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Abstract

Nitric oxide has been shown to have diverse actions in the mammalian nervous, immune and vascular systems. These include
antimicrobial and antiviral activities as well as the modulation of cell adherence. In the nervous system, nitric oxide modulates
neurotransmitter release, neurosecretion and behavioral activities such as feeding. In the present review, we discuss the finding that
invertebrate organisms also contain nitric oxide and that they appear to use this multidimensional molecule in a similar manner as noted
for mammals. Therefore, nitric oxide signaling appears to have emerged first in these primitive non-cognitive organisms. We conclude that
basal nitric oxide functioning was established in these organisms and that this molecule was later employed in man, including its
involvement in cognitive neural processes.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction through the deamination of arginine, is a gaseous free
radical that, as an intracellular second messenger and

Our studies demonstrate considerable conservation in signaling or cytotoxic molecule, intervenes in several
cannabinoid and opiate /opioid processes between inverte- physiological processes [41]. The presence and the bio-
brates and humans. Historically, selected invertebrate logical role of NO in invertebrates have only recently been
preparations, most notably the squid giant axon, snail addressed. The activity of NADPH diaphorase, an enzyme
brain, cray fish neuromuscular junction and Limulus eye, known to be identical to mammalian brain and peripheral
have proven invaluable for the study of basic neurobiologi- NOS [9,26], has been demonstrated in the nervous tissue
cal phenomena. Known evolutionary relationships, the of the more advanced invertebrates with well-organized
presence of many of the same mediators and transmitters systems [14]. Moreover, biochemical studies in insects

21in their nervous systems, and the evidence for the presence have shown the presence of Ca /calmodulin-stimulated
of opiate processes, specifically in molluscs and in the NOS activity and NO-activated cGMP [4], suggesting that
leech [54–56,60,61,74], make these organisms ideal for the the NO/cGMP signaling pathway is common both in
study of these processes. Recently, these conserved sig- invertebrate and vertebrate nervous systems. In the insect
naling systems have been extended to include nitric oxide Manduca sexta, the communication between olfactory
(NO). receptor neurons and projection neurons of the antennal

Nitric oxide, generated by nitric oxide synthase (NOS) lobe may be regulated by the NO/cGMP signaling path-
way [45]. A NO/cGMP pathway has also been reported in
the nervous system of the mollusc Helix pomatia [27], and*Corresponding author. Tel.: 11-516-876-2732; fax: 11-516-876-
in the mollusc Aplysia californica, it is thought that NO is2727.
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the protocerebral lobe of the mollusc Limax maximus, NO NMA and L-NMMA were able to block this enzymatic
mediates the network oscillations of olfactory interneurons activity. The presence of NOS was also demonstrated in
[22], and the NO-containing neurons of the buccal ganglia molluscan immunocytes with an anti-NOS polyclonal
of the mollusc Lymnaea stagnalis seem involved in the antibody, and after bacterial stimulation an increased
coordination of the feeding program [42]. Another pro- immunoreactivity was observed, suggesting that immuno-
posed role of NO is its involvement in neural plasticity that cyte NOS is inducible [20] (Fig. 1).
underlies processes of learning and memory [14]. The biochemical characterization of NOS, performed in

The presence and the activity of NOS were also found in naive and LPS-stimulated molluscan immunocytes [7],
the immune system of invertebrates by histochemical, demonstrated that the enzyme activity was comparable to
immunocytochemical and biochemical approaches (Fig. 1). that of mammalian cells. Indeed, a close relationship

3In particular, NADPH diaphorase activity was detected in between [ H]citrulline and nitrite /nitrate formation has
immunocytes of the arthropod Limulus polyphemus [51], been found, and the reaction was inhibited with the
and the mollusc Viviparus ater [20]. Activation of mollus- competitive inhibitor L-NMMA. In addition, the presence
can [20] by bacteria, lipopolysaccharide (LPS) or silica of NADPH was required for full activity of the enzyme. A
beads induced NOS activity, and inhibitors such as L- polyclonal rabbit antiserum to the C-terminal synthetic

Fig. 1. Immunocytochemistry with an anti-NOS polyclonal antibody using avidin–biotin–peroxidase complex and 3,39-diaminobenzidine tetrahydro-
chloride as the chromogen. The control Viviparus ater immunocytes show a weak reaction (A), while increased immunoreactivity is observed in the
bacteria-activated cells (B). Bar510 mm.
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pentadecapeptide, FIEESKKDAEVFSS, of rat cerebellar advancement occurred with the development of the NO-
NOS [2] inhibited the molluscan enzyme activity in a selective amperometric probe. This allowed for the de-
concentration-dependent manner [7]. Furthermore, the tection of NO at low levels and in real time. The probe we
molluscan NOS enzyme showed values of K for L- have used successfully over the years is one manufacturedm

arginine and K for L-NMMA of 2.5 and 4.7 mM, by World Precision Instruments (Sarasota, FL). Here, thei

respectively, values comparable to those detected in the redox current is detected by a current–voltage converter
enzymes of mammalian cells [7]. Very low free calcium circuit and continuously recorded by the DUO 18 software
concentrations were able to decrease NOS activity of supplied by World Precision Instruments. The small tip
immunocytes, even when more than 70% of the enzyme diameter of the probe permitted the use of a micro-

21activity was still present [7]. This Ca -dependence of manipulator (Zeiss-Eppendorff) attached to the stage of an
immunocyte NOS is similar to the inducible form of the inverted microscope to position the sensor 3–5 mm above
NOS cloned from human hepatocytes [21]. Furthermore, the cell / tissue surface. The system is calibrated daily using
NOS genes have been cloned from three insect species, different concentrations of a nitrosothiol donor S-nitroso-
and similarities in the amino acid sequences with those of N-acetyl-DL-penicillamine (SNAP; Sigma, St Louis, MO)

21mammalian Ca /calmodulin-dependent NOS’s were to generate a standard curve. The detailed characteristics
found [32,52,75]. and selectivity of this probe have been reviewed extensive-

As far as the biological role of NO in the immune ly elsewhere [34]. Furthermore, manipulation /handling of
system is concerned, it has been shown that molluscan the cells / tissues is performed only with glass instruments,
immunocytes produce a bactericidal substance indirectly reducing background noise considerably.
identified as NO [17]. Indeed, the immunocytes induced
bacterial clumping and killing in a manner similar to that 2.2. Signaling molecules
provoked by the NO donor sodium nitroprusside (SNP)
[49]. The use of NOS inhibitors, such as L-NMMA and 2.2.1. Cannabinoid
L-NMA, blocked clumping of bacteria around immuno- We have demonstrated that several invertebrates possess
cytes. These findings indicate the capability of immuno- elements of the mammalian cannabinoid signaling system,
cytes to produce NO, a molecule that, as seen in macro- including an endogenous cannabinoid receptor that appears
phages, intervenes in defence mechanisms by virtue of its to be type 1 (CBR-1) [72]. Our results to date demonstrate
capacity to mediate cytotoxic action [67]. In addition, it that endocannabinoids (anandamide and 2-arachidonyl
has been found that the NO system is not an alternative to glycerol [30]) probably operate via mechanisms similar to
phagocytosis, but that both are fundamental in bacterial those in vertebrates [40,63]. Cannabinoid receptors have
elimination [49]. In the course of bacterial killing, phago- been found on both invertebrate neurons and immunocytes
cytosis was activated earlier than bacterial clumping, [70,72]. These receptors appear to initiate the same cellular
which occurred later when phagocytosis was still active. events [70,72], i.e. constitutive nitric oxide synthase
NO also acts in insect immunity. Indeed, the increased NO (cNOS) activation resulting in NO release, and they work
production in Drosophila melanogaster and Drosophila via a CBR-1-dependent mechanism [72]. We have also
teissieri observed during immunocyte-mediated melanotic recently shown that NO release occurs in response to
encapsulation of parasitoid eggs suggests that NO may receptor activation in mammalian and human tissue
play a role not only as a cytotoxic component, but also as a [10,74], suggesting that some cannabinoid regulatory
signaling molecule [44]. processes will be similar in both invertebrates and humans.

NOS in molluscs was induced by different cytokines as These experiments demonstrate that this class of com-
demonstrated by in vivo experiments [47,48]. The highest pounds is an ‘ancient’ one that appears to affect many
NOS induction was observed 40 min after cytokine biological activities.
stimulation, returning to control levels after 90 min. These In the mussel and leech, the CBR-1 cannabinoid re-
data differ from observations in mammalian macrophages, ceptor is present on immunocytes and microglia and its
where a single cytokine did not induce NOS [11]. It can be actions are coupled to NO release [70,72] and inhibited by
argued that in lower forms of life, ancestral molecules, the nitric oxide synthase (NOS) inhibitor N-omega-nitro-L-
such as cytokines [46], and processes, such as phago- arginine methyl ester (L-NAME; [70,72]). Thus, Mytilus
cytosis and the NO system, are correlated, in contrast to and leech neural tissues contain high affinity anandamide
higher animals where other factors mediate or intervene in receptors that are coupled to NO release [70,72]. It has
these phenomena. also been demonstrated that another cannabinoid agonist,

CP 55940, can stimulate NO release from Mytilus and
leech neuronal tissue, whereas SR 141716A, an antagonist,

2. NO and signaling molecules blocks NO release in both invertebrate and human tissues
[10,70,72].

2.1. NO determination We have partially cloned and sequenced the cDNA for
the cannabinoid receptor CBR-1 from leech [72]. The

With regard to the NO studies, a major technological sequence is similar to those from human (49%) [57] and
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rat (47%) [39]. Strikingly, there are two highly conserved ate NO that kills cells by inhibition of glycolysis, the TCA
motifs — positions 1–97 and 128–153 — that show 80 cycle and DNA synthesis [33]. As for the association of
and 58% homology to human CBR-1 [72]. Furthermore, NO and morphine, this has also been reported in the
leech tissues have been shown to contain endogenous mammalian literature. NO has been associated with an-
endocannabinoids [38]. The presence of endocannabinoids tinociception [13,36] as well as tolerance and dependence
and their receptor and its coupling to NO release in these [36]. Peripheral morphine analgesia involves a pathway in
organisms, as well as in human tissue, indicates that this which NO stimulates cGMP [18]. Morphine depresses
signaling system has been conserved during evolution. concanavalin A-stimulated macrophage NO production

[16]. Morphine and NO have been linked to gastrointesti-
2.2.2. Opiate nal regulation [25].

The ability of invertebrate immunocytes to produce NO
has been inferred from earlier studies demonstrating that 2.2.2.1. Microglia and NO. The results of an earlier study
this compound can initiate cell rounding as well as add considerable weight to the concept that in invertebrates
bactericidal actions [35,49]. Therefore, the ability of a distinct subset of glial cells is closely related to immuno-
invertebrate microglia to produce NO does not come as a active hemocytes (immunocytes) and, therefore, may be
complete surprise since this mechanism has also been judged to correspond to vertebrate microglia [58]. The
found in mammals (Fig. 2). Functionally, microglia gener- existence of more than one type of invertebrate glial cell

had been proposed as early as 1883 by Vignal and
subsequently by a number of investigators [58]. However,
in these studies the term ‘microglia’ was used only very
rarely and primarily on the basis of morphological criteria
comparable to those known in vertebrate microglia. The
evidence in support of this claim is twofold: (a) In
response to surgical trauma, a subset of reactive glial cells
leaving the invertebrate ganglia exhibit a number of
features characteristic of the animals’ immunocytes; (b)
These structural and functional commonalities parallel
those between microglia and macrophages observed in
vertebrates under comparable experimental conditions
[53]. The pertinent points can be summarized as follows:
(1) In both groups of animals comparable mobile immune
cells are known to enter various tissues, including nervous
tissue; (2) In the process of transformation to resident glia,
these immunocytes appear to undergo similar conforma-
tional changes and some biochemical dedifferentiation; (3)
During their egress from lesioned neural tissue, in excised
ganglia maintained in incubation medium, the glial ‘sen-
tinel cells’ regain some of their inherent characteristics,
including an ameboid conformation, adhesiveness, and
motility; (4) An important criterion for the immuno-
regulatory potential of these mobilized microglial cells and
their counterpart in vertebrates is their phagocytotic activi-
ty. This capacity is made use of in the uptake and removal
of degenerating neural structures; (5) In both groups of
animals, the egress of reactivated microglial cells from
lesioned nervous tissue and their conformational changes
are counteracted by exogenous morphine, a process corre-

26Fig. 2. In vitro stimulation of NO production by morphine (10 M) and sponding to the inhibiting effect of this drug in immune
its antagonism by naloxone and L-NAME. Representative recordings of cells [64]; (6) An additional point to be made is that a
NO in the incubation medium prior to and following opiate exposure with

26 24 given immunoregulatory molecule may be either present ineither naloxone (top; 10 M) or L-NAME (bottom; 10 M). Arrows
both cell types under consideration here or else absent indenote the time of drug application. For different preparations (top

represents microglia from 80 pedal ganglia, the bottom from 40 ganglia) both. For example, cytokines (IL-1 in particular) have been
there can be a difference in the magnitude of the response to morphine as demonstrated in microglial and immunoreactive vertebrate
noted between the top and bottom curves. In this representative set of cells [19] and likewise in immunocytes as well as mi-
experiments, the top panel value for NO produced at 10 min was 39 nM,

croglial cells of an invertebrate, Mytilus edulis [50].whereas the bottom was 18 nM compared to a calibration curve for
Morphine has been shown to be an endogenous sig-SNAP. A 25-mm tip probe was inserted into the medium and placed about

10 mm above the cells on an inverted microscope stage (Nikon Diaphot). naling molecule in Mytilus neural and immune tissues
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[23,24,64,68,69,73,76–78]. Exposure of excised Mytilus inhibiting ganglionic dopamine release but not serotonin,
pedal ganglia to morphine for 24 h resulted in a significant demonstrating specificity.
dose-dependent decrease in microglial egress that was Studies are emerging that document the involvement of
naloxone-sensitive [58]. In co-incubating the excised gan- NO in various physiological functions of invertebrates,
glia with morphine and the NOS inhibitor, N-omega-nitro- such as olfaction [15,22] and epithelial function [12].
L-arginine methyl ester (L-NAME), an increase in mi- Furthermore, NOS immunoreactivity has been found in
croglial egress was observed, suggesting that morphine various invertebrate tissues [3,8,29,37,43,51]. The applica-
may stimulate microglia to release NO [31]. Morphine tion of NO via NO-donors has also been demonstrated to
exposure to these cells in vitro resulted in NO release have intracellular actions [1] as well as to influence
(39.464.9 nM), a phenomenon found to be naloxone- immunocyte behavior [49].

26sensitive (10 M; NO level55.962.6 nM) and L-NAME-
24sensitive (10 M; NO level52.861.8 nM) (Fig. 2) [31].

Opioid peptides did not stimulate NO release, indicating 2.3. Vascular NO
that the process was mediated by the opiate alkaloid
selective m receptor. Co-incubation of microglia with It is widely accepted that invertebrates have an open3

L-arginine or the superoxide scavenger, superoxide dismut- circulatory system as opposed to the closed tubular defined
ase, resulted in the observation of significantly higher NO system found in vertebrates. Despite this anatomical
levels following morphine stimulation [31]. Taken to- difference, mollusks do contain a pulsating heart tissue, in
gether, the data demonstrate that morphine can stimulate addition to, as noted above, immunocytes. In many reports
NO release in cells obtained from an invertebrate, an regarding vascular tissues, NO has been shown to inhibit
animal 500 million years divergent in evolution from man. white blood cell adherence [62]. Thus, it was of interest to
These observations underscore the significance of this determine if this same phenomenon would occur in the
process and further substantiate the critical importance of respective Mytilus tissues. We demonstrate that Mytilus
morphine as a naturally occurring signaling molecule. immunocytes have the ability to adhere to the organisms’

Supporting the above observations are studies demon- heart tissue (Fig. 3) and that acetylcholine (ACH) has the
strating that morphine inhibits the movement of mam- ability to significantly diminish this adherence when
malian and invertebrate immunocytes and microglia from exposed to heart tissue (Fig. 3). Further, ACH performs
excised vertebrate and invertebrate ganglia [59,62,74]. this action by stimulating cNOS-derived NO release (Fig.

244). The addition of L-NAME (10 M) blocks the ACH
effect on immunocyte adherence by 87%, substantiating

2.2.2.2. Neural NO. In a 1997 study, we demonstrated the involvement of NO. Thus, we surmise that basal NO
that Mytilus pedal ganglia can respond to both morphine levels originating from the organisms’ heart tissue serve to
and anandamide exposure by releasing cNOS-derived NO limit cellular adherence, as is the case in mammals.
[71]. This effect occurred via antagonism by the respective Clearly, this action is important because it keeps the
receptors’ inhibitors as well as by L-NAME sensitivity. immunocytes in a mobile state ready to descend on a
Furthermore, we linked the release of NO to an action proinflammatory event in both types of animals.

26Fig. 3. After aspiration from the heart cavity, 10 M immunocytes were centrifuged at 8000 rpm for 5 min. The supernatant was discarded, and the cells
treated with the fluorescent vital dye, PKH26-GL (Sigma, St Louis, MO) in accordance with the detailed instructions of the commercially available kit.
Briefly, cells were treated with the fluorescent dye solution for 2 min with gentle agitation followed by addition of 2 ml of hemolymph to stop the reaction.
The cells were then washed extensively with phosphate buffered saline (PBS) to remove unincorporated dye, and subsequently diluted and divided into
100-ml volumes which contained approximately 412615 cells (see Ref. [5] for details). Panel A represents cells adhering on the surface of the heart tissue

28whereas panel B represents heart tissue exposed to 10 M ACH, stimulating NO and inhibiting cellular adherence.
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level of NO; that this NO keeps particular types of cells in
a state of inhibition and that activation of these cells occurs
through disinhibition [67]. Furthermore, naturally occur-
ring signaling molecules such as morphine and anan-
damide appear to exert in part, their beneficial physiologi-
cal actions (such as immune and endothelial down regula-
tion) by the stimulation of cNOS. With regard to opiates,
we demonstrate the presence of a human endothelial mu
opiate receptor by RT-PCR and sequence determination,
further substantiating the role of opiates in vascular
coupling to NO release as is the case for invertebrates [6].
Taken together, cNOS-derived NO enhances basal NO
actions, i.e. cellular activation state, and these actions are
further enhanced by iNOS-derived NO.

Fig. 4. In vitro stimulation of NO production by acetylcholine (ACH) in In summary, it appears NO processes evolved first in
Mytilus heart tissue. Representative recordings of NO in the incubation invertebrates and were retained during evolution. Thus,
medium prior to and following ACH exposure at the 20-s mark. In this NO’s biochemical modulatory processes were first de-
representative set of experiments, the top panel value for NO produced at

veloped in these non-cognitive organisms. In man, these1 min was 33 nM, whereas the bottom was 18 nM compared to a
basal biochemical NO-mediated processes are used incalibration curve for SNAP. A 25-mm tip probe was inserted into the

medium and placed about 10 mm above the tissue on an inverted cognitive processes, i.e. the relaxation response [65,66]. It
microscope stage (Nikon Diaphot). would appear, therefore, that during evolution the bio-

chemical NO-mediated processes were retained and new
3. Conclusions functions added to accommodate cognition.
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