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Synthesis of nitric oxide by the haemocytes of the
American horseshoe crab (Limulus polyphemus)

MAREK W. RADOMSKI, JOHN F. MARTIN anp SALVADOR MONCADA
The Wellcome Research Laboratories, Langley Court, Beckenham, Kent BR3 35BS, U.K.

SUMMARY

Nitric oxide (NO) synthase, the enzyme responsible for the production of NO from r-arginine, is present
in haemocytes of the American horseshoe crab (Limulus polyphemus). The synthesis of NO results in down-
regulation of the aggregatory function of these cells in a manner similar to that previously described for
mammalian platelets. These data indicate that formation of NO from L-arginine is a pathway of early

evolutionary origin.

1. INTRODUCTION

In mammalian cells, nitric oxide (NO) is synthesized
from the amino acid r-arginine (L-Arg) by constitutive
or inducible NO synthases. The NO thus formed
represents, respectively, the transduction mechanism
for the soluble guanylate cyclase which regulates cell
function and communication, or a cytotoxic mech-
anism that protects the host from invading micro-
organisms or tumour cells (Moncada ez al. 1989 ; Hibbs
et al. 1990; Moncada & Palmer 1990). We now show
that NO is also synthesized from L-arginine by
haemocytes: the multicompetent cells in the hae-
molymph of an arthropod, the American horseshoe
crab (Limulus polyphemus), a phylogenetic relic whose
unchanged existence spans over 500 million years of
evolution (Moore et al. 1952).

2. METHODS

Limulus crabs, measuring 20-35 cm across the cara-
pace, were obtained from the Institute of Marine
Biology, Cape Cod, Massachusetts, U.S.A. They were
kept in an aquarium containing natural sea water
maintained at 15-20 °C. The effect of L-Arg, an
inhibitor of NO synthase ( N®-monomethyl-r-arginine;
L-NMMA; Palmer ¢ al. 19884) and its inactive
enantiomer (D-NMMA) on aggregation of Limulus
crab haemocytes was studied ex wvivo after systemic
administration of the compounds to the animals. In
addition, the effect of prostacyclin and S-nitroso-
acetylpenicillamine (SNAP) on aggregation of hae-
mocytes in vitro was investigated.

The flexure between the animal’s prosoma and
opisthoma was exposed, wiped with 70 9, ethanol, and
L-Arg (300 mg kg™?) or L(or 0)-NMMA (100 mg kg™*)
was administered intracardially in 0.5 ml of Tris-
buffered saline (0.51 MNaCl mixed with 0.05 m Tris-
HCI, 9:1 by volume). After 10 min, a sample of
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haemolymph (0.2 ml, 1100-2100 cells per microlitre)
was taken by cardiac puncture and added 30 s later to
0.8 ml of Tris-buffered saline in an aggregometer
cuvette and stirred at. 300 r.p.m. Spontaneous ag-
gregation was then measured (Kenney et al. 1972) for
150s in a platelet-ionized calcium aggregometer
(Chronolog). All aggregations were done at 37 °C, at
which temperature the haemocyte aggregation was
similar to that observed at room temperature (ca.
22 °C; Kenney e al. 1972). The maximal light
transmission was calibrated using a mixture of Tris-
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Figure 1. The effect of L-Arg and L.-NMMA on the ex vivo
aggregation of haemocytes. The aggregation of control
haemocytes (c) occurred after a lag-phase of ¢ca. 30s and
reached 72 + 11 9, of the maximal light transmission (mean +
s.e.m., n = 3). This was not significantly different in samples
from crabs treated with p-NMMA (664129, p > 0.05,
Student’s ¢ test, n = 3). However, aggregation of haemocytes
from crabs treated with L-NMMA occurred immediately and
was maximal (n = 3). In contrast, haemocytes from crabs
treated with L-Arg showed a reduced aggregation (19+11 9,
p < 0.05, n=3). The tracings are representative of three
similar experiments.
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Figure 2. Timecourse of spontaneous aggregation of haemo-
cytes and corresponding changes in intracellular cyclic
GMP levels. The aggregation (a) and the levels of intra-
cellular cyclic GMP (b) of haemocytes obtained from
control animals (circles), and those treated with r-Arg
(squares) or with L-NMMA (triangles) were measured by
light aggregometry and Rria respectively. The cyclic GMP
levels in control haemocytes (stippled bars) measured at the
time of collection (— 30 s) were significantly lower (p < 0.05)
than those measured from haemocytes obtained after
treatment with L-Arg (empty bars; p < 0.05, n = 3). Cyclic
GMP was not detectable (less than 0.1 pmoles per mg
protein, n = 3) in haemocytes obtained after treatment with
L-NMMA (dashed bars). The aggregation of these cells
resulted in a time-dependent increase in cyclic GMP levels in
all treatment groups but the value of each treatment group
was significantly different from the others (p < 0.05, n = 3).

buffered saline and cell-free haemolymph (4:1 by
volume) and aggregation was expressed as a percentage
of this value. In some experiments, cyclic GMP and
cyclic AMP levels in samples containing haemocytes
were measured by radioimmunoassay (RIA, Amersham;
Radomski et al. 19904).

The presence and the activity of NO synthase was
determined in the cytosol of haemocytes prepared by
homogenization and ultracentrifugation as described
previously (Radomski et al. 19904). For this, hae-
molymph (60 ml) was collected by cardiac puncture
and centrifuged for 5 min at 600 g at room temperature
to sediment the haemocytes. The pellet was washed
once (600 g, 3 min, room temperature) with Tris-
buffered saline, resuspended in 3 ml of homogenization
buffer, homogenized and then centrifuged at 100000 g
for 30 min at 4 °C. The supernatant was passed
through a 2 ml column of cation-exchange resin (AG-
50W-X8, Bio-Rad) to remove endogenous arginine. In
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Figure 3. r-arginine-dependent formation of NO in the
cytosol of Limulus crab haemocytes. Addition of r-Arg
(circles) but not p-Arg (squares, 3-300 pm) to the incubate
depleted of rL-Arg resulted in a concentration-dependent
increase in the rate of NO formation to a maximum of
168 + 14 pmoles per mg protein per min (n = 3). A small but
significant increase in the formation of NO was also scen with
L-citrulline (triangles) at concentrations of 100 and 300 pm
(n = 3). The rate of NO synthesis was monitored for 10 min
and was linear over this time.

some experiments the supernatant was passed through
a 2ml column of Sephadex G-25 to remove low
molecular mass components.

Nitric oxide synthesis was measured spectrophoto-
metrically (Feelisch & Noack 1987; Radomski et al.
19904) or by bioassay as inhibition of platelet
aggregation. For the platelet assay, haemocyte cytosol
was incubated for 1 min at 37 °C in the presence of
indomethacin (10 um) and the effect of incubates
(10-100 pul) on collagen (4 pug ml™*)-induced aggre-
gation of human washed platelets (Radomski &
Moncada 1983; Radomski e/ al. 1987 a) was studied.

Results are expressed as mean+s.e.m. for (n)
separate experiments. Dose-response curves were com-
pared by analysis of variance and the significance of
differences between mean values was estimated by ¢-
test. A p value of less than 0.05 was considered to be
significant.

3. RESULTS

Incubation of haemocytes from control animals
resulted in spontaneous aggregation which occurred
after a lag period of 30s (figures 1 and 2a). This
aggregation was not significantly changed in hae-
mocytes obtained from crabs treated with D-NMMA;
however, the aggregation was significantly enhanced
by pretreatment with L-NMMA and was inhibited by
pretreatment with L-Arg (figures 1 and 2a). The cyclic
GMP levels in haemocytes obtained from control
animals increased with the time of aggregation (figure


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS

OF

Downloaded from rstb.royalsocietypublishing.org

Synthesis of nitric oxide by Limulus polyphemus

S0 (a)

Il

min~")
—

|

—

25

NO / (pmoles mg™"!

CaZ+

EGTA

HMM

HMM + NADPH

inhibition of aggregation (%)

M. W. Radomski and others 131

il

100 (b)

T

50

T |

10 30 100 10 100 100 1

‘m S T
% 2 A
s T <
Z
+
)
b
T

Figure 4. Characterization of NO synthase activity in cytosol of haemocytes. The basal rate of NO formation (C) was
3345 pmoles per mg protein per min, n = 3. This was independent of the presence of Ca**, because neither the
addition of Ca®" (200 um) nor EGTA (1 mm) significantly affected the formation of NO (a). Nitric oxide could also
be detected by bioassay as haemocyte cytosol inhibited platelet aggregation in a volume-dependent manner (4) and
this inhibitory effect was potentiated by M&B22948 (1 um, M & B), a selective inhibitor of platelet cyclic GMP
phosphodiesterase (Radomski e al. 1987 a). The formation of NO was NADPH-dependent because it was greatly
reduced in cytosol which was depleted of low molecular mass components (HMM), but could be restored to the control
levels by the addition of NADPH (300 pm, amm + NADPH).

2b). Pretreatment of crabs with L-Arg significantly
enhanced, whereas L-NMMA inhibited, the formation
of cyclic GMP in the haemocytes (figure 25). Cyclic
AMP was not detected (< 0.1 pmol per mg protein;
n=3) in these incubates. The aggregation of hae-
mocytes obtained from control animals was not
inhibited by prostacyclin (< 100 nm, n = 3), however,
SNAP (0.3-30 um; Feelisch 1991), which releases NO,
caused concentration-dependent inhibition of aggrega-
tion with an 1¢5y = 5.6 2.0 pm, n = 3.

The cytosol obtained from haemocytes synthesized
NO from r-Arg but not from bp-Arg (figure 3).
Incubation of cytosol with high concentrations of L-
citrulline also resulted in an increase in the synthesis of
NO (figure 3). The NO synthesis was Ca?*-inde-
pendent but required NADPH (figure 44). Moreover,
the amounts of NO produced by the cytosol were
sufficient to inhibit aggregation of human platelets
(figure 4b). rL-arginine-induced synthesis of NO was
inhibited in a concentration-dependent manner by L-
canavanine, L-NMMA, N-iminoethyl-L-ornithine (L-
NIO) and by N®-nitro-L-arginine methyl ester (L-
NAME) (figure 5).

4. DISCUSSION

Our results show that the haemocytes of Limulus
polyphemus contain an NO synthase. L-Arginine and L-
citrulline were substrates for the formation of NO but
L-citrulline was 16-20 times less potent than L-Arg,
suggesting that the conversion of L-citrulline to L-Arg
may be occurring before its metabolism to NO (Palmer

Phil. Trans. R. Soc. Lond. B (1991)

et al. 19884). Nitric oxide synthase in the haemocyte
cytosol was Ca®"-independent, required NADPH and
its activity was inhibited by rL-canavanine, L-NMMA
and other L-arginine analogues, with maximal in-
hibition ranging from 46 to 739,. Interestingly, the
activities of NO synthases from mammalian macro-
phages and platelets can be completely inhibited by L-
NMMA (Hibbs ¢t al. 1990; Radomski et al. 19904a)
suggesting that arthropodous and mammalian NO
synthases may differ from each other.

When L-NMMA was administered ¢ vivo it caused a
significant enhancement of haemocyte aggregation
and a concomitant decrease in guanylate cyclase
activity. In contrast, administration of L-Arg resulted
in inhibition of aggregation and enhancement of cyclic
GMP levels. Thus, haemocytes of Limulus crabs contain
NO synthase and guanylate cyclase which act to down-
regulate the haemostatic function of these cells in a way
similar to that described for human platelets (Radomski
et al. 1990q,¢). In the haemocytes we could not
measure any changes in cyclic AMP levels during
aggregation. It is likely, therefore, that in these cells,
increases in cyclic GMP resulting from the formation of
NO is the only autocrine nucleotide system which
regulates aggregation.

Whether NO is also produced by the vessels of the
crab and, if so, whether it may influence haemocyte
aggregation as a paracrine system remains to be
investigated. In this context we have shown that SNAP
inhibited haemocyte aggregation, indicating that hae-
mocytes can respond to exogenously applied NO. An
inhibitory effect on haemocytes of high doses of

9-2
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Figure 5. Inhibition by L-canavanine, .-NMMA, L-N1O
and L-NAME of the NO synthase activity in cytosol from
haemocytes. The cytosol was depleted of endogenous L-Arg.
L-canavanine (open squares), L-NMMA (open circles), L-
NIO (closed circles) and L-NAME (open triangles, 1-
1000 um) were incubated for 3 min before stimulation of NO
synthesis by r-Arg (30 pm) and NADPH (300 pm). L-
canavanine (Iyengar e/ al. 1987) and other inhibitors of NO
synthase (Radomski ef al. 1990a; Rees et al. 1990) inhibited,
in a concentration-dependent manner, the rate of NO
formation. L-canavanine was the most effective inhibitor,
resulting in 73439, inhibition at 1000 um (n = 3). The
efficacies of the remaining inhibitors were significantly less
than that of L-canavanine but did not differ from each other
(p>0.05, n=3). However, the potencies of all four
inhibitors were similar (p > 0.05, n = 3).

prostacyclin, in combination with the phospho-
diesterase inhibitor theophylline, has been reported
and ascribed to the formation of cyclic AMP
(Armstrong & Rickles 1982). However, it is more likely
that these effects are due to an indirect effect on the
guanylate cyclase, as has been described for human
platelets (Radomski et al. 19875).

The formation of NO from r-Arg in mammalian
macrophages is a potent cytotoxic mechanism that
plays an important role in host defence (Hibbs et al.
1988, 1990). Limulus haemocytes not only act as
haemostatic cells but also as phagocytic cells com-
parable with the macrophage (Levin 1988). Itis possible
that the NO generated by haemocytes is both an
autocrine regulator of their own aggregability and a
molecule cytotoxic for invading microorganisms. Evol-
ution has resulted in the separation of these functions
with the development of specialized blood elements
such as the mammalian platelet and the macrophage.
Whether bone marrow stem cells, from which both
these cell types derive, contain both NO synthases and
also a guanylate cyclase deserves investigation. Nitric
oxide synthase in Limulus haemocytes is Ca®' in-
dependent, like the enzyme induced in mammalian
cells by bacterial endotoxin and cytokines (Radomski
et al. 19906 ; McCall et al. 1991). This enzyme may be
constitutive in the Limulus crab, or it may be in a state
of continuous induction due to endotoxin to which the
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Limulus haemocytes are exposed as a result of their
open cardiovascular system (Bang 1956; Levin 1985;
Miyata et al. 1989).

Because the Limulus crab is a species of early
evolutionary origin it is likely that the rL-arginine to
NO pathway ranks among the oldest regulatory
systems that have contributed to the development of
animal life.

We thank London Zoo for housing the Limulus crabs and
Annie Higgs and Gillian Henderson for help in preparation
and typing of the manuscript. Marek Radomski is grateful to
Professor M. Mossakowski (Polish Academy of Sciences) for
his support. John Martin is British Heart Foundation
Professor of Cardiovascular Science, Department of Medi-
cine, King’s College School of Medicine.
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