
were stimulated with PMA (15 nM) for 4 min (O). The number of independent replicates in (A) was
18, 7, 6, and 18 for the 0, 30-s, 1-min, and 2-min time points, respectively, and in (B) was 2 to 4 for
each time point. Comparison of data sets with more than one time point show that they represent a set
of parallel curves.

(Fig. 1A), reaching a level of 38.7 + 3.8
pmol per 10° platelets by 2 min, an incre-
ment of 27 pmol of histamine per 10° cells.
A lower dose of PMA (15 nM) also stimu-
lated platelet aggregation and histamine for-
mation (to 37.5 = 1.3 pmol per 10° cells at
4 min) as did 1 U of thrombin per milliliter
(to 22.8 £ 5.1 pmol per 10° platelets by 2
min). When the platelet suspension was
cooled by the addition of cold buffer and
then centrifuged at 800¢ for 5 min,
87% + 5% (n = 5) of the histamine in the
PMA-treated platelets was accounted for in
the pellet. When platelets were permeabi-
lized with saponin and treated with DPPE
to displace histamine binding, most (75%)
of the histamine was now in the supernatant
(9), suggesting that histamine formed in
response to PMA is cytoplasmic. If a mean
platelet volume of 7.3 pm? is assumed (10),
27 pmol of histamine per 10° platelets yields
a rise in cytoplasmic histamine of 3.7 wM in
response to PMA.

The formation of histamine from histi-
dine is accomplished by a single enzyme,
HDC (E.C. 4.1.1.22). Since phorbol esters
increase HDC in other cells and tissues (7,
11), the PMA-stimulated increase in platelet
histamine may reflect increased HDC activi-
ty. The medium used in our experiments
was histidine-free, but platelets contain suf-
ficient endogenous histidine (~300 pM)
(12) to allow the measured production of
histamine. a-Methyl histidine (a-MH), a
reversible inhibitor, or (S)-a-fluoromethyl-
histidine (a-FMH), an irreversible inhibitor
of HDC, inhibited histamine formation
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30 s later. In (B), the effect of a 2-hour preincuba- 404 40
tion with a-FMH (see Fig. 1 legend for details) is 304 30-
also shown (0). Platelet aggregation was record- 204 204
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the mean and standard error of up to nine inde- by 5 4 3 2 6 : 4 3 2
pendent replicates. The results, for each inhibitor,
came out as a set of parallel curves. Log [a-FMH] (M) Log [inhibitor] (M)
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(Fig. 1B) and platelet aggregation in parallel
(Fig. 2, A and B). When added 30 s before
PMA, o-MH was more potent [median
inhibitory concentration (ICsp), 600 wM]
than a-FMH (ICs, 2.4 mM). The slope of
the regression, for individual data points,
between the extent of aggregation and the
measured platelet histamine content was
22 %05 for a-FMH (P = 0.0007) and
1.2 = 0.3 for o-MH (P = 0.0008). The ICso
observed for a-MH was similar to that
reported to inhibit HDC in other tissues
(13), whereas for a-FMH, the ICso was
much higher (14). Since o-FMH produces a
time-dependent inactivation of HDC (14),
we evaluated histamine production in plate-
lets incubated with a-FMH for 2 hours.
Under these conditions, a-FMH again in-
hibited platelet aggregation and histamine
production in parallel, but at much lower
concentrations (ICsp, 10 pM) than that
found for the shorter incubation period
(15), and one that agrees with the findings
of others (14). In contrast to o-MH and a-
FMH, 100 pM DPPE inhibited PMA-in-
duced platelet aggregation by >90%, but
did not influence the production of hista-
mine (35.5 = 4.2 pmol of histamine per 10°
platelets), evidence that DPPE is not an
HDC inhibitor, but consistent with its an-
tagonism of intracellular histamine.

The rapid rise (30 s) in histamine levels in
response to PMA suggests nongenomic acti-

vation of HDC, especially as platelets are
nonnucleated. In keeping with this, inhibi-
tors of protein synthesis (cycloheximide, 5
pg/ml) or of RNA synthesis (actinomycin
D, 5 pg/ml) failed to affect PMA-induced
histamine synthesis (16). Thus, as in the case
of rapid (30 s) stimulation of ornithine
decarboxylase in kidney cells by testosterone
(17), activation of HDC in platelets may
involve a receptor-mediated posttransla-
tional event, possibly a reversible phosphor-
ylation of the enzyme or associated protein.

We next tested DPPE and traditional H;
and H) antagonists on PMA-induced plate-
let aggregation in order to evaluate the
nature of the putative platelet histamine
receptor. DPPE was the most potent inhibi-
tor (ICsp, 32 wM)(Fig. 2C). The H; antago-
nist and ortho-isomer of DPPE, phenyltol-
oxamine was significantly weaker (ICso, 85
wM), whereas the H; antagonist pyrilamine
and the H), antagonists cimetidine and rani-
tidine were very weak, with ICsy values in
the millimolar range (Fig. 2D). The rank
order of antiaggregative potency for the
various agents correlated with that for an-
tagonizing [*H]histamine binding at the
lower affinity site in rat cortex membranes
(4, 18).

If newly formed histamine has a role in
PMA-induced platelet function, the antiag-
gregative effects of HDC inhibitors and
DPPE should be reversed by exogenous
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histamine. In intact platelets, the addition of
histamine, which does not readily cross the
plasma membrane (19), was without effect.
However, in platelets permeabilized with
saponin, histamine reversed (by about 40%)
the effect of the HDC inhibitors and DPPE
(Fig. 3, A to C). The dose-response curve
for histamine reversal was bell-shaped with
an optimal effect at 107°M and lesser,
though still significant, effects at 107> and
107*M (20).

The optimal concentration of histamine
(1 to 10 wM) to reverse the effects of DPPE
and HDC inhibitors corresponded to the
measured increment in intracellular hista-
mine (3.7 pM) produced in response to
PMA. The fact that full reversal was not
achieved may relate to the high concentra-
tions of HDC inhibitors and DPPE re-
quired to inhibit PMA-induced platelet ag-
gregation in saponin-permeabilized platelets
(Fig. 2, A to C). Alternatively, the permea-
bilized platelets may be less responsive to
agonists because saponin may cause leakage
of small molecular weight chemicals from
the cell. In contrast to the findings for
histamine, the polyamines spermine, sper-
midine, and putrescine, and the polyamine
precursor ornithine had no significant effect
on inhibition by a-MH (Fig. 3A).

Collagen (1.8 pg/ml), a more physiologic
mediator of platelet function, promoted
platelet aggregation (Fig. 4) and stimulated
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Fig. 3. Histamine, but not other amines, was able to reverse the inhibition of
PMA-induced platelet aggregation produced by prior incubation with (A)
the HDC inhibitors a-MH (open symbols) and o-FMH (@), and (B) DPPE
(O). Amines were added 5 s after PMA (480 nM) to saponin-permeabilized
platelets pretreated with HDC inhibitors or DPPE, and percent aggregation
was recorded 3 min later. Amines studied included histamine (O, @),
spermine (O), spermidine (A), putrescine (V), and ornithine (). Each
point shown is the mean and standard error of up to 12 independent
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replicates. For each inhibitor, the results of histamine reversal studies were a
set of parallel lines. (C) Results of a typical experiment are shown with
platelets stirred with saponin for 2 min, inhibitor or buffer added at (i) PMA
or buffer added at (ii) and histamine or buffer added at (iii). The upper curve
(a) shows the platelet response to PMA alone. DPPE (100 M) inhibited
PMA-induced aggregation (d) and such inhibition was significantly reversed
by 10~8M histamine (b) or 10™*M histamine (c). Histamine alone at 10~°M
is shown in tracing e.
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Light transmission

Time (min)

Fig. 4. Aggregation of permeabilized platelets in
response to 1.8 pg/ml collagen (a), was markedly
inhibited by 10 M DPPE (d). Histamine at
107"M (b) or 107°M (c) reversed the inhibition
by DPPE. Histamine alone at 107M is shown in
(e). Reagents were added at (i), (ii), and (iii) as in
Fig. 3C.

histamine formation (to 33.6 pmol per 10°
platelets by 2 min). In permeabilized plate-
lets, DPPE inhibited collagen-stimulated ag-
gregation (ICsp, 6 = 1.2 pwM); histamine
reversed this inhibition at an optimal con-
centration of 107’M. Compared to PMA,
the lower effective concentrations of both
histamine and DPPE are consistent with
studies of cytoplasmic calcium levels in rela-
tion to platelet function. Higher levels of
cytoplasmic calcium are necessary for re-
sponses to ionomycin, which acts primarily
by modulating calcium flux, than for colla-
gen or thrombin, which utilize multiple
second messenger systems (21, 22). Similar-
ly, end responses to PMA may rely to a
larger extent upon the contribution of newly
formed histamine than those to collagen, so
that higher cytoplasmic concentrations of
the amine are required.

Histamine, unlike inositol trisphosphate
(IP3) (23), did not by itself aggregate sapo-
nin-permeabilized platelets at any concentra-
tion tested (Figs. 3C and 4). Thus, although
histamine formation is critical for aggrega-
tion, the full platelet response to PMA and
collagen must need the simultaneous activa-
tion of more than one intracellular process.

Our results show that intracellular hista-
mine formation is necessary for platelet re-
sponses to external stimuli and may explain
induction of platelet aggregation evoked by
the HDC stimulator thapsigargin (24) as
well as lend relevance to the finding of
increased histamine levels in platelets from
patients who have peripheral vascular dis-
case (25). In addition, the activation of
HDC and the increased histamine present
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during the proliferation of cultured lympho-
cytes, various cancer cells, and many rapidly
growing fetal tissues, suggest a broader role
for histamine as an intracellular messenger
(2, 3, 26).
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