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Summary

The efferent dorsal unpaired median (DUM) neurones, well as C&* and Na'-activated K* channels. Moreover,
which include octopaminergic neurones, are among the besides voltage-dependent Naand Ca*-sensitive Cr
most intensively studied neurones in the insect central channels, DUM neurones also express four types of &€a
nervous system. They differ from other insect neurones in channel distinguished on the basis of their kinetics, voltage
generating endogenous spontaneous overshooting action range of activation and pharmacological profile. Finally,
potentials. The second half of the 1980s is certain to be two distinct resting Ca2* and Na* channels have been
considered a turning point in the study of the ion channels shown to be involved in maintaining the membrane
underlying the electrical activity of DUM neurones. Recent potential and in regulating the firing pattern. In this
advances made using the patch-clamp technique have review, we have also attempted critically to evaluate these
stimulated an increasing interest in the understanding of existing ion channels with regard to their specific functions
the biophysical properties of both voltage-dependent and in the generation of the different phases of the spontaneous
voltage-independent ion channels. Patch-clamp studies of electrical activity of the DUM neurone.

DUM neurones in cell culture demonstrate that these

neurones express a wide variety of ion channels. At least

five different types of K* channel have been identified: Key words: insect, dorsal unpaired median neurones, pacemaker
inward rectifier, delayed rectifier and A-like channels as activity, electrophysiology, ionic current.

Introduction

The electrical activity of the dorsal unpaired median neuronemicroelectrodes. The first few reports indicating that the action
past directions potentials of DUM neurones were generated intrasomatically
Historically, many electrophysiological studies performedcame from studies performed on cell bodies located on the
in vivo indicated that the somata of some insect neuronedorsal surface of the terminal abdominal ganglion (TAG) of
were electrically inexcitable (Hoyle and Burrows, 1973) orthe cockroachPeriplaneta americangCallec and Boistel,
displayed only attenuated action potentials (Crossman et al966; Kerkut et al., 1968; Jego et al., 1970; Crossman et al.,
1971) that corresponded, sometimes, to electrical activit§971). These electrophysiological studies proved that the cell
propagated electrotonically from more or less distant regionsodies were capable of generating spontaneous overshooting
of active membrane. However, a distinct population ofaction potentials and that Nawas responsible for the
neurones, with somata located along the dorsal midline afepolarizing phase of the action potentials (Jego et al., 1970).
many ganglia of the insect ventral nerve cord, constituted a A substantial number of electrophysiological investigations
notable exception to this rule. These neurones, which madwer the last 20 years have demonstrated an unexpected
symmetrical left and right branches, were originally describedomplexity regarding the electrophysiological properties of
by Plotnikova (1969) in locusts and were later named dors&UM neurones. The progeny of the median neuroblast (see
unpaired median (DUM) neurones (Hoyle et al., 1974). LikesGoodman, 1982; Boyan and Ball, 1993; Condron and Zinn,
many other insect neurone somata located in the ganglioh994) displayed a broad spectrum of electrical properties
DUM neurone cell bodies (45—@@n in diameter) were related to their neural geometry. It was reported, particularly
readily accessible and easily penetrated with intracellulain cockroach and locust, that adult DUM neurones exhibited
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overshooting spiking somata from both neurites and axons, thasistance and (iii) a change in the relative density of the ionic
some of them had non-spiking somata with both spiking axonshannels.
and neurites, and that another type of DUM neurone had only The overshooting soma action potentials appearing on day
spiking axons (Crossman et al., 1972; Heitler and Goodmai2 were carried by both Nand C&* because the removal of
1978; Hoyle and Dagan, 1978; Goodman et al., 1980\a" or the addition of C# failed to block the action potentials,
Thompson and Siegler, 1991). Overshooting spontaneowghereas simultaneous application of both treatments did.
somatic action potentials were found only in a special groupdditional experiments performed on adult identified locust
of DUM neurones identified as modulatory efferent DUMDUM neurones (e.g. DUMETI) reported that replacing" Na
neurones (i.e. neurones having two symmetrical neurites thatth choline or the addition of tetrodotoxin (TTX)
run to specific peripheral nerves on each side of the gangliopyogressively eliminated soma spikes. Addition of2Cor
(for morphology, see Watson, 1984; Burrows, 1996). Thid.a3* also abolished soma spikes. These results indicated that
review focuses on the electrical activity of efferent DUMthe inward currents carried by Nand C&* involved different
neurones. Two other groups of neurones, including local DUNbnic channels. In contrast, Jego et al. (1970) reported that the
interneurones and intersegmental DUM interneurones, haweward current of the soma action potential recorded from
only passively conducted attenuated action potentials or aweidentified spiking somata located on the dorsal surface of the
nonspiking (Goodman et al.,, 1980; Thompson and Sieglecockroach TAG was carried predominantly by*N&ven
1991). In the latter case, the neurone normally did not produd¢bough these authors did not directly address the issue of the
action potentials. When some of the outward current wasequirement for C& in their study, this result was confirmed
blocked by tetraethylammonium chloride (TEA-CI), the cellboth in situ and in isolated cockroach DUM neurone cell
produced a Cd-dependent spike unaffected by the removal obodies (Lapied et al., 1989).
Na" but completely blocked by Gb(Goodman et al., 1980). Furthermore, the use of a'i€hannel blocker such as TEA-
Because efferent DUM neurone somata all cluster in &l allowed two types of responses in the development of the
distinct area and appear to be encased in a common glebdma action potential to be distinguished that may be due to
sheath, it was supposed that their cell bodies might bine appearance of a €aactivated K current caused by a
electrically or synaptically coupled. Electrophysiological developmental increase in the inwarcCgurrent in the soma
studies performed during locust embryogenesis provided @oodman and Spitzer, 1981a,b). In the identified adult locust
better understanding of the embryonic development oDUM neurone DUMETI, application of TEA-CI increased
electrical excitability in DUM neurones. In early locustthe duration of the action potential, abolished the
embryos (e.g. on day 10), some neuronal precursor cells (eafterhyperpolarization and caused repetitive firing (Goodman
median neuroblast) and their first-born identified progeny hadnd Heitler, 1979). Finally, because?Bawhich is known to
linear current—voltage relationships and appeared to be bolitock C&*-activated K currents, evoked long-duration action
electrically inexcitable (apparent input resistance greater thgsotentials that were blocked by the addition o Cdt was
200MQ) and highly electrically coupled (Goodman andpostulated that DUM neurone cell bodies also possesse€d Ca
Spitzer, 1981b). The site of electrical coupling seemed to behannels.
directly between cell bodies because the neurones at this earlyAt that time, it was assumed that efferent DUM neurones
stage lack axons (Goodman, 1982). During embryogenesis @tpressed voltage-dependent*tN&&+ and K- channels in
approximately day 12), these DUM neurones acquired thi#he cell body membrane and were capable of generating
ability to generate overshooting action potentials characterizemvershooting action potentials characterized by an important
by a pronounced afterhyperpolarization. Between days 10 aradterhyperpolarizing phase that seemed to be characteristic of
13, the coupling disappeared and the cell bodies becansecretory neurones. In fact, it is now well established that
electrically uncoupled from each other (Goodman and Spitzemost insect efferent neurones in the DUM group are
1979, 1981b). During this period, the two events (coupling andeuromodulatory cells that contain and release octopamine
excitability) were independent and occurred at the sam@Morton and Evans, 1984; Stevenson and Sporhase-Eichmann,
developmental stage. In other words, the electrical couplin995; Burrows, 1996; Roeder, 1999). However,
was not masking the temporal sequence of appearance infmunohistochemistry has confirmed that a number of DUM
voltage-dependent ionic currents during the differentiation oheurones also contain serotonin (Orchard et al., 1989),
the cells. By day 18, most DUM neurones had attained theproctolin (Yasuyama et al., 1992), corazonin (Veenstra and
mature electrophysiological properties. The somata generat&hvis, 1993), myomodulin (Swales and Evans, 1994), taurine
overshooting action potentials with an amplitude ofand FMRFamide (Ferber and Pfliger, 1992; Nurnberger et al.,
80-110mV (Goodman et al.,, 1980; Goodman and Spitzef,993; Stevenson, 1999). They innervate, according to their
1981a,b). The recorded resting potential varied frefh to  location in the central nervous system, different targets such as
-60mV, and the cell bodies showed strong TEA-Cl-sensitiv@ptic lobes, mushroom bodies, skeletal and visceral muscles,
delayed rectification when depolarized. The input membrankateral cardiac nerve cords and also some special types of
resistance also decreased from more than 2008  proprioceptive sense organ (Evans, 1985; Ferber and Pfluger,
approximately 10MR. This reflected (i) an increase in 1992; Orchard et al., 1993; Burrows, 1996; Sinakevitch et al.,
membrane surface area, (i) a decrease in specific membrab@96; Braunig and Eder, 1998; Braunig, 1999).
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Although the modulatory effects of DUM neuronga the  The electrical activity of the dorsal unpaired median neurone:
release of octopamine have been intensively studied in insects, present directions
one of the most exciting questions, the origin of the To gain further insights into the electrophysiological and
spontaneous rhythmic activity, was surprisingly unresolvedfiiring characteristics of efferent DUM neurones, the patch-
Before the development of new experimental procedureglamp technique has been developed and adapted to single
our understanding of DUM neurone excitability restedadult DUM neurones isolated from the dorsal midline of the
fundamentally in the early in situ intracellular TAG of the cockroachPeriplaneta americangFig. 1A,B)
electrophysiological analysis cited above, and information ofLapied et al., 1989). In the cockroaehriplaneta americana
the ionic mechanisms underlying this spontaneous electricBIlUM neurones can be seen in all ganglia of the ventral nerve
activity was lacking. DUM neurones are, however, easilycord (Dymond and Evans, 1979; Pollack et al., 1988; Tanaka
distinguished from other insect neurones by their spontaneoasid Washio, 1988; Elia and Gardner, 1990; Lapied et al., 1994;
action potentials. But what the wasgontaneouseally means  Sinakevitch et al., 1994, 1996). By using anterograde and
is that we do not understand how this activity is generated. ietrograde labelling and immunocytochemistry, octopamine-
is clear that spontaneous activity is not only independent of tHike, but also co-localized octopamine- and taurine-like,
normal operation of neuronal circuits, but occurs withouimmunoreactive DUM neurones have been revealed in the
circuits at all, in completely isolated cells. In other words,suboesophageal, metathoracic and abdominal ganglia
spontaneously active neurones, also named pacemak@ig. 1A) of the cockroaclPeriplaneta americangEckert et
neurones (Connor, 1985), generate their activity patterral., 1992; Nurnberger et al., 1993; Sinakevitch et al., 1994,
endogenously, i.e. on the basis of their intrinsic membran&996). Using both enzymatic treatment and mechanical
properties. Consequently, it is assumed that pacemakdissociation of the dorsal midline of the cockroach TAG, a
neurones need a steady driving input to make them finmethod has been described for the isolation of fully
rhythmically. This driving input could be derived from differentiated adult neurones (Lapied et al., 1989). In addition,
constant input currents (e.g. background currents) or frort has been demonstrated that cultured cockroach or locust
adjustments of different specialized ionic conductances thatdult neurones (thought to be DUM neurones) can survive for
give rise to a steady or time-varying inward current in theseveral weeks and regenerate a single primary neurite that
subthreshold voltage region. However, a better understandimtivides into two symmetrical lateral neurites with a number of
of the ionic mechanisms promoting rhythmicity in pacemakefine processes radiating from the endings (Howes et al., 1991,
neuronal cells requires the use of voltage-clamp investigationsapied et al.,, 1993; Smith and Howes, 1996). These
Since most of the studies on DUM neurones have beerorrespond to the typical DUM neurone morphology revealed
performed in situy, using conventional intracellular in situ. However, adult neurones growing in these culture
microelectrodes, potential space-clamp problems (because ®fstems grew extensive processes, which reduced the ability to
the presence of extensive neuritic trees and a high serieentrol the electrical potential of the entire membrane surface
resistance) have seriously limited the characterization arghd also hampered complete intracellular dialysis by the
detailed analysis of the ionic currents involved in theinternal pipette solution during whole-cell patch-clamp
development of spontaneous electrical activity. In additionexperiments. The use of acutely isolated adult neurones (i.e.
since the demonstration of certain ionic currents depends, maintained in short-term culture) overcomes these weaknesses
large part, on the use of pharmacological blockers, anih that neurones have only a nearly pyriform cell body
since these blockers act non-selectively on both pre- amgeometry (Fig. 1D) in which an adequate space-clamp and
postsynaptic membranes or act intracellularly, thecomplete intracellular dialysis are easily attained (Lapied et al.,
characterization of the different ionic currents becomes ver$989).
difficult in situ. This problem is reinforced by the presence of Cockroach DUM neurones have been cultivated in low-
a glial blood—brain barrier (Abbott et al., 1986) surroundingdensity culture to facilitate the study of the
the neurones and restricting the penetration of pharmacologicalectrophysiological properties of individual cells. Several
agents. criteria have confirmed that adult neurones cell bodies

To avoid some of these technical problems,(50-60um in diameter) correspond to DUM neurones.
electrophysiological analyses of insect neuronal ionic channelsolated cell bodies are obtained after dissociation of the
were extended tan vitro cultured or freshly dissociated median part of the TAG. This procedure avoids contamination
embryonic or adult neurones (Usherwood et al., 1979; Beadt& the cell suspension by other neuronal cells, such as the cell
and Hicks, 1985; Howes et al., 1991; Smith and Howes, 1996dodies of giant interneurones, that are known to be situated
Furthermore, the detailed investigation of the ionic currentat the periphery of the TAG (Harrow et al., 1980). The
involved in insect neuronal electrical activity has been greatlimmunocytochemical procedure, using octopamine antisera
advanced in recent years through the use of the patch-clarfpinakevitch et al., 1994), has revealed thain &y, isolated
technique (Hamill et al., 1981). The advent of this techniqueell bodies with large somata show octopamine-
has permitted whole-cell voltage-clamp experiments to béke immunoreactivity  (Fig. 1A,E). In  addition,
performed on dissociated neurones using low-resistanadectrophysiological experiments have indicated that the
recording pipettes and a fast solution-changing system. electrical activity of isolated cell bodies is similar to that
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Fig. 1. Dorsal unpaired median (DUM) neurones of the terminal abdominal ganglion (TAG) of the codResgthneta americana

(A) Photomicrograph showing octopamine-like immunoreactive DUM neurones revealed on the dorsal surface of the TAG. ®alenbar, 2

(B) A dorsal-viewcamera lucidadrawing of the general morphology of DUM neurones revealed by anterograde cobalt staining performed on a
soma located along the midline of the TAG. Scale barp#Q0A, anterior; P, posterior; VII, VIII, IX, segmental nerves; X and XI, cercal
nerves; PN, phallic nerves. (C) Spontaneous overshooting action potentials recorded using an intracellular microeldatyiaéaranen

situ. The scale bar also applies to F. (D,E) Light micrographs of an isolated DUM neurone cell body maintained in short-e@4duliD)

and treated with a polyclonal antibody directed against octopamine (E). Scale hars,(Ep Spontaneous electrical activity recorded using

the patch-clamp technique (whole-cell recording configuration) in a single DUM neurone cell body.

recordedin situ from the neurones located along the dorsakoles, of the ionic channels involved in the generation of the
midline of the TAG (Lapied et al., 1989; Figs 1C,F, 2A). Thisspontaneous activity of efferent DUM neurones.
electrical activity is fundamentally different from that
recorded, for instance, in TAG dorsal paired median neurones,
which are present among the population of DUM neurones but
. ; channels
are known to generate €adependent somatic plateau action ) . o
potentials (Amat et al., 1998). On the basis of these results, the lonic channels activated upon depolarization
use of dissociated adult DUM neurones combined with thdla” channels: properties and physiological implications
patch-clamp technique confirms (i) that isolated adult DUM The existence of voltage-dependent*Nehannels was
neurone cell bodies are capable of generating spontaneasisspected in efferent DUM neurones (Jego et al., 1970;
electrical activity, like pacemaker neurones (Figs 1F, 2A), anGoodman and Heitler, 1979; Goodman and Spitzer, 1981a,b;
(i) that isolated DUM neurones retain the favourableCook and Orchard, 1993). Their presence was confirmed in
characteristics of acutely isolated neurones for both whole-cetiockroach adult DUM neurones, isolated from the abdominal
current- and voltage-clamp experiments without detrimentajanglia (i.e. abdominal ganglion 5, A5, and TAG), using
changes in their electrophysiological properties. Using thisomplementary approaches such as the patch-clamp technique
new experimental approach, voltage-clamp investigations qfvhole-cell recording configuration) (Lapied et al., 1989,
the ionic currents underlying DUM neurone electrical activity1990b; Wicher and Penzlin, 1998) and immunocytochemistry
have been greatly advanced in recent years. (Amat et al., 1998). Under current-clamp condition, it was
This review focuses primarily on the biophysical andreported that action potentials recorded hatkitu and from
pharmacological properties, but also on the specific functionatolated cell bodies are completely abolished by extracellularly

Properties and regulation of voltage-dependent ionic
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A B inactivation) of the N&current. By using protein synthesis
20mv | inhibitors (cycloheximide and actinomycin D), it has been
60ms (A) demonstrated that the evolution of the peak current amplitude
200ms (B) observed in isolated DUM neurones was dued¢o novo

synthesis of Nachannels (Tribut et al., 1991).
Voltage-dependent Nahannels in TAG DUM neurone cell

bodies have been localized by immunocytochemistry using
C D Lo ) . ) :
antibodies directed against a synthetic peptide corresponding
25mv L to the highly conserved SP19 segment of the rat brain type |
1.2s (C) voltage-dependent Nahannel-subunit (Amat et al., 1998).
0.1s (D) Light microscopy has revealed that voltage-dependerit Na
channels are heterogeneously distributed in TAG DUM
neurone somata. The intensity of staining gradually decreases

Fig. 2. Different firing patterns of dorsal unpaired median (Dum)fTom the basal region to the apical pole, where no significant
neurones recorded using the patch-clamp technique (whole-céiP19 immunoreactivity is observed (Amat et al., 1998). These
recording configuration). (A) Typical example of a regularly spikingresults indicate that voltage-dependent™ Nehannels are
DUM neurone cell body. (B) Some DUM neurones can fire repetitivenainly located close to the initial segment of the soma. This
action potentials at regular intervals but at a very low firingconfirms the localization of one of the four regions of spike
frequency. In this case, these DUM neurones are insensitive to lojjtiation previously proposed in DUMETi (Heitler and
concentrations of nickel chloride and to high externa’*Ca Goodman, 1978).

concentrations, suggesting that these DUM neurone cell bodies dOVoItage-CIamp experiments provide further insight into the

not express low-voltage-activated (LVA) €ahannels (see text for iophysical properties of the cockroach DUM neurone inward
details). (C) DUM neurone cell bodies can discharge groups ORI

. : . ) a" current. When the concentration of extracellular ia
action potentials separated by slow hyperpolarized potentials. This . d th | potential of the i d t shift
transition from beating to bursting electrical activity is conditional Va/€d, the€ reversal potential of the inward current Shifts as

upon changes in the behaviour of resting’ Nhannels induced by expected from the Nernst equation, confirming that the inward
scorpiona-toxins. (D) When inactivation of the voltage-dependentcurrent is highly selective for NgLapied et al., 1990b). The
Na' current of the DUM neurone is slowed down by treatment withinward Né& current is very sensitive to TTX. The concentration
scorpiona-toxins, the falling phase of the action potential develops gor half-maximal current inhibition (165) varies somewhat
prolonged shoulder resulting in a plateau action potential. among different preparations between 2nrrio(B. Lapied,
unpublished observations) and 10.5nmbl{(Wicher and
Penzlin, 1998). This current is also partially blocked by
applied tetrodotoxin (TTX) or saxitoxin (Lapied et al., 1989).external veratridinew-agatoxin andw-conotoxin MVIIC,
Thus, it appears that Nalone is sufficient for the generation which reduces the time constant of inactivation (Wicher and
of the soma spike in cockroach TAG DUM neurones, inPenzlin, 1998). The voltage-dependent” Marrent activates
contrast to locust metathoracic DUM neurones (i.e. DUMETigat potentials more positive thard0OmV (e.g. -35mV),
in which both N& and C&* are necessary (Goodman and corresponding to the threshold of spontaneous action potentials
Heitler, 1979; Goodman and Spitzer, 1981a). However, it wad apied et al., 1989), and reaches a current maximum at
demonstrated in DUMETi neurones that the2@da*-  approximately—10mV (Lapied et al., 1990b; Wicher and
dependent soma spike could be converted into & NaPenzlin, 1998). The Nacurrent exhibits sigmoidal voltage-
dependent soma spike following axotomy or treatment witldependent activation kinetics, and both activation and
colchicine (Goodman and Heitler, 1979). In this case, additiomactivation of the current become faster with strong
of C?* did not affect the action potential. This conversion ofdepolarization. The voltage-dependence of steady-state
somatic action potentials from being sensitive t8'Go being  inactivation and activation indicates that the" dhannels are
resistant to C& was interpreted to be the result of an increasdalf-inactivated at approximately40 mV and half-activated
in the number of active Na@hannels, either by addition of new near-25mV. The inactivation and activation curves cross at
channels or by redistribution of existing channels (Goodmaapproximately—30mV, resulting in a region of activation/
and Heitler, 1979; Titmus and Faber, 1990). In cockroach TA@activation overlap that extends from approximateRp to
DUM neurones, the Nadependent overshooting action +10mV. This suggests the existence of a large steady-state
potentials are not induced by axotomy and deafferentatiowindow current, indicating that some of the channels activated
since N&-free saline or TTX completely blocks soma spikesare never inactivated in this potential range (Lapied et al.,
bothin situand in isolated cells (Jego et al., 1970; Lapied efi990b). It should be noted that, in addition to this transient
al., 1989). However, axotomy and deafferentation appear toward current, an unexpected maintained voltage-dependent
enhance somata excitability. The studies on TAG DUMNa" current has also been characterized in TAG DUM
neurones have demonstrated that axotomy and deafferentatiogurones (Lapied et al.,, 1990b). This *Neurrent, also
induce an increase in the maximum peak current amplitudgensitive to TTX, is biophysically isolated from the other
without any modification of the kinetics (activation and current by its negative threshold for activation (approximately
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-70mV). This suggests the existence of two distinct voltageisolated cockroach DUM neurones (Grolleau and Lapied,
dependent Nfacurrents in TAG DUM neurones. However no 1994, 1995a; Wicher et al., 1994). Thesedkannels can be
more information is available about the precise biophysicatlassified into two groups, the first type activated by both
properties and physiological role of this low-threshold currenvoltage and intracellular ions and the second type only by
in DUM neurone electrical activity. voltage. Two distinct K currents activated by intracellular
As in many excitable cells, the activation of the TAG DUMions have been characterized in DUM neurones. The Na
neurone voltage-dependent Naurrent controls the rising activated K current is one of the most unexpected currents
phase of spontaneous action potentials (Lapied et al., 198¢Rryer, 1994) since, usually,*Kcurrents are directly studied
whereas the inactivation of the current is involved in theslectrophysiologically in the presence offthannel blockers.
declining phase. This is particularly important since it has beeHowever, it has been demonstrated in both the TAG DUM
demonstrated that neurotoxic compounds such as scorpioeurone (Grolleau and Lapied, 1994) and the fifth abdominal
toxins, which are known to affect activation and particularlyganglion (A5) DUMIla neurone (Gundel et al., 1996) that a
inactivation processes of insect voltage-dependent Ndraction of the global outward current was sensitive to TTX.
currents (Pelhate et al., 1998), transform, in TAG DUMThe tail current analysis, used to determine the ionic selectivity
neurones, a short-duration action potential (approximately 2 nof this outward current, has confirmed that it is carried by K
in duration, Lapied et al., 1989) into a plateau action potentidh fact, further electrophysiological experiments demonstrated
(0.5-20s in duration; Fig. 2D; Stankiewicz et al., 1996). Suchhat the disappearance of this component is related to the
plateau action potentials could enhance the internd@ Casuppression of the inward Naurrent by TTX or by N&free
concentration and thereby influence the somatic neuronahbline (Grolleau and Lapied, 1994). The progressive activation

function of DUM neurones. of the Nd-activated K current is well correlated with the
_ _ S activation of the inward Nacurrent, indicating that this K
K* channels: properties and physiological implications current is activated by the entry of Nato the DUM neurone.

The K" channels in DUM neurones were first reveadled Because there is no selective blocker of*-detivated K
situ under current-clamp conditions (for references, seeurrents available, the physiological significance of such
Introduction). In isolated cockroach DUM neurones, TEA-Clcurrents in DUM neurone electrical activity is unknown.
reduced the delayed outward rectification, as demonstrated Wevertheless, it is suggested that this current could limit the
other DUM neurones (Goodman and Spitzer, 1981a,b; Washaxction potential duration by increasing the rate of
and Tanaka, 1992), prolonged the falling phase of actiorepolarization of the action potential (Grolleau and Lapied,
potentials and suppressed the afterhyperpolarization (Lapied £994).
al., 1989). These effects, mimicked by treatment with4-Ca  The second type of Kchannel activated by intracellular
free saline, led to the suggestion that &'@ativated K  ions corresponds to the most commonly found*@ativated
current was involved in both the repolarization andK* channels (Rudy, 1988). Electrophysiological experiments
afterhyperpolarization of the action potentials, as previouslperformed on cockroach DUM neurones have indicated that
reported in grasshopper DUM neurones (Goodman ansuch currents are also voltage-dependent (Thomas, 1984;
Spitzer, 1981a). In fact, the first evidence for the presence d¥icher et al., 1994; Grolleau and Lapied, 1995a; Achenbach
a C&*-activated K current came from experiments performedet al., 1997). The Ca-activated K current of the TAG DUM
under voltage-clamp conditions in cockroach metathoracioeurone activates rapidly at potentials more positive than
DUM neurones (Thomas, 1984). This study demonstrated thab0 mV and then declines in two phases. Both the transient and
ionophoretic injection of G4 elicited an outward current late components of the current are sensitive to extracellular
carried by K. The outward current showed aftshaped TEA-Cland to different scorpion toxins known to affecGa
current-voltage relationship, as typically observed fot*Ca activated K currents (Garcia et al., 1991) (Table 1). The
mediated K currents, and was blocked by lanthanum and thexistence of such Kcurrents has also been confirmed by
organic C&*+ antagonist D-600. preventing C& permeation of the membrane using classical

Further  electrophysiological and  pharmacologicalinorganic Ca* channel blockers such as cadmium chloride and
investigations performed under voltage-clamp conditionsickel chloride (Wicher et al., 1994; Grolleau and Lapied,
revealed an unexpected diversity df¢hannels underlying the 1995a). The biphasic aspect of the?Cactivated K current,
electrical activity of the DUM neurone. Earlier studiestogether with the different steady-state holding potential
performed using the patch-clamp technique (cell-attacheskensitivity of the two components, led to the suggestion of the
configuration) had revealed the existence of at least three typesistence of two separate Tactivated K currents in TAG
of outward current in cockroach metathoracic DUM neurone®UM neurones. However, this hypothesis has never been
distinguished by their unitary conductance (11, 34 and 110 pSpnfirmed since none of the specificcGactivated K current
(Dunbar and Pitman, 1985). Although the ionic properties oblockers tested allows discrimination between the fast transient
these channels was not determined, two of these channels (withd late components of the current.
conductances of 11 and 34 pS) were shown to conduct K Ca*-activated K currents have different physiological

Whole-cell voltage-clamp experiments have allowed theémplications for the electrical activity of the DUM neurone.
identification of at least five distinct types of Khannel in  The prolongation of the falling phase of action potentials
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associated with a suppression of the afterhyperpolarizatidmoth excitable and non-excitable preparations (Rudy, 1988;
observed in the presence of 2Gactivated K channel Pelhate et al., 1990; Hille, 1992). As in other neuronal
blockers, Cé'-free saline or inorganic voltage-dependemt'Ca preparations, this Kcurrent activates slowly and follows a
channel blockers (Lapied et al., 1989) indicates that thesggmoidal time course to reach its steady-state value. This
currents play an important role in spike repolarization (i.e. ircurrent shows no inactivation during the course of a maintained
the regulation of action potential duration) and in the regulatiodepolarization. It activates at potentials more positive than
of the repetitive discharge frequency of the DUM neurone-50 mV and is completely blocked by a high external TEA-CI
This has been confirmed by recent electrophysiologicatoncentration (Table 1). On the basis of its time course of
investigations indicating that the electrical pattern of DUMactivation, it is postulated that the delayed outwatdktrent
neurone discharges is influenced by both up- and dowrontributes to the repolarizing phase of the action potential
modulation of Cé&"-activated K currents induced by (Grolleau and Lapied, 1995a).
neurohormone D (Glp-Val-Asn-Phe-Ser-Pro-Asn-TrpZN Bl
member of the family of adipokinetic hormones; PenzlinC&* channels: properties and physiological implications
1989) and octopamingda an effect on voltage-dependent?Ca Ca&* influx through voltage-activated &a channels
currents (Wicher and Penzlin, 1994; Wicher et al., 1994pbviously plays a central role in shaping spontaneous neuronal
Achenbach et al., 1997). electrical activity since internal [€§ itself controls the
Besides K currents activated by intracellular ions, two activation of other ionic channels (e.g.%Gactivated K
additional K currents activated by voltage have also beerchannels) but also controls the inactivation of thé& Channel.
characterized in cockroach DUM neurones (Table 1). Usinghis last point is of particular interest since it effectively
biophysical and pharmacological approaches, it has beeaagulates the influx of G4 Furthermore, G4 entry into nerve
possible to dissect the ion-independeritddrrents into two cell bodies through CGé channels is generally accepted as an
further voltage-dependent*kcurrents identified as an A-like important step in the sequence of events underlying the
current and a delayed outward rectifiet &urrent (Grolleau synthesis and release of secretory products. Consequently, in
and Lapied, 1995a). The A-like current, also termed the fashe context of the DUM neurone, electrophysiological and
transient K current, was first described in invertebrates and irpharmacological investigations of the voltage-dependefit Ca
particular in gastropod neural somata (Connor and Stevenshannels represent one of the most exciting challenges in the
1971). Because the A-like current is selectively blocked by 4eur search for information about both the generation and
aminopyridine (4-AP) in DUM neurones, it has been isolatedegulation of spontaneous electrical activity. Previous current-
by subtracting the residual current after treatment with 4-ARlamp investigations indicated the existence of voltage-
from the global voltage-dependent” KKurrent. This current activated C#&" channels in the soma membrane of DUM
activates at depolarizing potentials more positive timV  neurones (Goodman and Heitler, 1979; Bindokas and Adams,
and exhibits rapid time-dependent activation and inactivatiorl989; Lapied et al., 1989). Under normal conditions,
Half-maximal  steady-state inactivation  occurs  atovershooting action potentials recorded in adult DUM neurone
approximately-65mV and, unlike the classical A-current of somata resulted from a combination of voltage-activated Na
other neurones (Hille, 1992), this current inactivates witiCa* and K currents. Under appropriate conditions (in the
complex inactivation kinetics (Grolleau and Lapied, 1995a)presence of Nafree saline and/or Kchannel blockers), DUM
Steady-state activation and inactivation curves cross aeurones could generate long-duratior#'Capikes that were
approximately -53mV, resulting in a region of blocked by the addition of Gbor w-agatoxin-I (isolated from
activation/inactivation ~ overlap  that extends fromthe venom of the spidekgelenopsis apertaGoodman and
approximately =70 to -30mV. This indicates that these Heitler, 1979; Bindokas and Adams, 1989). Furthermore, the
channels conduct only within a window of negative potentialsthree effects on action potentials (i.e. an increase in action
As previously reported in other vertebrate and invertebratpotential duration, a reduction in the afterhyperpolarization and
pacemaker neurones, the A current plays a fundamental rolean positive shift of the threshold of the action potential)
the modulation of action potential frequency (Rudy, 1988pbserved in the presence of different inorganié*@aannels
Hille, 1992). In cockroach DUM neurones, the physiologicablockers (Lapied et al., 1989) also indicated that DUM
implication of the A-like current has been demonstrated usingeurones contained somatic voltage-activatetf Caannels.
4-AP under current-clamp conditions (Grolleau and Lapied, The first indication of the presence of different types
1995a). These results indicate that the A-like current is naind subtypes of voltage-activated 2Cachannel in DUM
involved in the repolarization and afterhyperpolarization of theneurone cell bodies came from electrophysiological and
action potentials. In contrast, the 4-AP-induced increase ipharmacological studies performed under voltage-clamp
action potential frequency indicates that the A-like currentconditions (Wicher and Penzlin, 1994, 1997; Grolleau and
which is activated when the membrane is hyperpolarizetapied, 1996; Grolleau et al., 1996; Achenbach et al., 1997).
beyond the resting level, regulates the behaviour of the DUMoltage-activated Ga channels have been classified using a
neurone repetitive discharge frequency. variety of criteria including ionic selectivity, voltage and
The final voltage-dependent*Kcurrent characterized in ionic sensitivity, pharmacological profile and sensitivity
DUM neurones is the delayed outward ¢Urrent described in  to  physiological ligands (e.g. nicotine, octopamine,
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neurohormone D). Accordingly, it has been possible to definef this current in the firing pattern of DUM neurongsa the
several distinct classes of €&hannel including most notably intracellular C&* concentration (see below).
low-voltage-activated (LVA) and high-voltage-activated Beside these LVA Cd currents, a mid/low-voltage-
(HVA) Ca2* channels (Table 1). However, from these studiesactivated C&" current (M-LVA, Wicher and Penzlin, 1997)
it is clear that subtypes of these channels, such as maintainaad an HVA C&' current (Grolleau and Lapied, 1996; Wicher
LVA Ca?* channels (Grolleau and Lapied, 1996) and M-LVAand Penzlin, 1997) have also been characterized in both
Ca&* channels (Wicher and Penzlin, 1997), also exist in DUMcockroach TAG neurones and fifth abdominal ganglion DUM
neurone somata, demonstrating the difficulty in establishing aeurones. The M-LVA Cd current activates in the mid-
classical classification of voltage-activated2Cahannels. voltage range (e.g:50 mV). Although the study of the voltage
Nevertheless, both specific and/or selective pharmacologicdkpendence of the steady-state inactivation indicates that
agonists (e.g. BAY K 8644) and antagonists (organic anthe inactivation process is voltage-dependent and*-Ca
inorganic C&* channel blockers, peptide toxins isolated fromindependent, the M-LVA G4 current displays a time-
the Conus and Agelenopsisvenoms) have provided a very dependent inactivation that is €alependent (Wicher and
useful way of classifying and sub-classifying DUM neuronePenzlin, 1997). The time-dependent decay is strongly reduced
voltage-dependent €achannels (see Table 1). when B&*, known to pass through &a channels, is

In cockroach DUM neurones, the LVA and HVA €a substituted for C&. As indicated in Table 1, M-LVA C4
currents differ from each other on the basis of their sensitivitgurrents are blocked by inorganic2Zahannel blockers (163
to different C&" channel blockers (see Table 1), but also invalues of approximately 20moll-1 for nickel chloride and
their voltage-dependence of activation and inactivationlOumoll=t for cadmium chloride). Peptide toxins such as
Activation at very negative membrane potentials (betw&@n  w-conotoxin MVIIC (at Jumoll~1) and w-agatoxin IVA (at
to —60mV), measured at physiological internal 2Ca 50nmolf?) also block the M-LVA C#& currents. In contrast,
concentration (Grolleau and Lapied, 1996), is the maiM-LVA CaZ* currents are enhanced by octopamine
characteristic of the LVA C4 currents in neuronal (1-10umoll-1). This potentiation is mimicked by a membrane-
preparations (for a review, see Kostyuk, 1999). In cockroachermeant cyclic AMP analogue (8-bromo-cyclic AMP),
TAG DUM neurones, the global LVA Cacurrent has been indicating a possible modulation of M-LVA currents by
further dissociated by means of the sensitivity to nickebctopamineviacyclic AMP (Achenbach et al., 1997). Because
chloride, the time constant of deactivation and the kinetics df1-LVA Ca2* currents are not affected by amiloride or
inactivation into transient LVA (tLVA) and maintained LVA flunarizine, which are known to block vertebrate neuronal
(mLVA) Ca2* currents (Grolleau and Lapied, 1996). The tLVA LVA Ca2* currents, it has been postulated that the DUM
current resembles the classical LVA2Ca&urrent described neurone M-LVA C&* current has no similarity with classical
previously (Kostyuk, 1999). This current activates at a.VA Ca2* currents.
potential more positive than-80mV and inactivates The last type of Cd current characterized in DUM
completely during a prolonged depolarizing pulse. It isneurones corresponds to the HVA current (Grolleau and
completely blocked by a relatively low concentration of nickelLapied, 1996; Wicher and Penzlin, 1997). At physiological
(<100umoll™1), and the kinetics of its inactivation is Ca*concentrations, HVA currents activate at potentials more
independent of C4 influx through the channel. The potential positive than-40mV. During the depolarizing pulse, the
at which half the tLVA channels are inactivated iscurrentreaches a peak and then declines as channels inactivate.
approximately-60 mV. In contrast, the mLVA Ga current, However, on return to the initial membrane potential, open
characterized for the first time in DUM neurones (Grolleau andhannels close and the current deactivates, indicating the
Lapied, 1995b) and confirmed later in other neuronaéxistence of incomplete inactivation. The value for half-
preparations (Kostyuk, 1999), corresponds to a new subtype nfaximal steady-state inactivation is estimated to be
LVA Ca?* current. This mLVA current is easily distinguished approximately -45mV. DUM neurone HVA currents are
from the tLVA current by its very slow kinetics of inactivation carried by C&* or B&* through C&* channels and are blocked
(it does not show complete inactivation during the course dby cadmium and nickel (estimatedstGralues are fimoll=2
the depolarizing pulse), by its activation threshold (10 m\Vfor cadmium chloride and 40moll=1 for nickel chloride).
more positive than that of the tLVA current), by its HVA currents are reduced by verapamil and diltiazem (Wicher
pharmacological profile (see Table 1) and by it3"'@ansitive  and Penzlin, 1997), which are regarded as non-selective
inactivation. The mLVA current becomes completelyblockers (Triggle, 1999), and by octopamine (L6®!I1)
inactivated by any means that increases or reduces tigdchenbach et al., 1997). In contrast, HVA2Caurrents are
intracellular C&* concentration (Grolleau and Lapied, 1996).not affected by dihydropyridines such as nifedipine antt Ca
Furthermore, it has been demonstrated that the voltagagonists such as the racemic BAY K 8644, which is often used
dependence of inactivation displays an unexpettethaped to identify dihydropyridine-sensitive €achannels. Arthropod
curve. This is consistent with the existence of a compleand molluscan toxins of high selectivity have proved to
inactivation mechanism controlled by both voltage andoe crucial for the identification of &a channels. The
intracellular C&* concentration. This property, unusual for anneuropeptidew-conotoxin GVIA purified from the venom of
LVA Ca?* current, underlies the unique physiological functionthe marine snailConus geographugs the toxin used most
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widely to study neuronal HVA C& channels. In DUM hyperpolarization-activated inward current, is also heavily
neurones, HVA currents are also sensitivear@onotoxin  involved in regulating spontaneous neuronal electrical activity.
GVIA in the concentration range 0.1phol ™! (F. Grolleau, Among these inward currents, the hyperpolarization-activated
unpublished observations; Wicher and Penzlin, 1997). inward K" current (k,r) and the cationic (N@&K™*) inward
Although the functional significance of both M-LVA and current (k) are the best-studied currents in the responsiveness
HVA Ca?* currents has not been directly assessed, it has beand pattern activity of neurones (Constanti and Galvan, 1983;
postulated that these €aurrents play a key role in the control Pape, 1996; Liithi and McCormick, 1998). In spontaneously
of the afterhyperpolarizing phaséa the modulation of the active TAG DUM neurones, two distinct types of
Ca*-activated K current (Lapied et al., 1989). This is of hyperpolarization-acivated inward*kand C&*-sensitive Ct
particular interest since we have already indicated that M-LVAurrent have been described, wheregswhich is known to
and HVA Ca&* currents are modulated by physiological play a key role in neuronal pacemaker activity (Lithi and
modulators such as neurohormone D and octopamine (WichbtcCormick, 1998), has not been identified.
and Penzlin, 1994; Achenbach et al., 1997), which thereby The electrophysiological properties of the inward rectifier
influence the shape of the action potentials the C&*-  K* current characterized in TAG DUM neurones (Raymond
activated K current. In contrast, it has been demonstrated thand Lapied, 1999) closely resemble those of inward rectifier
the two distinct LVA C&* channels have specialized functions K* currents in many other cells (Rudy, 1988; Hille, 1992). This
in the generation of spontaneous electrical activity (Grolleainward K* current activates at potentials ne&8 mV, is half-
and Lapied, 1996). In pacemaker neurones, spontaneoastivated at-109mV and does not show time-dependent
activity results from a typical phase of their action potentialjnactivation in normal saline solution. This current is
the slow predepolarization. During this phase, the membramermeable to K since the reversal potential follows theé K
slowly depolarizes following the termination of an actionequilibrium potential when the extracellulat Koncentration
potential until the threshold for a new action potential iss increased. It is not dependent on externdl ddacentration
reached. Because LVA &acurrents are deinactivated when and is sensitive to CsCl, BaChnd TEA-CI, but at high
the membrane is hyperpolarized beyond the resting level, thepncentration (see Table 1; Raymond and Lapied, 1999).
are one of the most suitable candidates to promote thldnder current-clamp conditions, injection of a long
predepolarization. In spontaneously active TAG DUMhyperpolarizing current pulse into the cell body induces a time-
neurones, it has been demonstrated pharmacologically théépendent rectification seen as a depolarizing sag in the
LVA Ca?* currents contribute to the predepolarizing phaselectrotonic potential. Although it has been demonstrated that
(Grolleau and Lapied, 1996). The transient LVA currents ar¢éhe inward K current accounts for inward rectification of TAG
essential for initiating the first part of the predepolarizationDUM neurones, the precise physiological role of this current
whereas mLVA C& currents plays a determinant role in thein the regulation of the electrical activity of the DUM neurone
last two-thirds of the pacemaker potential. These mLVASs not clear. The very negative potential range in which the
Ca&* currents, which are controlled by intracellular2Ca current is activated indicates that it does not affect DUM
concentration, influence both the shape of theeurone excitability at or near the resting membrane potential.
predepolarization and also the spontaneous firing frequend¢yowever, it may act as an important depolarizing mechanism
since complete inactivation of this current by changes ithat prevents TAG DUM neurones from becoming
internal C&* concentration induces an important reduction inunresponsive when they are excessively hyperpolarized.
the frequency of spontaneous action potentials. This property
has been confirmed using cholinergic ligands such &s&*-sensitive Cichannel: properties and physiological
nicotine. Although nicotine is known to depolarize the TAGImplications
DUM neurone membrane potential (Lapied et al., 1990a), it Voltage-gated Cl channels have been regularly detected
reduces DUM neurone firing frequency by modulating then both lower and higher animals. Among them,
mLVA Ca2* currentvia an increase in intracellular €a hyperpolarization-activated inward <TI currents and
concentration (Grolleau et al., 1996). It is interesting to not@articularly inward C&-sensitive Ct currents have been less
that some adult DUM neurones that do not express LV& Ca studied. Hyperpolarization-activated inward @lirrents were
currents (F. Grolleau and B. Lapied, personal observation$yst characterized implysia neurones (Chesnoy-Marchais,
display a different firing pattern with a pronounced1990). However, in some cases, these currents were only
afterhyperpolarization followed by a very slow predepolarizingevealed after Clloading of the cell using microelectrodes
phase (Fig. 2B). In this case, they are also capable abntaining a high concentration of Cindicating that these
generating spontaneous action potential, but at a lowewurrents were not active under normal physiological

frequency. conditions. In TAG DUM neurones, hyperpolarizing voltage
) ) o pulses elicit a slowly activated inward Glurrent that does

lonic channels activated upon hyperpolarization not require Ciloading for its detection (Raymond and Lapied,

Inward rectifier K channel: properties and physiological 1999). This inward current is activated over a range of
implications potential 20mV more positive than the inward rectifier K

Another type of voltage-dependent current, thecurrents (half-activation at99 mV) and does not inactivate
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during the hyperpolarizing voltage pulse. The estimatedesting membrane potential is not only due tb f€sting
reversal potential is very close to the calculated equilibriuncurrents but also suggests the involvement of, at leasamth

CI- potential and is not affected by changes in externaCe* resting currents (Goodman and Spitzer, 1981a; Lapied et
K* and N& concentrations. Intracellularly applied 4,4 al., 1989; Wicher and Reuter, 1993).
diisothiocyanostilbene-2'2lisulfonic acid (DIDS) and 4-

acetamido-4isothiocyanostilbene-2 lisulfonic acid (SITS) Ca?* resting current

and external application of Znglselectively inhibit the The first experimental evidence revealing the existence of a
inward CI current. One of the most interesting features of thisCa* resting current in DUM neurones came from experiments
hyperpolarization-activated inward <Tlcurrent is its performed with neurohormone D, which elevated intracellular
sensitivity to internal Ci& concentration. Cd-free saline or C&* concentrationvia the potentiation of a putative €a
internal application of a high concentration of 1,2-bis-resting current (Wicher and Reuter, 1993). Voltage-clamp
(2-aminophenoxy)ethang;N,N’,N-tetra-acetate (BAPTA), experiments performed later on both cockroach TAG and fifth
known to be an efficient Cachelator, completely blocks the abdominal ganglion DUM neurones have confirmed the
CI~ current, indicating that an influx of extracellular?€&  participation of such currents in the regulation of firing
required for activation of this current. This observation wagroperties (Wicher et al., 1994; Heine and Wicher, 1998). The
not easy to understand: how could the influx o#'Gativate  resting C&* current is voltage-independent and flows at the
a hyperpolarization-activated inward current? An interestingesting membrane potential. The current—voltage relationship
hypothesis, however, has been proposed, on the basis inflicates that the size of the current increases when the
results obtained previously in the same preparation and in tmembrane potential is hyperpolarized to levels more negative
fifth abdominal ganglion DUM neurones (Wicher et al., 1994than -50 mV. There is no indication of a contribution from
Heine and Wicher, 1998). These authors have clearlia*, K* or CI to this current (Wicher et al., 1994), indicating
characterized a voltage-independent'@airrent functional at  that it is predominantly permeable to%CaThe resting current

the resting membrane potential and flowing at hyperpolarizeis strongly reduced by cadmium chloride (0.1 mm¥lknd
potentials (see below). Because increasing hyperpolarizatiomhen external Cd concentration is reduced from 5mmndl |
(more negative than60 mV) increases the size of this resting (normal conditions) to 0.5 mmafl. It is also reduced by non-
Ca* current and, consequently, elevates intracellulad* Ca selective cation current blockers such as 5-nitro-2-(3-
concentration (Heine and Wicher, 1998), it is tempting tghenylpropylamino) benzoic acid (NPPB) and mefenamic
suggest a contribution from such a current to the activation @fcid. In contrast, the €aresting current is potentiated by
the hyperpolarization-activated €asensitive Ct current. neurohormone D in a concentration-dependent manner.

The functional significance of this Tlcurrent in the The Ca&* resting current seems to play an important
regulation of DUM neurone excitability has only beenphysiological role in the control of DUM neurone spike
suggested. Because the intracellular €bncentration is frequency (Wicher et al., 1994) and also in the regulation of
maintained at a relatively low level by active outwardlyintracellular C&* concentrationvia a C&*-induced C&*-
directed furosemide-sensitive W{* cotransport (Dubreil et released (CICR) mechanism involving ryanodine-sensitive
al., 1995), the inward C&sensitive Ci current is functional channels rather than inositol trisphosphate channels (Heine and
in pacemaker DUM neurones under physiological conditions/icher, 1998).

On the basis of its activation threshot®6Q mV), this inward

current could help to maintain spontaneous electrical activitia" resting current

by limiting excessive hyperpolarization induced, for example, The N& resting current was described in locust

by endogenously released inhibitory neurotransmitters such asetathoracic ganglion DUM neurones (Goodman and

y-aminobutyric acid (GABA; Dubreil et al., 1994). Spitzer, 1981a). This study reported that DUM neurones

hyperpolarized by over 10 mV when Navas replaced by

Tris or choline, suggesting that the participation of the resting

conductance of Nais essential in maintaining the resting
Resting ionic channels membrane potential nea60 mV. Similar observations were

Another less well-studied population of ionic channelsmade bothin situ and in isolated cockroach TAG DUM
termed the resting (background) ionic channels, also playsreurones (Lapied et al., 1989). It was shown that the resting
key role in the regulation of DUM neurone excitability. membrane potential was dependent on the externdl Na
Previous electrophysiological investigations performed ortoncentration. The hyperpolarization observed in a reduced
cockroach and locust DUM neurones suggested and/@xternal N& concentration was mimicked by external
demonstrated the participation off KNa™ and C3&* resting  application of saxitoxin or TTX, indicating that most of the
currents in the maintenance of the resting membrane potenti@sting N& current passed through TTX-sensitive *Na
(Jego et al., 1970; Goodman and Spitzer, 1981a; Lapied et athannels. Very recently, a detailed analysis of the biophysical
1989). The relatively positive value of the resting membrangroperties of this current, using the cell-attached patch-clamp
potential of DUM neurones (betwee5 and-60mV, i.e.  configuration, has allowed a better understanding of its
above the Cland K" equilibrium potentials) indicates that the physiological implications for the regulation of DUM

Properties of resting ionic channels
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neurone excitability (Lapied et al., 1999). In the range ofvithout modifying the voltage-dependence. Interesting
normal resting membrane potentiabQ0 mV), the Na current  results were obtained with higher concentrations ofoll@h

is observed as unclustered single openings. The study of t#é¢ 100 nmol 1, the toxin produces long periods of silence
voltage-dependence of the open probability reveals a belinterrupted by bursts of increased channel activity.
shaped voltage-dependence with a maximum opemterestingly, there is a very good correlation between these
probability at-50 mV. The current—voltage relationship hasbursts and the open probability, which also appears in bursts
a slope of 36 pS, and the mean open time constant measudhigh open probability. Whole-cell experiments indicate
at-50mV is approximately 0.2 ms. Using a typical scorpionthat application of LghlT (100 nmol 1) to spontaneously
a-toxin, LghalT from Leiurus quinquestriatus hebragus active TAG DUM neurones stimulates the transition from
considered to be specific for insectNdannels, it has been rhythmic activity to burst firing (Fig. 2C). This bimodal
possible to obtain further information about the functionaflexibility is the consequence of an alteration in the behaviour
characteristics of the resting Nachannels. LghlT  of the resting Nachannel (Lapied et al., 1999). These results
(10 nmol 1) markedly alters the behaviour of the channelssuggest that the Naesting channels are necessary not only
At -50mV, the channel activity appears in bursts. Thido drive the membrane potential of DUM neurones to
bursting activity is only observed under normal conditionghreshold for firing spontaneous action potential (Lapied et
when the membrane is hyperpolarized to levels more negativ., 1989) but are also essential in determining the firing
than =70mV. The toxin increases the open probabilitypattern. In other words, these Nehannels are essential in

1
Depolarization

2

4
Predepolarization E

25mvV

40 ms

Afterhyperpolarization

Depolarization-activated currents
() Hyperpolarization-activated currents

O Resting currents

Fig. 3. Intrinsic spontaneous electrical activity in dorsal unpaired median (DUM) neurone cellibodies A model representing the ionic
currents thought to be involved in the generation of the different phases of the beating pacemakernadtvttye holtage-dependent Na
current; kna, Ik,DR, Ik,caand k,a are the N&dependent K current, the delayed rectifiericurrent, the Ci-activated K currents and the
A-like K* current, respectivelyichtand kamare the transient and maintained low-voltage-activated (LVAY @arrents. kir and ki caare

the hyperpolarization-activated inward Knd C&*-sensitive Ct currents, respectively. These two currents, together with the A-like currents,
regulate the firing frequency (horizontal bracketh, Ikr and karare the Na, K* and C&* resting currents. The dotted line represents the
putative resting membrane potential, in this modebatmV.
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maintaining rhythmic pacemaker activity in the normal rangectivation of receptor-operated €achannels can act as a
of resting membrane potential. direct or indirect (through biochemical pathways) second
messenger essential in controlling the firing pattern and,

consequently, the neuromodulatory function.
Spontaneous electrical activity from a complex

combination of ionic channels

DUM neurones appear to have intrinsic ionic mechanisms Concluding remarks — future directions
capable of producing endogenous oscillatory firing. These Patch-clamp studies, adapted for dissociated fully
mechanisms are triggered at different membrane potentidifferentiated adult DUM neurones, have revealed an
levels and involve a combination of a complex set of ioniaunexpected diversity of ionic channels. Most of the channels
currents (Fig. 3). On the basis of the main results presented dietected have been characterized with respect to their
this review, it is tempting to propose the following sequencdiophysical and pharmacological properties. The results
of events underlying spontaneous activity. Note that this isummarized in this review reveal the complexity of neuronal
only a hypothetical model restricted to cockroach abdominahembrane properties. It can be concluded that DUM neurones
ganglion DUM neurones. Additional voltage-clamp andhave a high degree of specialization in the insect central
pharmacological investigations, extended to other types afervous system. We are only beginning to learn the
DUM neurone, will provide further information about the physiological functions of somatic ionic channels in the
complexity of endogenous pacemaker activity. generation of spontaneous electrical activity. To help resolve

When DUM neurones are sufficiently depolarized to reactthese complex intrinsic membrane properties, mathematical
the high threshold of activation of voltage-dependent Namodelling should also provide new insights into the
channels {35mV), the depolarizing phase of the *Na electrophysiological properties of DUM neurones. As
dependent action potential is elicited. Both repolarization angreviously reported in vertebrate neuronal preparations
afterhyperpolarization, which follow depolarization, are(Abbott, 1994), these models were able accurately to reproduce
generated by distinct Kchannels. The Nadependent K  or predict new experimental data and/or dynamic neuronal
channels, activated in parallel with Nehannels, help to limit behaviour patterns. However, to be as accurate as possible,
the duration of the action potential. The delayed rectifiesuch computer models should be based on a wide variety of
outward K current and particularly the €adependent K experimental responses or constraints (e.g. somatic and
current contribute to the acceleration of the repolarizing phas#endritic anatomy, electrophysiological and molecular data on
and to the generation of the afterhyperpolarization. Thi®UM neurones), many of which should come directly from the
afterhyperpolarization is usually deep enough to involve ioniextensive literature. These must include data on individual
channels that are activated at relatively low potentials. Thes®mponents of the system, such as the kinetics and behaviour
channels, which are inactive at depolarized membranef the individual ionic currents, values of conductance and the
potential levels, are de-inactivated when the DUM neurone imtracellular concentrations of relevant ions as well as
hyperpolarized beyond the resting level, the time course beirgkperimental measurements of integrated responses (e.g.
dictated by the closing kinetics of the* Khannels. The action potential frequency, cytoplasmic2C#&ansients).
shutdown of the K channels that underlie the repolarization Although it is well known that spontaneous electrical
and afterhyperpolarization is sufficient to generate a smadctivity participates in many of the initial events, such as the
depolarization in the activation threshold7QmV) of the maturation of neuronal signalling properties or axon
IcdLVA Ca?* current. This C& current, which is involved in  outgrowth, in DUM neurones, the physiological role of
the initial part of the predepolarization, is essential in bringingpontaneous action potentials generated at the somatic level is
the membrane potential to the threshold of thenLVA Ca2*  not well understood. As suggested previously (Hoyle and
current activation (i.e—60mV). Finally, this mLVA C&"*  Dagan, 1978), overshooting action potentials could be required
current leads to further depolarization, which allows theéo mobilize a transmitter substance in the soma or to regulate
activation threshold of the Nachannels generating the and/or trigger its synthesis. However, we have no direct
depolarization of the action potential to be reached (Fig. 3). Iavidence for this. The use of complementary approaches,
parallel, the participation of the resting currents (see abovecluding immunocytochemistry and combined voltage- and
together with the activation of both A-like*tKand C&*  current-clamp experiments with cytofluorimetry, should help
sensitive Ci currents and the inactivation of thetLVA Ca2*  to extend our knowledge in this area. In this way, a fascinating
current, will help to regulate the action potential frequencyparallel field of investigation could be the study of the ionic
Furthermore, as we have indicated2Qapresents a key factor mechanisms involved in the generation of spontaneous somatic
in the regulation of the spontaneous electrical activity of thactivity in a developmental context. It is known that both
DUM neurone. It seems that all €ssensitive channels (see voltage-dependent and voltage-independent ionic channels
Table 1) are functional and/or regulated within only a narromundergo complex modifications during development. This
range of intracellular G4 concentration. Consequently, ©a suggests that the physiological behaviour (i.e. somatic
entering the cytoplasm during DUM neurone activity throughsignalling properties) of immature DUM neurones could be
resting and voltage-dependent 2Cahannels or following different from that of their adult counterparts. It has previously
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been demonstrated that some of the phenotypes (e.g. the timéateral cardiac nerve cords in the migratory locusbcusta
course of accumulation of octopamine, changes in nuclear andmigratoria migratorioides (Reiche & Fairmaire) (Orthoptera,
cytoplasmic volumes, chemosensitivity or axonal outgrowth) Acrididae).Int. J. Insect Morph. Embryo?8, 81-89.

expressed by identified DUM neurones change durin&r'aunig, P. and Eder, M (1993). Locust dorsal unpaired mgdian
the course of embryonic development (Goodman, 1982). (DUM) neurones dlre.ctly innervate and modulate hindleg
Consequently, it is reasonable to envisage different patterns gfproprloceptorsJ. Exp. Biol 201, 3333-3338.

ion channel development in relation to spontaneous somatic. o > M. (1996). The Neurobiology of an Insect Braioxford,
P P New York, Tokyo: Oxford University Press. 682pp.

activity. It would be interesting to know how embryonic chec 3. 3. and Boistel, J(1966). Etude de divers types d’activités
channels might be optimised for their role in mediating gjectriques enregistrées par microélectrodes capillaires au niveau

spontaneous somatic electrical activity that could influence gy dernier ganglion abdominal de la bld®riplaneta americana
secretory function and/or axonal outgrowth. In this last case, L. C.R Soc Biol. 160, 1963-1967.

the development of long-term cultured DUM neurones shoul@hesnoy-Marchais, D.(1990). Hyperpolarization-activated chloride
provide useful information. Furthermore, another relatively channels ifplysianeurons. IrChloride Channels and Carriers in
unexplored area concerns the physiological roles of Nerve, Muscle and Glial Cellgd. F. J. Alvarez-Leefmanns and J.
intracellular C&* and second-messenger systems in the final M- Russel), pp. 367-382. New York: Plenum Press. .
developmental events underlying mature electrical activity. A§ondron, B. G. and Zinn, K. (1994). The grasshopper median
reported previously in other cells (e.g. Desarmenien and neurobla_st is a multipotent progenitor cell that generates glia and
Spitzer, 1991; Gu et al., 1994), different second-messeng neurons in distinct temporal phasésNeuroscil4, 5766-5777.

: : L onnor, J. A. (1985). Neural pacemakers and rhythmiciéynu.
pathways, such as those involving protein kinases A and C, p.,, Physiold7, 17-28.

Ce*-calmodulin-dependent  protein  kinases and 2*€a connor, J. A. and Stevens, C. F(1971). Prediction of repetitive
dependent proteases, seem to play essential roles in theiring behaviour from voltage clamp data on an isolated neurone
optimisation of the immature ionic channel population. By soma.J. Physiol., Lond213 31-53.

understanding the functional properties and intracellulaConstanti, A. and Galvan, M.(1983). Fast inward-rectifying current
regulation of immature ionic channels, which help to mediate accounts for anomalous rectification in olfactory cortex neurones.
the transition between the immature and mature states ofJ. Physiol., Lond335 153-178.

excitable cells, we could obtain a better understanding of tHeo0k, H. and Orchard, I. (1993). The ionic requirements for action
physiological function for each of the mature somatic ionic potential production in the somata of serotonergic DUM neurons —

channels mediating the signal-transduction processes involved” Utative mechanisms for the modulation of activity patteBos.
. . Neurosci. Abstrl9, 300.
in secretory function.

Crossman, A. R., Kerkut, G. A., Pitman, R. M. and Walker, R. J.

(1971). Electrically excitable nerve cell bodies in the central
We are grateful to Drs B. Hue and M. Pelhate for helpful ganglion of two insect speciePeriplaneta americanaand

discussions and critical comments on the manuscript. Schistocerca gregaria Investigation of cell geometry and
morphology by intracellular dye injectionComp. Biochem.
Physiol 40A, 579-594.

References Crossman, A. R., Kerkut, G. A. and Walker, R. J.(1972).
Abbott, L. F. (1994). Decoding neuronal firing and modelling neural Electrophysiological studies on the axon pathways of specified
networks.Q. Rev. Biophy227, 291-331. nerve cells in the central ganglia of two insect speEiedplaneta
Abbott, N. J., Lane, N. J. and Bundgaard, M.(1986). The americanaand Schistocerca gregariaComp. Biochem. Physiol
blood-brain interface in invertebratednn. N.Y. Acad. Sc#81, 43A, 393-415.
20-41. Desarmenien, M. G. and Spitzer, N. (1991). Role of calcium and

Achenbach, H., Walther, C. and Wicher, D.(1997). Octopamine protein kinase C in development of the delayed rectifier potassium
modulates ionic currents and spiking in dorsal unpaired median current inXenopusspinal neuronsNeuron?, 797—805.
(DUM) neuronsNeuroRepor8, 3737-3741. Dryer, S. E. (1994). Nd-activated K channels: A new family of

Amat, C., Lapied, B., French, A. S. and Hue, B(1998). N&- large-conductance ion channelsends Neurosc23, 333-354.
dependent neuritic spikes initiate alependent somatic plateau Dubreil, V., Hue, B. and Pelhate, M. (1995). Outward
action potentials in insect dorsal paired median neurdns chloride/potassium co-transport in insect neurosecretory cells
Neurophysial 80, 2718-2726. (DUM neurones)Comp. Biochem. Physidl11A, 263-270.

Beadle, D. J. and Hicks, D.(1985). Insect nerve culture. In Dubreil, V., Sinakevitch, |. G., Hue, B. and Geffard, M.(1994).
Comprehensive  Insect  Physiology, Biochemistry  and Neuritic GABAergic synapses in insect neurosecretory cells.
Pharmacology vol. 5 (ed. G. A. Kerkut and L. I. Gilbert), pp. Neurosci. Resl9, 235-240.

181-211. Oxford: Pergamon Press. Dunbar, S. J. and Pitman, R. M.(1985). Unitary currents recorded
Bindokas, V. P. and Adams, M. E(1989).w-Aga-I: A presynaptic from the soma of identified cockroach neurones using the patch-

calcium channel antagonist from venom of the funnel web spider, clamp techniquel. Physiol., Lond367, 88P.

Agelenopsis apertal. Neurobiol 20, 171-188. Dymond, G. R. and Evans, P. D(1979). Biogenic amines in the
Boyan, G. S. and Ball, E. E(1993). The grasshoppddrosophila nervous system of the cockroacleriplaneta americana

and neuronal homology (advantages of the insect nervous systemAssociation of octopamine with mushroom bodies and dorsal

for the neuroscientistProg. Neurobial 41, 657—-682. unpaired median (DUM) neurondasect Biochemd, 535-545.

Braunig, P. (1999). Structure of identified neurons innervating theEckert, M., Rapus, J., Nurnberger, A. and Penzlin, H(1992). A



DUM neurones in the insect CNS 1647

new specific antibody reveals octopamine-like immunoreactivity in  dorsal unpaired median (DUM) neurons in a cockroach abdominal
cockroach ventral nerve cordl. Comp. Neurol320, 1-15. ganglion. InGéttingen Neurobiology Repo@d. N. Elsner and H.
Elia, A. J. and Gardner, D. R.(1990). Some morphological and  U. Schnitzler), p. 606. Goettingen: Georg Thieme Verlag.
physiological characteristics of an identifiable dorsal unpairedHamill, O. P., Marty, A., Neher, E., Sakmann, B. and Sigworth,
median neurone in the metathoracic ganglion of the cockroach F. J. (1981). Improved patch-clamp techniques for high-resolution
Periplaneta americanéL.). Comp. Biochem. Physid5C, 55—-62. current recording from cells and cell-free membrane patches.
Evans, P. D. (1985). Octopamine. InComprehensive Insect Pfligers Arch391, 85-100.
Physiology, Biochemistry and Pharmacolpgyl. 11 (ed. G. A.  Harrow, I. D., Hue, B., Pelhate, M. and Sattelle, D. B(1980).
Kerkut and L. I. Gilbert), pp. 499-530. Oxford: Pergamon Press. Cockroach giant interneurones stained by cobalt-backfilling of
Ferber, M. and Pfliger, H. J.(1992). An identified dorsal unpaired  dissected axons. Exp. Biol 84, 341-343.
median neurone and bilaterally projecting neurones exhibitingdeine, M. and Wicher, D.(1998). C&* resting current and C&
bovine pancreatic polypeptide-like/FMRF amide-like induced C&" release in insect neurosecretory neurons.
immunoreactivity in abdominal ganglia of the migratory locust. NeuroRepor®, 3309-3314.

Cell Tissue Re67, 85-98. Heitler, W. J. and Goodman, C. S(1978). Multiple sites of spike
Garcia, M. L., Galvez, A., Garcia-Calvo, M., King, V. F., Vasquez, initiation in a bifurcating locust neurond. Exp. Biol 76, 63—-84.

J. and Kaczorowski, G. J.(1991). Use of toxins to study Hille, B. (1992).lonic Channels for Excitable Membranésd. B.

potassium channeld. Bioenerg. Biomemb23, 615—645. Hille and M. A. Sunderland). Massachusetts: Sinauer. 607pp.
Goodman, C. S.(1982). Embryonic development of identified Howes, E. A., Cheek, T. R. and Smith, P. J. $1991). Long-term

neurons in the grasshopper. Nieuronal Developmer{ed. N. C. growthin vitro of isolated, fully differentiated neurones from the

Spitzer), pp. 171-212. New York, London: Plenum Press. central nervous system of an adult insett.Exp. Biol 156

Goodman, C. S. and Heitler, W. J(1979). Electrical properties of 591-605.
insect neurones with spiking and non-spiking somata: normaHoyle, G. and Burrows, M. (1973). Neural mechanisms underlying

axotomized and colchicine-treated neuronés Exp. Bial 83, behavior in the locusSchistocerca gregarial. Physiology of

95-121. identified motoneurons in the metathoracic ganglioMNeurobiol.
Goodman, C. S., Pearson, K. G. and Spitzer, N. Q1980). 4, 3-41.

Electrical excitability: A spectrum of properties in the progeny ofHoyle, G. and Dagan, D(1978). Physiological characterization and

a single embryonic neuroblaf®roc. Natl. Acad. Sci. USA7, reflex activation of DUM (octopaminergic) neurons of locust

1676-1680. metathoracic gangliord. Neurobiol 9, 59-79.

Goodman, C. S. and Spitzer, N. Q1979). Embryonic development Hoyle, G., Dagan, D., Moberly, B. and Colquhoun, W(1974).
of identified neurones: differentiation from neuroblast to neurone. Dorsal unpaired median insect neurons make neurosecretory
Nature280, 208-214. endings on skeletal musclé. Exp. Zoal187, 159-165.

Goodman, C. S. and Spitzer, N. C(1981a). The mature electrical Jego, P., Callec, J. J., Pichon, Y. and Boistel, §1970). Etude
properties of identified neurones in grasshopper embryos. électrophysiologique de corps cellulaires excitables du Ve
Physiol., Lond313 369-384. ganglion abdominal deeriplaneta americanaAspects électriques

Goodman, C. S. and Spitzer, N. C(1981b). The development of et ioniquesC.R. Soc. Bioll64, 893-903.
electrical properties of identified neurones in grasshopper embryoKerkut, G. A., Pitman, R. M. and Walker, R. J. (1968). Electrical
J. Physiol., Lond313 385-403. activity in insect nerve cell bodiekife Sci 7, 605-607.

Grolleau, F. and Lapied, B.(1994). Transient Naactivated K Kostyuk, P. G. (1999). Low-voltage activated calcium channels:
current in beating pacemaker isolated adult insect neurosecretory Achievements and problemseuroscienc®2, 1157-1163.
cells (DUM neuronesiNeurosci. Lett167, 46-50. Lapied, B., Le Corronc, H. and Hue, B(1990a). Sensitive nicotinic

Grolleau, F. and Lapied, B.(1995a). Separation and identification  and mixed nicotinic-muscarinic receptors in insect neurosecretory
of multiple potassium currents regulating the pacemaker activity of cells.Brain Res533 132-136.
insect neurosecretory cells (DUM neuronk).Neurophysiol 73, Lapied, B., Malecot, C. O. and Pelhate, M(1989). lonic species

160-171. involved in the electrical activity of single aminergic neurones
Grolleau, F. and Lapied, B.(1995b). Evidence for the contribution  isolated from the sixth abdominal ganglion of the cockroach

of a novel low voltage-activated €acurrent in regulating Periplaneta americana. J. Exp. Bidl44, 535-549.

pacemaker activity of insect neurosecretory céliPhysiol., Lond. Lapied, B., Malecot, C. O. and Pelhate, M(1990b). Patch-clamp

489 67P. study of the properties of the sodium current in cockroach single

Grolleau, F. and Lapied, B.(1996). Two distincts low-voltage- isolated adult aminergic neuronds.Exp. Biol.151, 387—403.
activated C&" currents contribute to the pacemaker mechanism irLapied, B., Sinakewitch, I. G., Grolleau, F. and Hue, B(1994).
cockroach dorsal unpaired median neurahsNeurophysiol 76, DUM neurones in the cockroach TAG: Morphological,
963-976. electrophysiological and pharmacological aspects. Ihsect

Grolleau, F., Lapied, B., Buckingham, S. D., Mason, W. T. and Neurochemistry and Neurophysiolofgd. M. J. Loeb and A. B.
Sattelle, D. B.(1996). Nicotine increases [€% and regulates Borkovec), pp. 101-104. Boca Raton, FL: CRC Press.
electrical activity in insect neurosecretory cells (DUM neurgiss) Lapied, B., Stankiewicz, M., Grolleau, F., Rochat, H., Zlotkin, E.
an acetylcholine receptor with ‘mixed’ nicotinic—muscarinic and Pelhate, M. (1999). Biophysical properties of scorpion
pharmacologyNeurosci. Lett220, 142-146. toxin-sensitive background sodium channel contributing to the

Gu, X., Olson, E. C. and Spitzer, N. C.(1994). Spontaneous pacemaker activity in insect neurosecretory cells (DUM neurons).
neuronal calcium spikes and waves during early differentialion.  Eur. J. Neuroscill, 1449-1460.

Neurosci 14, 6325-6335. Lapied, B., Tribut, F., Sinakevitch, I. G., Hue, B. and Beadle, D.

Gundel, M., Mébius, P. and Wicher, D.(1996). Different types of J. (1993). Neurite regeneration of long-term cultured adult insect



1648 F. GrRoOLLEAU AND B. LAPIED

neurosecretory cells identified as DUM neurdrissue & Cell25, immunoreactivities in the nervous system of the migratory locust.
893-906. J. Comp. Neurol404, 86-96.

Lithi, A. and McCormick, D. A. (1998). H-current: Properties of a Stevenson, P. A. and Spoérhase-Eichmann, (11995). Localization
neuronal and network pacemakieuron21, 9-12. of octopaminergic neurones in insed®@mp. Biochem. Physiol

Morton, D. B. and Evans, P. D.(1984). Octopamine release from 1107, 203-215.
an identified neurones in the locuschistocerca americana Swales, L. S. and Evans, P. [§1994). Distribution of myomodulin-
gregaria J. Exp. Biol 113 269-287. like immunoreactivity in the adult and developing ventral nervous
Nurnberger, A., Rapus, J., Eckert, M. and Penzlin, H(1993). system of the locusichistocerca gregarial. Comp. Neurol343
Taurine-like immunoreactivity in octopaminergic neurones of 263-280.
the cockroach,Periplaneta americanalL.). Histochem. 100, Tanaka, Y. and Washio, H. (1988). Morphological and
285-292. physiological properties of the dorsal unpaired median neurons of
Orchard, 1., Lange, A. B., Cook, H. and Ramirez, J. M(1989). A the metathoracic ganglio@omp. Biochem. Physid®1A, 37-41.
subpopulation of dorsal unpaired median neurons in the bloodFhomas, M. V. (1984). Voltage-clamp analysis of a calcium-
feeding insect Rhodnius prolixus displays serotonin-like mediated potassium conductance in cockroaéteriflaneta

immunoreactivity.J. Comp. Neurol289, 118-128. americana central neurones. Physiol., Lond350, 159-178.

Orchard, I., Ramirez, J. M. and Lange, A. B. (1993). A  Thompson, K. J. and Siegler, M. V. S.(1991). Anatomy and
multifunctional role for octopamine in locust fliglinu. Rev. Ent. physiology of spiking local and intersegmental interneurons in the
38, 227-249. median neuroblast lineage of the grasshoppeComp. Neurol.

Pape, H. C. (1996). Queer current and pacemaker. The 305 659-675.
hyperpolarization-activated cation current in neuréx®u. Rev.  Titmus, M. J. and Faber, D. S(1990). Axotomy-induced alterations
Physiol 58, 299-327. in the electrophysiological characteristics of neuroRsog.
Pelhate, M., Pichon, Y. and Beadle, D. J1990). Cockroach axons Neurobiol 35, 1-51.
and cell bodies: Electrical activity. lBockroaches as Models for Tribut, F., Lapied, B., Duval, A. and Pelhate, M. (1991). A

Neurobiology: Applications in Biomedical Reseafel. 1. Huber, neosynthesis of sodium channels is involved in the evolution of the
E. P. Masler and B. R. Rao), pp. 131-148. Boca Raton, FL: CRC sodium current in isolated adult DUM neuroRfliigers Arch419,
Press. 665-667.

Pelhate, M., Stankiewicz, M. and Ben khalifa, R(1998). Anti-  Triggle, D. J. (1999). The pharmacology of ion channels: with
insect scorpion toxins: Historical account, activities and prospects. particular reference to voltage-gated 2€achannels. Eur. J.

C.R. Soc. Biol192, 463-484. Pharmac 375, 311-325.

Penzlin, H. (1989). Neuropeptides — occurrence and function inUsherwood, P. N. R., Giles, D. and Suter, ©1979). Studies of the
insects Naturwissenschaften6, 243—-252. pharmacology of insect neuroirs vitro. In Insect Neurobiology
Plotnikova, S. N.(1969). Effector neurones with several axons in the and Pesticide ActionNeurotox 1979), pp. 115-128. London:

ventral nerve cord of the Asian grasshoppsrusta migratoriaJ. Society of the Chemical Industry.

Evol. Biochem. Physiob, 276-277. Veenstra, J. A. and Davis, N. T(1993). Localization of corazonin
Pollack, A. J., Ritzmann, R. E. and Westin, J(1988). Activation in the nervous system of the cockro&driplaneta americana. Cell

of DUM cell interneurons by ventral giant interneurons in the Tissue Re274, 57-64.

cockroach Periplaneta americanal. Neurobiol 19, 489-497. Washio, H. and Tanaka, Y.(1992). Some effects of octopamine,

Raymond, V. and Lapied, B.(1999). Hyperpolarization-activated proctolin and serotonin on dorsal unpaired median neurones of
inward potassium and calcium-sensitive chloride currents in cockroach Periplaneta americanathoracic ganglia.J. Insect
beating pacemaker insect neurosecretory cells (dorsal unpairedPhysiol 38, 511-517.

median neuronsNeuroscienc®3, 1207-1218. Watson, A. H. D.(1984). The dorsal unpaired median neurons of the
Roeder, T.(1999). Octopamine in invertebrat®sog. Neurobial 59, locust metathoracic ganglion: Neuronal structure and diversity and
533-561. synapse distributionl. Neurocytal 13, 303-327.
Rudy, B. (1988). Diversity and ubiquity of K channeléeuroscience  Wicher, D. and Penzlin, H.(1994). C&* currents in cockroach
25, 729-749. neurones: properties and modulation by neurohormone D.
Sinakevitch, I. G., Geffard, M., Pelhate, M. and Lapied, B(1994). NeuroReporb, 1023-1026.
Octopamine-like immunoreactivity in the DUM neurons Wicher, D. and Penzlin, H.(1997). C&* currents in central insect
innervating the accessory gland of the male cockr&aciplaneta neurons: Electrophysiological and pharmacological propedies.
americana(L.). Cell Tissue Re76, 15-21. Neurophysial 77, 186—199.

Sinakevitch, I. G., Geffard, M., Pelhate, M. and Lapied, B(1996).  Wicher, D. and Penzlin, H.(1998).w-Toxins affect N& currents in
Anatomy and targets of dorsal unpaired median neurones in the neurosecretory insect neuroieceptors & Channels, 355-366.
terminal abdominal ganglion of the male cockro&&riplaneta  Wicher, D. and Reuter, G.(1993). Neurohormone D increases the
americanaJ. Comp. Neurol367, 147-163. intracellular C&* level in cockroach neurones through a?td

Smith, P. J. S. and Howes, E. A(1996). Long-term culture of sensitive C#&t influx. Neurosci. Lett159, 13-16.
fully differentiated adult insect neurond. Neurosci. Meth69, Wicher, D., Walther, C. and Penzlin, H.(1994). Neurochormone D

113-122. induces ionic current changes in cockroach central neurdnes.
Stankiewicz, M., Grolleau, F., Lapied, B., Borchani, M., El Ayeb, Comp. PhysiolA 174, 507-515.

M. and Pelhate, M. (1996). Bot I, a toxin paralytic to insects Yasuyama, K., Kimura, T. and Yamaguchi, T.(1992). Proctolin-

from theButhus occitanus tunetanuenom modifying the activity like immunoreactivity in the dorsal unpaired median neurons

of insect sodium channeld. Insect Physiol2, 397—405. innervating the accessory gland of the male crickatlus

Stevenson, P. A(1999). Colocalisation of taurine- with transmitter-  bimaculatus. Zool. Sc9, 53—-64.



