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Summary

Understanding the role of the gaseous messenger nitric
oxide (NO) in the nervous system is complicated by the
heterogeneity of its nerve cells; analyses carried out at the
single cell level are therefore important, if not critical. Some
invertebrate preparations, most especially those from the
gastropod molluscs, provide large, hardy and identified
neurons that are useful both for the development of
analytical methodologies and for cellular analyses of NO
metabolism and its actions. Recent modifications of capillary
electrophoresis (CE) allow the use of a small fraction of an
individual neuron to perform direct, quantitative and
simultaneous assays of the major metabolites of the
NO-citrulline cycle and associated biochemical pathways.
These chemical species include the products of NO oxidation
(NO2/NO37), L-arginine, L-citrulline, L-ornithine, L-
argininosuccinate, as well as selected NO synthase inhibitors

and cofactors such as NADPH, biopterin, FMN and FAD.
Diverse cotransmitters can also be identified in the same
nitrergic neuron. The sensitivity of CE methods is in the
femtomole to attomole range, depending on the species
analysed and on the specific detector used. CE analysis can
be combined with prior in vivo electrophysiological and
pharmacological manipulations and measurements to yield
multiple physiological and biochemical values from single
cells. The methodologies and instrumentation developed and
tested using the convenient molluscan cell model can be
adapted to the smaller and more delicate neurons of other
invertebrates and chordates.

Key words: nitric oxide synthase, NADPH diaphorase, mollusc,
invertebrate, Aplysia californica Lymnaea stagnaljs feeding,
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Introduction

In contrast to other intercellular signal molecules, gaseousxtensively investigated in mammalian systems in literally

nitric oxide (nitrogen monoxide or NO) is synthesized andscores of laboratories devoted to various aspects of
released without special storage and transfer mechanisms. Iltbi®chemistry, molecular biology, physiology and behavior.
one of the smallest and most diffusible signal moleculeStudies performed on the nervous system are a considerable
known, and it freely crosses membrane barriers to exert ifgortion of these efforts, as it has become obvious that NO is a
effects through direct binding and/or by reaction with its targeprominent neuromodulatory molecule with significant
proteins (Stamler et al., 1992). Its diffusion from a point sourceelevance to neural excitability, synaptic transmission, network
can affect targets a relatively long distance away from its origifunction arousal and learning and memory mechanisms
(Wood and Garthwaite, 1994). NO is also a highly reactivéGarthwaite and Boulton, 1995).
radical that can give rise to toxic secondary radical species In mammals, three main isoforms of NO synthase (NOS)
(Stamler et al., 1992), and overproduction of NO contributebave been identified, characterized and cloned, all of which are
to numerous pathological conditions, such as septic shock, afmlnd in the central nervous system (CNS) (Griffin and Stuehr,
to postischemic brain and heart injury (Dawson and Dawsori,995). The enzymatic synthesis of NO proceeds according to
1996; Moncada and Higgs, 1995). The reasons for ththe following reaction:
evolutionary choice of this versatile and dangerous molecule L-Arginine + G — NO +L-citrulline,,
as a major modulator of physiological processes in animal B B
tissues are not yet apparent, suggesting that a large part of our NO - NOz™ ~ NGs7,
understanding of nitrergic physiology is yet to come. where nitrites (N@") and nitrates (N&) are the sequential
To date, NO, its synthesis and its actions have been mdsteakdown products of NO oxidation.
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Essential questions for understanding the biochemistry armhly been demonstrated in annelids and molluscs: the medicinal
physiology of NO in neurons and glia concern the actudleechHirudo medicinaligLeake et al., 1996; Leake and Moroz,
concentrations of NO, its precursors and its breakdown product®996), the freshwater pond snijimnaea stagnali@fMoroz et
in single cell types. However, the complexity of the CNS, theal., 1994a) and the marine sea slaglysia californica(Jacklet
equally great heterogeneity of cell types and the small sizes ahd Gruhn, 1994b; Moroz et al., 1996a) &belurobranchaea
the cells have for the most part greatly impeded the developmertdlifornica (Moroz et al., 1996a; Moroz and Gillette, 1996b).
and application of techniques necessary to answer such questiofise gastropod molluscs are especially useful models for single-
despite the large amount of effort directed at mammalian studieseuron studies of NOS regulation and NO action. The large size

In the study of the manifold roles of NO in the CNS, thoseand robustness of their neurons make these cells easily
studies reported from invertebrate model systems are relativelccessible to isolation and penetration with multiple electrodes,
few in number. However, despite their small number, a certaiwhile their identifiability has allowed the roles of specific
depth of understanding may be emerging from the versatilgeurons in neural networks and behavior to be characterized.
nature of the preparations, their accessibility to variedhe few dozen identified 100-6Qth diameter nitrergic
experimental approaches and the high rates of data extractinauronal somata openly displayed on the surfaces of ganglia in
in studies on small nervous systems with individuallyPleurobranchaealLymnaeaand Aplysia (Fig. 1) offer a far
identifiable neurons. more approachable situation than the thousands of 10r60
diameter diffusely distributed nitrergic neurons, surrounded by
millions of other cells, in the mammalian brain. The genetic
sequences of neuronal NOS isoforms of the fruidfigsophila
melanogaster(Regulski and Tully, 1995), the hawkmoth

Selection of a useful model system Manduca sexta(Nighorn et al., 1998) and the pond snail

Among the many invertebrate groups tested, reliablLymnaea stagnaligkorneev et al., 1998) share substantial

identified and relatively large NOS-containing neurons havéomology with mammalian NOS.

NO synthase and identified nitrergic neurons in
invertebrates

Fig. 1. Putative nitric oxide synthase (NOS)-containing neurons (arrows, dark blue in color) in molluscan central nervaustaystdmsing
NADPH-diaphorase (NADPH-d) histochemistry. These representative preparations show the position of selected identifiedAh&trens. (
buccal ganglia oPleurobranchaea californicéa whole-mount preparation; for experimental details, see Moroz and Gillette, 1996b). Scale bar,
150um. (B) The left caudo-lateral area of the cerebral gangliétplysia californica(a whole-mount preparation). Scale bar, @0 The black

arrow indicates NADPH-d-reactive terminals, asterisks point out NADPH-d labeling in the neuropil and arrowheads indicdtearge=hiThe

white arrow points to the NADPH-d-positive cell. (C,D) Identified buccal neurohgrohaea stagnalisy culture. (C) An NADPH-d-reactive

B2 esophageal motoneuron and an unlabelled B4 buccal motoneuron. Scale oar (h@@ified from Moroz et al., 1994). (D) An individual

B2 neuron in culture. Note the enhanced density of NADPH-d reactivity (white arrows) in the growth cone of the neurom, 82@lenba
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Mapping nitrergic neurons exhibiting mRNA for a putative NOS, as shown ipysitu

Histochemical location of NOS-containing neurons ishybridization with &ymnaeaderived specific probe (Korneev
generally a useful first step in studying the physiology of NCet al., 1998). Potentially, the NOS mRNA message is either
in any system. Immunohistochemistry using mammalian NOgntranslated in the soma or the enzyme is inactive or only
antibodies has been helpful in some invertebrate preparatioR§eSent at a low concentration.
(Cooke et al., 1994; Martinez et al., 1994; Moroz et al., 1994b; Since expression of NADPH-d reactivity is species-
Scholz et al., 1998). However, invertebrates may well havéependent, one must relate the observed staining to NOS
NOS isoforms that are quite different from mammalian onegctivity using other methods. One of the most important tests
and caution must be exercised because of the absence $f functional verification of NO-mediated transmission. It has
specific cross-reactivity of some antibodies. As a general NO&§Cently been shown that electrical stimulation of NADPH-d-
indicator, fixative-resistant NADPH-diaphorase (NADPH-d)POSitive neurons in the feeding networkAglysia(C2 cells)
histochemistry has proved useful for both mammals ang"dLymnaeaB2 cells) induced a slow excitatory postsynaptic
invertebrates (Bredt et al., 1991: Dawson et al., 1991: Hope Bptential (EPSP) in follower neurons which was suppressed by
al., 1991; Huang et al., 1997; Matsumoto et al., 1993; Mullerl,)Oth NOS inhibitors and NO scavengers (Jacklet, 1995; Park
1994). The appropriate fixation protocols for NADPH-d et al., 1998). Buccal B2 motoneurons also expressed NOS-

labeling vary among species, and some procedur

rlnmunoreactivity (Moroz et al., 1994b) and preserved
comparisons of different conditions are required for a ne\%\lstochemmal properties in cell culture (Moroz et al., 1994a)
preparation.

see Fig. 1C,D). ltis of interest that NO-mediated transmission
Using NADPH-d histochemistry, putative nitrergic neurons

has been reconstructadvitro, as shown in recent experiments
have been examined in more that 30 molluscan species (Mor Ogg(;())-cultured B2/B7nor neurons bymnaea(Park et al.,
and Gillette, 1996a), including gastropods, amphineurans an s . .

; ; . . .In spite of the notable progress in our understanding of NO-
cephalopods, and such information has been published in det%lediated signaling, nitrergic neurons themselves are still a
for Pleurobranchaea californicéMoroz and Gillette, 1996b), 9 9, 9

) e . poorly characterized population in the nervous system.
Aplysia californica(Jacklet and Gruhn, 19944a]jelix aspersa . .
: - not
(Cooke et al., 1994: Huang et al., 1997) Byphnaea stagnalis Intracellular concentrations of NO-related metabolites have

(Moroz et al.. 1994a), with examples shown in Fig. 1. Almos een reported, and verification of the nitrergicity of many other

] " . ADPH-d-reactive neurons has been difficult. Direct, single-
all these species have a few NADPH-d-positive giant neurongy, analysis of the NO/NOS-associated metabolites is highly
located mainly in the buccal and/or cerebral ganglia, and many. i
relatively small NADPH-d-reactive cells at the periphery.
Since many putative NOS-containing cells have been identified

as characterized neurons of feeding networks (Jacklet, 1995; Methods for single-cell NO/NOS analysis

Moroz et al., 1994a; Moroz and Gillette, 1996a; Park et al., \q has a short half-life and is difficult to measure directly
1998), it is no surprise that NO may have significant roles iy, 5 complex chemical microenvironment such as nervous
the act|vat|9n of the feeding motor patterns. (Moroz et al'tissue; however, the NOS coproductitrulline and the
1993) and in chemosensory pathways (Elphick et al., 199%;63ydown products of NO oxidation can be used as indicators
Gelperin, 1994). In contrast to many other molluscs tested, thg NOS activity. A number of analytical methods have recently
CNS of Pleurobranchaeacontains several dozen large peen developed for measurements of NO and related
intensely-NADPH-d-positive cells distributed among all thepetanolites in biological tissues (Archer, 1993), but problems

ganglia (Moroz and Gillette, 1996a), whereas peripheradise when they have to be applied at the single-cell level.
NADPH-d-reactive neurons have not been observed.

Among the many characterized NADPH-d-positive neurons, Experimental approaches

some suitable for Single-Cell anaIySiS have been identified in Of the various methods emp|0yed in NO ana|y5es' On|y three
the feeding network, including (i) five pairs of giant radularcagn be used directly for single-cell analysis: (i)
protractor motoneurons (the buccal A-group) in the buccathemiluminescence (Archer, 1993; Kikuchi et al., 1996; Leone
ganglion ofPleurobranchaea californicgFig. 1A), (i) a pair et al., 1996) and fluorescence detection of NO formation using
of giant serotonergic ~metacerebral (Cl) cells influorescent probes (Kojima et al., 1997, 1998; Nakatsubo et al.,
Pleurobranchaea californica (iii) a symmetrical pair of 1998), (i) NO-sensitive electrodes (Malinski and
esophageal motoneurons (B2) in the buccal ganglia afzuchajowski, 1996; Malinski et al., 1996; Malinski and Taha,
Lymnaea stagnaligFig. 1C) and (iv) the cerebral histamine- 1992; Shibuki and Okada, 1991), and (iii) capillary
containing C2 neurons iAplysia californica(Fig. 1B) (see electrophoresis (CE) (Beale, 1998; Camilleri, 1993; Landers,
Chiel et al., 1990; Jacklet, 1995). It is of interest that only in997).

Pleurobranchaeawere the serotonergic metacerebral cells The first two methods have been developed to detect
labeled by NADPH-d, whereas their homologeymnaesaand  authentic NO gas (Archer, 1993). The NO electrode was
Aplysiawere not (Moroz and Gillette, 1996a,b). Curiously, thesuccessfully applied to isolated individual cells with useful
metacerebral neurons itymnaeaare among several neurons results (Malinski and Taha, 1992), and some commercially
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available electrodes indicate surprisingly high signal levels botbperation of CE (Beale, 1998; Camilleri, 1993; Jones, 1997;
at nitrergic cell bodies and in the neuropil of molluscan gangli&haledi, 1998; Landers, 1997; Righetti, 1996).
(Moroz et al., 1996b). However, the large sensor tip diameter Detection using CE can be challenging owing to the small
of the commercially available NO electrodes (p8%) as well  path length and small volumes. However, detection systems
as the limited selectivity of both NO electrodes andhave been developed for most types of biologically active
chemiluminescence methods against various redox species (emplecules and ions (Bryant et al., 1998; Cruz et al., 1998;
monoamines, bDy) and pH restrict their applications for Swanek et al., 1997; Tomer et al., 1998). Laser-induced
single-cell analysis within heterogeneous neuronal populationfluorescence detection in CE has the best performance
Recent fluorescent indicators of NO show promise (Kojima etharacteristics compared with other detection modes in terms of
al., 1997, 1998; Nakatsubo et al., 1998). Useful methodologiesensitivity, limits of detection and linearity (Lillard and Yeung,
for these applications are not yet available, and control studid®997). Most metabolites are not fluorescent; however, they can
are still required to gauge their effectiveness. If effective, thegften be derivatized using various fluorescent or fluorogenic
promise the advantage of multi-cell optical assays for NO angtagents. CE has been successfully used to assay amino acids,
may offer the ability to follow its time-dependent generation. neurotransmitters, peptides and some enzymes in small
In contrast, CE cannot be used for direct NO detection buhiological samples, including individual cells such as
as a microseparation technique, it allows analysis of mangrythrocytes (Yeung, 1994), chromaffin cells (Chang and
essential metabolites associated and interacting with théeung, 1995) and single neurons (Jankowski et al., 1995;
NO-—citrulline cycle. We emphasize the versatility of CE forKennedy et al., 1989). Examples of the detection of low
single-neuron measurement in greater detail; it has not beé&mtomole, attomole and even zeptomole amounts of selected
reviewed previously, and CE involves significantly differentlow-molecular-mass species and some peptides in cells, as well
methodology from the more familiar electrochemical andas descriptions of methods, have been reported elsewhere (Fuller
fluorescent approaches. et al., 1998; Gilman and Ewing, 1995; Jankowski et al., 1995;
Capillary electrophoresis Kennedy and qugenson, 1989; Kenngdy etal., 1989; Lillard and
) X ) ) _Yeung, 1997; Lillard et al., 1996; Shippy et al., 1995; Swanek
Separatlon_of metapolltes by CE is bqsed on the.dn.‘ferenu%lt al., 1997; Tong and Yeung, 1997). Thus, the application of
electrophoretic migration of compounds in an electric field. CRg g analyses of NO metabolites is a natural evolution in

is similar to conventional gel electrophoresis except that they,qies of NO-mediated signaling at the level of the single cell.
separation takes place in a small-diameter (1pw7)b6fused-

silica capillary, allowing the use of a higher separative voltage

(up to 30kV) because of the efficient removal of current- Capillary electrophoresis analysis of putative molluscan
induced heat (Fig. 2). This provides effective and rapid nitrergic neurons

separation of metabolites from pico- and nanoliter samples. On the basis of the mechanisms of enzymatic synthesis of
Recent reviews provide more details of the capabilities anNO and its degradation (see Fig. 3), three groups of assays of

+

Fig. 2. Diagram of the capilary Electrophoretogram
electrophoresis system with laser-induced

fluorescence detection. A few nanoliters of Detector
the sample is injected into the capillary

inlet, and a 5-30kV potential is applied

between the capillary inlet and outlet,

causing charged substances to migrate at

different rates down the capillary. As the

metabolites pass through the illuminated

zone near the outlet end of the capillary

(excited by the laser radiation), fluorescent

compounds are excited, and the
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Fig. 4. Single-cell nitrite and nitrate detection by capillary
electrophoresis (modified from Cruz et al., 1997). Representative
electrophoretograms are shown for individual cell injections where
the x-axis is time and the-axis is absorbance at 214nm. The
diagram shows results for injections of an individual A-group
Fig. 3. Schematic diagram of several of the major biochemicemotoneuron from the buccal ganglion (an NADPH-diaphorase-
pathways involved in the arginine/citrulline cycle showing thepositive cell), for a single C-group buccal neuron (an NADPH-
interactions between the NO—citrulline and urea cycles. diaphorase-negative cell) and for an unidentified pedal neuron, all
from a 300 gPleurobranchaea californicalhere are few interfering
anions that elute during this time window so that the™Nsdd NG~
NO metabolism in single cells have been developed recentlpeaks are easily measured. The electrophoretograms are offset for
These are (1) quantification of the nitrite/nitrate breakdowiclarity.
products of NO by indirect ultraviolet absorbance detectiot
after CE separation; (2) quantification ofarginine, L-
citrulline and related metabolites following fluorescentlimits of detection for N@ and NQ~ were less than 200 fmol
derivatization, CE and fluorescence detection; and (3less than imoll~1for the neurons under study; volumes were
quantification of intrinsically fluorescent NOS cofactorsdetermined optically), which was significantly lower than the
(NADPH, biopterin, FAD and FMN) by CE and ultraviolet actual intracellular concentrations. The N@nd NG~ levels
fluorescence detection. These methods are particularly usefal individual neurons varied from 2mmotl (NO27) and
when combined with NADPH-d histochemistry for identifying 12 mmol 1 (NOs™) in neurons histochemically positive for
putatively nitrergic somata for analyses. The followingNADPH-d activity (e.g. A-group buccal motoneurons) down
examples illustrate such assays in selected individudab undetectable levels in many NADPH-d-negative cells (e.qg.
molluscan neurons. In all cases, single cells were manuallyuccal C-group cells), confirming the previous identification of
dissected, placed in a nanovial or microvial, and homogenizeddADPH-d-reactive buccal cells inPleurobranchaea as
for analysis. Multiple NOS species have been studied both futrergic neurons. N& was not detected in whole-ganglion
provide a confirmation of NOS activity and to estimate thehomogenates or in hemolymph, while hemolymph sNO
levels of NOS-related metabolites. concentration averaged ¥B03+0.2x103mol I7L.
Hemolymph NQ@~ concentration inPleurobranchaeawas
Nitrite/nitrate capillary electrophoresis analysis appreciably higher than values measured for the freshwater
The products of NO oxidation, NOand NG~, which are  pulmonate Lymnaea stagnalig(3.2x107°+0.2x105mol I1).
not appreciably membrane-permeant, are potentialliffhe high levels of intracellular nitrite measured in these cells
accumulated in NOS-containing cells (Salter et al., 1996)suggest that the nitrites might function as a source of non-
Although dietary factors can also contribute to nitrite/nitrateenzymatic NO production. It was shown that nitrites
levels (Rhodes et al., 1995), these anions can be used, wittemselves generate NO in acidified and reducing
appropriate controls, as stable and reliable markers of N@énvironments (Benjamin, 1994; Moroz et al., 1997; Weller et
synthase (NOS) activity (Meulemans and Delsenne, 1994l., 1996; Zweier et al., 1995).
Meulemans et al., 1995; Salter et al., 1996; Yokoi et al., 1996).
Single isolated neuron somata from the CNS of Arginine, citrulline and related intermediate analysis
Pleurobranchaea californicavere directly injected into a L-Argininefi-citrulline  conversion is a  second
75um diameter capillary, disrupted and, after CE separatiorgomplementary and widely used assay for NOS activity
intracellular NQ7/NOz~ levels were measured by ultraviolet (Archer, 1993). However, both-arginine andL-citrulline
absorption at 214 nm (Fig. 4; see also Cruz et al., 1997). Theteract with other metabolic pathways (see Fig. 3) such as the
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urea cycle and phosphagen synthesis (Bredt and Schmidteasured by laser-induced fluorescence (Fig. 5A). The limits
1996; Hecker and Billiar, 1996), which can significantly of detection for-arginine,L-citrulline, L-argininosuccinate,-
complicate the detailed analysis of NOS activitwivo. CE  ornithine andL-arginine-phosphate ranged from 50amol to
provides reliable simultaneous detection of majorl7fmol, which corresponds to 5nmotto 17umoll= in the
intermediates of both NOS-associated and other pathways noturons under study. Thus, the detection limits for this
related to NO (Fig. 5A; see also Floyd et al., 1998). In this typanalytical technique are significantly lower than actual
of assay, the primary or secondary amine metabolites frointracellular amounts of the metabolites. This sensitivity allows
single-cell samples were converted into highly fluorescenthe use of only a small (1-5%) fraction of the individual
species by either pre- or on-column derivatization withneurons for determination of intracellular metabolite
fluorescamine. The products were separated by CE armbncentrations (Fig. 5B, see also Floyd et al., 1998). Levels of
NOS metabolites in individual neurons varied from 6 mrriol |

A (arginine) and 4mmott (citrulline) in putative NOS-
containing neurons down to less thamdol I~ (undetectable
levels) in many NADPH-d-negative cells. These results have
also upheld the use of NADPH-d staining as a useful indicator
of nitrergic cells in the molluscan CNS.

The millimolar concentrations of intracellulararginine
measured in these cells has immediate significance for
Citrulline experiments in which competitive inhibitors of NOS are to be
Tau o used: appropriate concentrations of inhibitory compounds can

Phospho-L-arginine also be millimolar in many cases. Moreover, care must be used
in the selection of these compounds (Greenberg et al., 1995),
Glutamate because some of these inhibitors can actually act as substrates
5-HT for the enzyme-independent formation of appreciable amounts
_J — of NO in the presence of cellular reducing compounds such as
] T T T T T T \ NADPH, L-cysteine and.-ascorbate (Moroz et al., 1997,
6 8 10 12 1999).
Time (min) While CE is quantitative, measuring cell volumes accurately
can be problematic. Taking the ratio of amounts of
B Arginine Citrulline arginine:citrulline (Arg/Cit) has the advantage that it is
independent of cell volume. Low values of Arg/Cit (0.2—4)

¥ -
M were found to be characteristic of NADPH-d-reactive cells, in

accordance with expected NOS activity; in NADPH/NOS-

L negative cells, however, the ratio was very high (9—-40), and in
many cellsL-citrulline was not detected (Floyd et al., 1998).
¥ J The Arg/Cit ratio was strongly enhanced by the presence of

Arginine

Ornithine

NOS inhibitors, mostly because of a decrease in the level of

Bgow the NO coproduct citrulline, consistent with depressed NOS
activity. The intermediate of the restorative conversion-of
g citrulline toL-arginine L-argininosuccinate (Fig. 3), could also
C-group J be readily identified. The substrate for citrulline production in

reactions of the urea cycle (Fig. 3);ornithine, was not
detectable in the neurons assayed, although it was found in the
6 10 ' 14 ' 18 ' hemolymph. This excludes false positive conclusions of NOS
activity in the molluscan CNS due to NOS-independent
citrulline production by the urea cycle enzyme. Levels of
Fig. 5. Single-cell L-argininef-citrulline detection by capillary arginine and citrulline were also determined in blood samples
electrophoresis (modified from Floyd et al., 1998). (A) Standardsgf PleurobranchaeandAplysia and these values were orders

Electrophoretogram  of representative components  of thee naanitude lower than the measured intracellular
NO-citrulline cycle. Total injection volume was 10nl, with the concentrations (Floyd et al., 1998).

concentration of each species being @®lI~1 arginine,
1.5umol I7t citrulline, and 0.3mmolt of each of the following:
serotonin (5-HT), taurine (Tau), ornithine, phospharginine and NG synthase cofactors . .
glutamate. (B) Electrophoretograms ~ from identified Several cofactors, NADPH, FMN, FAD and biopterin, are
Pleurobranchaea californicaneurons. Top two traces, NADPH- required for NOS activity, and their availability may be
diaphorase-reactive B-group neurons; bottom trace, NADPHinvolved in regulation of the enzyme (Griffin and Stuehr,
diaphorase-negative buccal C-group neuron. 1995). Thus, the technique for single-cell detection of NOS

Time (min)
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