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Abstract The buccal ganglia of the mollusc, Lymnaea

stagnalis, contain two distinct but interacting rhythm-

generating units: the central pattern generator for the

buccal rhythm and nitrergic B2 neurons controlling gut

motility. Nitric oxide (NO) has previously been demon-

strated to be involved in the activation of the buccal

rhythm. Here, we found that NO-generating substances

(SNP and SNAP) activated the buccal rhythm while

slowing the endogenous rhythm of B2 bursters. The

inhibitor of NO-synthase, L-NNA, the NO scavenger

PTIO, or the inhibitor of soluble guanylyl cyclase, ODQ,

each produced opposite, depolarising effects on the B2

neuron. In isolated B2 cells, only depolarising effects of

substances interfering with NO production or function

(PTIO, L-NNA and ODQ) were detected, whereas the NO

donors had no hyperpolarising effects. However, when an

isolated B2 cell was placed close to its initial position in

the ganglion, hyperpolarising effects could be obtained

with NO donors. This indicates that extrasynaptic release

of some unidentified factor(s) mediates the hyperpolarising

effects of NO donors on the B2 bursters. The results sug-

gest that NO is involved in coordination between the radula

and foregut movements and that the effects of NO are

partially mediated by the volume chemical neurotrans-

mission of as yet unknown origin.

Keywords CPG � Extrasynaptic transmission �
Volume transmission � Nitrergic neuron � Mollusc

Abbreviations

L-NNA N-Nitro-l-arginine

ODQ 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one

PTIO 2-Phenyl-4,4,5,5-tetramethylimidazonine-l-

oxyl-3-oxide

SNAP s-Nitroso-N-acetylpenicillamine

SNP Sodium nitroprusside

Introduction

Interactions among rhythmically active neuronal circuits

are important for generating complex behaviours, yet little

is known about their underlying cellular mechanisms. We

addressed this issue in the Lymnaea stagnalis buccal gan-

glia, which contain two distinct but interacting rhythm-

generating units. Firstly, they have a well-characterised

central pattern generator for the buccal (radula) rhythm

(Benjamin and Rose 1979; Elliott and Susswein 2002) and

secondly, they contain neurons that have been identified as

controlling gut motility (Perry et al. 1998). The latter are a

bilaterally symmetrical pair of NO-synthesising neurons

called B2 cells, which innervate the foregut and directly

modulate its motility (Perry et al. 1998; Sadamoto et al.

1998; Moroz et al. 2005). The B2 cells receive excitatory

input from the central pattern generator during the second

phase of the buccal rhythm (Benjamin and Rose 1979; Park

et al. 1998) and also demonstrate ‘‘fast’’ bursting rhythm

that is independent of and more frequent than the buccal

rhythms (Benjamin and Rose 1979).

The role of NO in chemical sensory activation of the

buccal central pattern generator has been well documented

in electrophysiological, behavioural and genetic studies
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(Moroz et al. 1993; Elphick et al. 1995; Sadamoto et al.

1998; Korneev et al. 2002). Whether NO is also capable of

affecting the B2 burster, thus controlling gut motility,

remains unknown. It is intriguing that the B2 is a NO-

synthesising neuron itself, and a number of principal

interneurons of the buccal central pattern generator are

located in close vicinity to the B2 soma (Korneev et al.

1998; Park et al. 1998; Sadamoto et al. 1998; Staras et al.

1998). Experiments using NO-sensitive microelectrodes

suggested that NO is released from the soma of the B2

neurons (Kobayashi et al. 2000). This release corresponds

to the bursting activity of the B2 cell and theoretically may

affect the surrounding neurons.

We started the elucidation of the complex interplay

between NO and two independent but transitory phase-

locked generators, one of which produces NO by itself, in

order to answer the question of whether and how NO

affects and coordinates the B2 rhythm with the activation

of the buccal central pattern generator. Part of the pre-

liminary data was published in symposium material

(Dyakonova and Dyakonova 2008a) and as a brief com-

munication in Russian (Dyakonova and Dyakonova

2008b).

Materials and methods

Mature specimens of Lymnaea stagnalis were taken from a

breeding colony kept in dechlorinated tap water at room

temperature and fed on lettuce. The central ganglia were

dissected from an animal anaesthetised with an injection of

0.1 mM MgCl2, placed into a 2.5 mg/ml solution of

pronase E (Sigma) for 15 min, washed in standard snail

Ringer (50 mM NaCl, 1.6 mM KCl, 4 mM CaCl2, 4 mM

MgCl2, 10 mM Tris, pH 7.6) and pinned down to Sylgard

in a 4-ml chamber. The connective tissue sheath was then

removed from the buccal ganglia, and the preparation was

kept undisturbed for 1 h prior to use in experiments.

To monitor buccal central pattern generator activity, the

B4 and B4Cl motoneurons were used, which demonstrate

all three phases of the standard buccal rhythm (Staras et al.

1998). Visual identification of the B2, the B4 and B4Cl

neurons was performed based on their location and size

according to Benjamin and Rose (1979). The neurons were

impaled with a standard glass microelectrode (10–20 MX,

3 M KCl). Isolation of the B2 neurons was done as in the

previous studies (Dyakonova 1991; Dyakonova et al.

2009). Briefly, using the microelectrode as a pull, the

neuron was gently pulled out of the tissue until separation

of the proximal neurite from the neuropile was achieved.

The isolated neuron impaled with the microelectrode was

moved away from the ganglion at a distance of at least

one ganglion diameter. All steps were performed in a

continuous stream of Ringer’s solution (0.75 ml/min).

A standard set-up for microelectrode recording was used.

All data were stored in computer files using the SpikeC3

program.

An inhibitor of NO-synthase, N-nitro-L-arginine (L-NNA,

0.5 mM), a scavenger of NO, 2-phenyl-4,4,5,5-tetra-

methylimidazonine-l-oxyl-3-oxide (PTIO, 0.25 mM),

donors of NO, sodium nitroprusside (SNP, 0.1; 0.5 mM) and

s-nitroso-N-acetylpenicillamine (SNAP, 1 mM), and a

selective inhibitor of soluble guanylyl cyclase, 1H-

[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ, 0.02;

0.05 mM), were all obtained from Sigma and applied to the

bath by switching superfusion inflow reservoirs. Since the

effectiveness of all drugs had been tested earlier in molluscan

nervous systems, the applied concentrations were chosen in

accordance with available data (Moroz et al. 1993, 1994; Park

et al. 1998; Koh and Jacklet 1999). The significance of the

differences in spike frequency prior to and after drug

administration was tested by the non-parametric paired

Wilcoxon signed-rank test for dependent samples using

the STATISTICA program (StatSoft, Inc. 1993). All values

are given as mean with standard error and level of

significance.

Results

Relationships between the buccal and the B2 rhythms

in isolated untreated CNS

We analysed 47 untreated preparations in which the B2 cell

activity and the buccal rhythm were simultaneously

recorded. The B2 cells generated their fast rhythm

(Figs. 1c, 2) in 33 of 47 cases: in 14 of 15 preparations with

the silent buccal central pattern generator and in 19 of 28

preparations with the active central pattern generator. The

central pattern generator was considered active indepen-

dently of the period of rhythm generation (from 4 s up to

60 s). This included only three preparations demonstrating

fast feeding (4–10 s) and 25 preparations with a slow

rhythmic activity. Slow feeding rhythms had previously

been described in Lymnaea, they are generated by the same

buccal central pattern generator and include the same three

phases characteristic for the fast feeding (Elliott and

Vehovszky 2000; Kemenes et al. 2001).

The B2 membrane potential was significantly higher in

preparations with active buccal central pattern generator:

-62.2 ± 2.6 versus -52.8 ± 2.1 in preparations with

silent generator, P \ 0.05, Kolmogorov–Smirnov test

(Fig. 1a). The latter suggests that B2 activity is generally

down-regulated by activation of buccal rhythm.

The pattern of B2 firing during buccal rhythm genera-

tion varied among preparations (Fig. 1b, c). Besides
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previously reported and invariably observed excitatory

input during the second phase (Benjamin and Rose 1979)

(Fig. 1b, c), two other factors influenced the B2 activity

pattern during feeding: tonic polarisation during the entire

feeding period (Fig. 1a, b) and phase-locked giant hyper-

polarising waves (Fig. 1b, c).

Giant hyperpolarising waves, are slowly developing

waves that reach a maximum of -30 mV in amplitude with

Fig. 1 Coordination of buccal

central pattern generator and B2

burster in untreated CNS

preparations. a The mean level

of the B2 membrane potential

(MP) in preparations with active

buccal central pattern generator

(CPG) versus preparations with

silent buccal CPG, *P \ 0.05,

Kolmogorov–Smirnov test.

b, c Various types of

coordination between buccal

central pattern generator and B2

activities. b Hyperpolarisation

of the B2 neuron during period

of buccal rhythm activation is

interrupted by excitatory

second-phase input [MP
-60 mV (B4) and -60 mV

(B2)]. c Two cycles of slow

buccal rhythm correlate with the

occurrence of giant

hyperpolarising waves in the B2

[MP -45 mV (B4) and

-70 mV (B2)]. Excitatory

second-phase input is also seen.

Central pattern generator

activity is monitored by

recording activity of B4

motoneurons everywhere. Three

phases of the standard buccal

cycle (1, 2 and 3)

Fig. 2 Sodium nitroprusside

activates buccal rhythm and

simultaneously hyperpolarises

the B2 burster. In the B2, SNP

(SNP, 0.5 mM) increases the

number of giant hyperpolarising

waves, which are strongly

associated with buccal cycles

(see # for details). Central

pattern generator activity is

monitored by recording activity

of B4 motoneuron. Three phases

of the standard buccal cycle

(1, 2 and 3). [MP -67 mV (B4)

and -71 mV (B2)]
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duration of 60 s with no identifiable IPSPs (Fig. 1b, c),

have also been previously observed in B2 cells but inde-

pendently of the buccal central pattern generator activity

(Benjamin and Rose 1979). Their origin remains unknown.

Our analysis indicates that the occurrence of giant hyper-

polarising waves correlates strongly with a slow activity of

the buccal central pattern generator. Giant hyperpolarising

waves were observed in only 2 of the 15 cases of silent

central pattern generator, in contrast to 25 from 28 cases

with active central pattern generator (P \ 0.001,

F = 16.6). During slow feeding, giant hyperpolarising

waves occur during the third phase (Fig. 1b, c).

Our data demonstrate that there are several types of

coordination between the buccal central pattern generator

and the B2 activity (Fig. 1b, c). However, statistical ana-

lysis indicates that, in most cases in untreated preparations,

B2 activity is down-regulated by activation of the buccal

central pattern generator.

NO donors activate buccal rhythm

and hyperpolarise B2 neurons

In preparations of isolated CNS with buccal ganglia, the

NO donor sodium nitroprusside (SNP, 0.5 mM) activated

the buccal rhythm and slowed the B2 rhythm (Fig. 2). In

the B2 neuron, SNP caused tonic hyperpolarisation and

activated periodical giant hyperpolarising waves, which

are associated with the buccal cycles (Fig. 2, low trace).

The mean frequency of the B2 cell spiking was 44 ± 8

and 17 ± 7 AP/min prior to and in 5 min of SNP appli-

cation, respectively, n = 15, z = 2.6, P \ 0.01 paired

Wilcoxon signed-rank test for dependent samples

(Fig. 3b).

Similar hyperpolarising effects on the B2 neuron were

produced by the other NO-generating chemical SNAP

(1 mM, Fig. 3a, b). SNAP activated giant hyperpolarising

waves and decreased firing rate (from 58 ± 6 to

23 ± 9 AP/min, n = 9, z = 2.6, P \ 0.01 paired Wilco-

xon signed-rank test for dependent samples).

Activation of the buccal central pattern generator asso-

ciated with hyperpolarisation of the B2 neurons and

induction of giant hyperpolarising waves was also observed

in preparations of buccal ganglia disconnected from the

other parts of CNS via cutting of the cerebral-buccal

connections and treated with NO donors (n = 12, not

illustrated). Earlier similar effects were obtained with long-

term stimulation of the B2 cell by depolarising current

(Dyakonova and Dyakonova 2008b). These findings dem-

onstrate that NO targets that provide NO effects on the

feeding system also exist in the buccal ganglia. The effects

of NO on isolated B4 motoneurons (Moroz et al. 2005;

Straub et al. 2007) also support the conclusion that NO can

act directly on the buccal system of Lymnaea.

ODQ, an inhibitor of NO-sensitive guanylyl cyclase,

activates B2 neurons and decreases the hyperpolarising

effects of SNP

In molluscs, as well as in mammals, a major part of the

effects of NO seems to be mediated via NO-sensitive gua-

nylyl cyclase (Huang et al. 1998; Koh and Jacklet 1999). 1H-

[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ), whose

binding site is competitive with NO, is a highly selective

inhibitor of soluble guanylyl cyclase. The effectiveness of

this drug has been previously demonstrated in various

invertebrates, including molluscs (Koh and Jacklet, 1999).

To test whether the observed effects of NO elevation are

dependent upon cGMP-cyclase activity, we pre-treated the

preparation with ODQ for 15–20 min.

The 0.05 mM ODQ treatment for 5 min produced

depolarisation in the B2 neuron (Fig. 4a, b), and this effect

increased up to the tenth minute of ODQ application. The

rate of B2 firing was 27 ± 6 versus 61.4 ± 14 AP/min

prior to and after ODQ treatment, respectively (n = 10,

Fig. 3 The effects of NO donors on the B2 burster activity in situ.

a The record of SNAP (0.1 mM) hyperpolarising effect on the B2

activity (MP -67 mV). b The mean firing rate of the B2 cell prior to

and after 5 min of application of NO donors SNP and SNAP, firing

rate is measured in spikes/min, action potentials are measured per

minute, and all values are reported as mean with SEM, **P \ 0.01,

the paired Wilcoxon test
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P = 0.02, z = 2.2, paired Wilcoxon signed-rank test for

dependent samples). The effect was observed even in

preparations with initially silent buccal central pattern

generator, thus suggesting the existence of tonic NO

release and tonic NO impact on the activity of the buccal

system. In preparations that initially showed giant hyper-

polarising waves, ODQ slowly decreased their occurrence;

in some cases they disappeared completely (Fig. 4a).

SNP effects were significantly decreased by pre-treatment

with ODQ (Fig. 4c, d). There was no significant change in

the mean firing rate after SNP administration in ODQ:

35 ± 9 versus 32 ± 10 AP/min prior to and after 5 min of

SNP treatment, respectively (n = 9, P = 0.57, paired Wil-

coxon signed-rank test for dependent samples). This dem-

onstrates that the observed effects of NO are at least partially

mediated via activation of soluble guanylyl cyclase.

L-NNA, an inhibitor of NO-synthase, as well as the NO

scavenger PTIO, activates the B2 neuron

The excitatory effects of ODQ indicated that there is a

tonic impact of the nitrergic system on the activity of the

buccal ganglia and on the B2 neuron. This agrees with our

observation of tonic B2 activity in most preparations tested,

including those with silent buccal central pattern generator.

To further verify this suggestion, we tested the effects of

two drugs, which decrease the NO level by different

means. Specifically, we examined the effects of L-NNA, a

non-specific inhibitor of NO-synthase previously tested in

invertebrates, including molluscs (Huang et al. 1997;

Kobayashi et al. 2000; Zayas and Trimmer 2007), and the

widely used NO scavenger PTIO on the activity of the B2

cells.

L-NNA depolarised the B2 neuron and enhanced the fast

B2 rhythm (Fig. 5a, b). The drug also abolished giant

hyperpolarising waves in preparations where they were

previously seen. The mean spiking rate was 28.3 ± 9

versus 58 ± 10 AP/min prior to and after L-NNA treat-

ment, respectively (n = 14, z = 2.9, P = 0.0035, paired

Wilcoxon signed-rank test for dependent samples). The

effect of L-NNA could be reversed by washing out the drug

(not illustrated). SNP administration in the presence of

L-NNA resulted in the immediate hyperpolarisation and

re-occurrence of giant hyperpolarising waves (Fig. 5a).

Fig. 4 The inhibitor of soluble guanylyl cyclase ODQ enhances the

B2 neuron activity and abolishes the effect of SNP in situ. a The

record of ODQ (0.05 mM) effect on the B2 activity. ODQ increases

the B2 activity and abolishes the giant hyperpolarising waves (MP
-67 mV). b The mean firing rate of the B2 neurons prior to and after

5 min of application of 0.05 mM ODQ, firing rate is measured in

spikes/min, action potentials are measured per minute, and all values

are reported as mean with SEM, *P \ 0.05, the paired Wilcoxon test.

c The record of SNP (0.5 mM) effect on B2 neuron in CNS pre-

treated with 0.05 mM ODQ for 15 min, hyperpolarising effect of SNP

significantly abolished [compare with Figs. 1, 2, (MP -67 mV)].

d The mean firing rate of the B2 neurons pre-treated with ODQ for

15 min prior to and after 5 min of application of SNP in ODQ, firing

rate is measured in spikes/min, action potentials are measured per

minute, and all values are reported as mean with SEM, the results of

paired Wilcoxon test show no difference
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PTIO caused a similar depolarising effect reversible by

washing (Fig. 6a, b). The mean spiking rate was

25 ± 10 sp/min versus 72 ± 10 AP/min prior to and after

PTIO treatment (n = 8, z = 2.4, P = 0.018 paired

Wilcoxon signed-rank test for dependent samples). Giant

hyperpolarising waves could also be abolished by the drug.

The effects of both L-NNA and PTIO, which decrease

the NO level by different means, were opposite to the

effects of NO donors and similar to the effect of ODQ, an

inhibitor of the target of NO. Their effectiveness in

untreated preparations confirm the suggestion that NO is

endogenously released in the nervous system of Lymnaea

and that the level of NO controls the activity of the nit-

rergic neuron B2 via a negative feedback loop.

The responses of isolated B2 neurons to changes

in the NO level

The data presented above indicate that NO coordinates the

buccal central pattern generator and B2 activity via a

reciprocal effect on these two generators and via activation

of giant hyperpolarising waves in the B2 cell. We thought

to determine whether the observed effects of NO on B2

activity are direct or whether they are mediated via other

neurons that are sensitive to NO. Earlier, cultured B2

neurons were reported to have no response to the NO

donors SNAP or DEA NONOate (Moroz et al. 2005). Here

we isolated B2 cells as was done in a previous study

(Dyakonova et al. 2009), and the effects of the drugs

affecting the nitrergic system were examined on freshly

isolated neurons.

After isolation, the B2 cell retained its characteristic fast

bursting activity (Fig. 7), while the giant hyperpolarising

waves could not be seen. The mean spiking rate was lower

in isolated B2 neurons compared to in situ conditions

(compare controls in Figs. 2b, 4b, 5b and 5e vs. the con-

trols in Fig. 7a), and about 30% cells became silent after

isolation. The mean membrane potential differed weakly in

isolated and non-isolated B2 neurons -61.2 ? 2.4 mV

(n = 27) and -57.6 ? 3 mV (n = 39), respectively.

Fig. 5 L-NNA, an inhibitor of NO-synthase activates B2 neuron in

situ. a The excitatory effect of L-NNA on the activity of B2 cells is

abolished by addition of SNP to the perfusing solution [right and left

B2 neurons simultaneously recorded (MP -55 mV and -65 mV)].

b The mean firing rate of the B2 neurons prior to and after 5 min of

application of L-NNA 0.5 mM, firing rate is measured in spikes/min,

action potentials are measured per minute, and all values are reported

as mean with SEM, *P \ 0.05, the paired Wilcoxon test

Fig. 6 The NO scavenger PTIO

activates B2 neuron in situ.

a The record of reversible

excitatory effect of

NO-scavenger PTIO (0.25 mM)

on the B2 cell (MP -72 mV).

b The mean firing rate of the B2

neurons prior to and after 5 min

of application of PTIO, firing

rate is measured in spikes/min,

action potentials are measured

per minute, and all values are

reported as mean with SEM,

*P \ 0.05, the paired Wilcoxon

test

J Comp Physiol A

123



The NO donors had no inhibitory effects on isolated B2

neurons (Figs. 7a, 9a): the mean spiking rate was: 7 ± 2

versus 7 ± 2.6 AP/min (n = 8, P = 0.8) prior to and after

0.5 mM SNP treatment for 5 min, and 5 ± 3 versus

8.3 ± 4.4 AP/min (n = 9, P = 0.5) prior to and after

SNAP. A high concentration of SNP (2 mM) could induce

an opposite, possibly non-specific, depolarising effect.

Altogether, these findings confirm the data obtained in

cultured B2 cells (Moroz et al. 2005).

Since isolated B2 neurons demonstrated a lower level of

activity than in situ, we also tested whether the effects of

the NO donors might depend upon the membrane potential

level. However, NO donors did not produce significant

hyperpolarising effects in cells in the subpopulation of

isolated B2 neurons with initial membrane potential rang-

ing from -38 to -56 mV (n = 10) or in those with -59 to

-84 mV MP (n = 7). Isolated B2 neurons, which were

depolarised by current injection (?0.2 to -0.8 nA, n = 5),

also did not have a hyperpolarising response to SNP.

In contrast, the depolarising effects of PTIO or L-NNA,

although weaker than in situ, could still be observed in

isolated B2 cells (Fig. 7a–c). These drugs caused depo-

larisation, acceleration or initiation of bursting in initially

active or silent neurons, respectively. The mean rate of

spiking was 4.8 ± 2 versus 18 ± 7 AP/min prior to and

after L-NNA treatment for 5 min, respectively (n = 9,

P = 0.02, z = 2.2, paired Wilcoxon signed-rank test for

dependent samples), and 5.4 ± 2 versus 18.5 ± 5 AP/min

prior to and after PTIO treatment for 5 min (n = 9,

z = 2.5, P = 0.01 paired Wilcoxon signed-rank test for

dependent samples). The addition of SNP after L-NNA

resulted in a weak (ca.-4 mV) hyperpolarisation in three

of five cases, and in two cases, there was no effect.

The cGMP-cyclase inhibitor ODQ depolarised seven of

nine isolated B2 cells (mean delta membrane potential was

?2.5 ± 1.5 mV, n = 9). The firing rate was also signifi-

cantly higher after application of ODQ: 6 ± 2 versus

13 ± 7 AP/min prior to and after ODQ treatment, respec-

tively (Fig. 7a, d; n = 9, P = 0.02, z = 2.2, paired Wil-

coxon signed-rank test for dependent samples). However,

the effect was weaker than the effects of L-NNA and PTIO.

Addition of PTIO or L-NNA to ODQ-containing Ringer

resulted in a further decrease of membrane potential level

and an increased firing rate of isolated B2 neurons.

These results indicate that indirect mechanisms, via

interactions of B2 cells with the buccal system, underlie a

major part of the effects of NO on the B2 neurons. We

unexpectedly found that isolated B2 cells are more sensi-

tive to decreases in the NO level than to increases in the

NO production caused by NO donors. L-NNA, PTIO or

ODQ were all capable of altering B2 activity in contrast to

NO donors. Comparison of ODQ effects with those of

L-NNA and PTIO suggests that there might be other targets

for NO in the B2 cells besides the cGMP cyclase, or,

alternatively, that some of the depolarising effects of PTIO

and L-NNA are NO-independent.

Fig. 7 Responses of isolated

B2 cells to changes in the NO

production and inhibition of

cGMP cyclase. a The mean

firing rate of isolated B2 prior to

and after 5 min of application of

SNP, SNAP, L-NNA, PTIO and

ODQ; firing rate is measured in

spikes/min, action potentials are

measured per minute, and all

values are reported as mean

with SEM, *P \ 0.05, the

paired Wilcoxon test. b–d The

records of activity of isolated

B2 prior to and after application

of unspecific NO-synthase

inhibitor L-NNA, 0.5 mM (b),

the NO scavenger PTIO
0.25 mM (c) the inhibitor of

cGMP cyclase ODQ, 0.05 mM

(d)
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Hyperpolarising effects of NO donors on the B2

neurons are mediated via extrasynaptic release

of neuroactive substances from the buccal ganglia

The absence of hyperpolarising effects of NO donors on

isolated B2 cells clearly indicated that these effects in situ

are indirect and mediated via other neurons in the buccal

ganglia. Notably, in situ, no typical inhibitory postsynaptic

potentials, which could underlie this tonic influence, were

observed. We hypothesised that extrasynaptic or volume

neurotransmitter release may underlie these effects. To test

this idea, we studied whether isolated B2 cells respond with

a change in firing rate when placed back close to their

initial position in the ganglion and whether the NO donors

are capable of producing stronger hyperpolarising effects

in these conditions. Earlier, this approach was used to

detect extrasynaptic release from the pedal ganglia of

Lymnaea (Chistopolsky and Sakharov 2003).

Isolated B2 cells placed close to their initial position

(distance ca. 10% of cell diameter, Fig. 8a) in the buccal

ganglia invariably changed the firing rate and/or membrane

potential level (n = 11, Fig. 8b, c). In most cases, a

depolarising influence of the ganglion was detected (delta

membrane potential is ?8.2 ± 1.4 mV, the rate of firing:

3.8 ± 2 vs. 19.5 ± 8 far and near the ganglion, respec-

tively, n = 10, P = 0.02, z = 2.2, paired Wilcoxon

signed-rank test for dependent samples). This effect could

be observed not only near the initial position of the B2

neuron, but also in the vicinity of some other parts of the

ganglion surface (n = 3).

Addition of the NO donors (SNP and SNAP) to the

flow, indeed, invariably resulted in the hyperpolarisation

of isolated B2 neuron placed near its initial position in the

buccal ganglion (Figs. 9b, c, 10). Delta membrane

potential was -7 ± 2 mV, the rate of firing: 19.4 ± 8

versus 8 ± 4 far and near the ganglion, respectively,

n = 10, P = 0.02, z = 2.2, paired Wilcoxon signed-rank

test for dependent samples. Hyperpolarisation of isolated

B2 neuron developed in parallel with activation of the

buccal feeding rhythm (Fig. 10a). In 25% of cases, even

changes of membrane potential similar to the giant

hyperpolarising waves were observed in isolated B2 neu-

rons (Fig. 9c), thus indicating a possible extrasynaptic

origin of the giant hyperpolarising waves. This indicates

that multiple extrasynaptic interactions might be involved

in the communication within the buccal system, of which

we can statistically confirm the NO-mediated hyperpolari-

sation of the B2 cell.

Discussion

In this work, we provide the first, to our knowledge, evi-

dence that NO and extrasynaptic neurotransmitter release

take part in the transient coordination of rhythm-generating

units. Our data demonstrate that NO not only activates the

buccal central pattern generator, as reported earlier (Moroz

et al. 1993; Elphick et al. 1995), but in parallel also

hyperpolarises the B2 bursters controlling gut contractions.

The hyperpolarising effects of NO donors were absent in

Fig. 8 Extrasynaptic influence of the buccal ganglia on the activity of

the B2 neuron. a Schematic representation of the experiment (after

Chistopolsky and Sakharov 2003). Isolated B2 cell impaled with the

microelectrode was moved away from the ganglion at a distance of at

least one ganglion diameter (1 position) and placed back close to its

initial position in the buccal ganglia (2 position). b The mean firing

rate of isolated B2 prior to (1) and after approach to the buccal

ganglia (2); firing rate is measured in spikes/min, action potentials are

measured per minute, and all values are reported as mean with SEM,

*P \ 0.05, the paired Wilcoxon test. c The response of isolated B2

neuron to the approach to its initial position in the buccal ganglia (2),

horizontal line indicates B2 activity near the ganglion [MP -48 mV

(c)]
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isolated B2 cells as they moved away from the ganglion

surface. However, in conditions excluding synaptic but

permitting extrasynaptic chemical communication, i.e.,

when isolated B2 cells were placed close to their initial

position in the buccal ganglia, NO was capable of causing

hyperpolarisation in isolated B2 cells. This unambiguously

suggests that extrasynaptic or volume communication is

involved in the mechanism of coordination. Since the B2

neuron is a nitrergic cell, our findings can also be

considered in terms of mechanisms of negative feedback

regulation of the nitrergic system.

Reciprocal control of buccal central pattern generator

and B2 bursters via NO

Both SNP and SNAP, NO donors tested in our experi-

ments, activated buccal rhythm and hyperpolarised the B2

Fig. 9 Comparison of the effects of the NO donor sodium nitroprus-

side on isolated B2 neurons placed far and near to their initial position

in the ganglion. a No effect of sodium nitroprusside (SNP 0.1 mM) on

isolated B2 placed at a distance of at least one ganglion diameter

(1 position, the scheme in the right corner, see also statistics in

Fig. 7a). b, c Hyperpolarising effect of SNP, 0.1 mM, on isolated B2

placed near the ganglion, position 2 [MP -48 mV (b), -65 mV (c)].

In c, extrasynaptic events similar to giant hyperpolarising waves can

be observed in isolated B2 placed near the buccal ganglion caused by

SNP. The thin line (in b and c) indicates that the B2 neuron is in the

position 2 (near the ganglion), the thicker horizontal line with SNP
abbreviation indicates the SNP presence in the Ringer stream as

above. Extrasynaptic excitatory influence of the ganglion on the

isolated B2 cell is also seen in b and c, note depolarisation and

activation of the B2 after transition from 1 to 2 position

Fig. 10 NO donors are capable of affecting isolated B2 neurons

placed near their initial position in the ganglion. a The simultaneous

activity recording of the isolated B2 placed near the ganglion and the

B4 neuron in the ganglion. SNAP 1 mM, activates buccal rhythm and

simultaneously hyperpolarises the B2 neuron (the initial MP level is

-43 mV). b The mean firing rate of isolated B2 near the ganglion

surface prior to and in 5 min of treatment with NO donors (SNP and

SNAP, pooled, firing rate is measured in spikes/min, action potentials

are measured per minute, and all values are reported as mean with

SEM, *P \ 0.05, the paired Wilcoxon test)
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cells. Besides tonic hyperpolarisation, which was observed

during the entire period of buccal rhythm generation, the

NO donors also activated giant hyperpolarising waves

associated with feeding cycles. The SNP effects were sig-

nificantly decreased by an inhibitor of NO-sensitive gua-

nylyl cyclase, thus indicating the involvement of guanylyl

cyclase in the mechanism of these effects. The NO scav-

enger PTIO and the inhibitor of NO-synthase L-NNA

depolarised the B2 cell, activated the B2 bursting and

abolished the giant hyperpolarising waves. Taken together,

these data suggest that the NO level may define the balance

between buccal central pattern generator activity and B2

activity by having opposite influences on these two

rhythm-generating units. Indeed, the level of membrane

potential of the B2 neurons was significantly higher in

untreated preparations with the active buccal central pat-

tern generator than in untreated preparations with the silent

pattern generator. This suggests that the B2 bursters are

hyperpolarised during activation of buccal rhythm under

natural conditions and confirms the existence of reciprocal

regulation of the B2 neurons and central pattern generator

for the radula rhythm. The role of NO in chemosensory

activation of feeding behaviour was previously demon-

strated in behavioural, electrophysiological and genetic

experiments (Moroz et al. 1993, 1994; Elphick et al. 1995;

Korneev et al. 2002). These data presumed a possible

switch in cerebral ganglia from nitrergic to other chemical

signal in the cerebral ganglia. In our experiments, the NO

donors produced similar effects in isolated buccal ganglia,

indicating that there are targets for NO in the buccal gan-

glia. Earlier, the conclusion that NO works not only as a

modulator from sensory inputs, but also from a source

within the buccal ganglia, was made from experiments on

isolated B4 buccal motoneurons, which are sensitive to NO

(Moroz et al. 2005). Earlier reported observations that giant

hyperpolarising waves could be induced by stimulation of

the B2 cell (Dyakonova and Dyakonova 2008b) clearly

show that B2 neuron is one possible source of NO. The

question of other possible sources of NO in the buccal

ganglia is only partially resolved. Besides the B2 cell,

numerous NADPh positive cell bodies and processes were

previously observed in the buccal ganglia (Moroz et al.

1994; Sadamoto et al. 1998), but the presence of

NO-synthase in these cells remains in question.

Figure 11 summarises the available data on relation-

ships between NO, the feeding central pattern generator,

and the nitrergic B2 bursters. It is evident that NO,

including NO released from the B2 cells, activates the

buccal central pattern generator and—indirectly, via vol-

ume neurotransmission of unknown origin—hyperpolarises

the B2 neuron. The possible sources of volume release

inhibiting the B2 bursters are presently unknown (marked

with question mark on the scheme). They might be

activated directly by NO or via activation of the buccal

central pattern generator. Besides, tonic hyperpolarisation

and giant hyperpolarising waves described here (right side

of the scheme), there is also the excitatory phasic input to

the B2 neurons from the generator (the left side), described

earlier (Benjamin and Rose 1979; Park et al. 1998).

The B2 cell is an endogenous burster activated

by decreases in the NO level

A fast-bursting rhythm was observed in the B2 cells earlier

in situ (Benjamin and Rose 1979). Although it was sug-

gested that this pattern was the cells’ endogenous nature,

the rhythm had not been seen in cultured isolated cells. In

our experiments on freshly isolated cells, it was evident

that the B2 is an endogenous burster that is capable of

generating rhythmic bursts after complete isolation.

Results obtained earlier (Moroz et al. 2005) as well as

those presented here indicate that NO donors do not have

any significant effect on the electrical activity of either

Fig. 11 Schematic representation of possible interactions between

nitric oxide, the nitrergic B2 cells and buccal central pattern

generator. Nitric oxide (NO), including NO released from the B2

cells, activates the buccal central pattern generator (CPG). NO

indirectly, via volume neurotransmitter release of as yet unknown

origin (marked with question mark), tonically hyperpolarises the B2

(-t) and induces giant hyperpolarising waves in the B2 (GHWs).

Central pattern generator affects the activity of the B2 by earlier

described phase-locked excitatory input (?p). Besides phasic exci-

tation, activity of central pattern generator also results in tonic

hyperpolarisation of the B2 and in occurence of giant hyperpolarising

waves (-t, GHWs). Whether NO activates the cellular sources of

volume inhibitory release directly or via buccal central pattern

generator is unknown. Activation in response to NO is marked by

arrows with ? everywhere. Presumably synaptic, second-phase input

to the B2 from central pattern generator is traditionally marked with

perpendicular line. ?p indicates that this influence is phasic and

excitatory. Volume transmission is schematically shown as varicose

neurotransmitter release. -t indicates that this influence is tonic and

inhibitory
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cultured or freshly isolated B2 neurons. Surprisingly, we

observed that the excitatory effects of the NO synthase

inhibitor or the NO scavenger persisted after complete

isolation of the B2 neuron. Moreover, these drugs were

sometimes potent enough to activate the bursting rhythm in

the initially silent isolated B2 cells. Strikingly, this indi-

cates that B2 cells may possess an endogenous mechanism

of activation in response to NO deficiency. ODQ produced

weaker polarising effects. PTIO had an additional effect in

the presence of ODQ. This suggests either that there are

other targets for NO in the B2 cells besides cGMP cyclase,

for example, proteins that can be directly nitrozilated by

NO, or, alternatively, that some of the depolarising effects

of PTIO and L-NNA are NO-independent. Indeed, both

drugs are potentially capable of affecting metabolic events,

for example, L-NNA might interfere with mitochondrial

function (Addabbo et al. 2009), while PTIO might scav-

enge O2 and other gaseous substances (Goldstein et al.

2003). Non-specific action of ODQ neither can be

excluded.

Extrasynaptic neurotransmitter release is involved

in transient coordination of buccal central pattern

generator and B2 bursters

The theory of non-synaptic chemical communication has

been developed since the early 1990s (Sakharov 1990;

Agnati et al. 1995, 2006). There is now growing evidence

that extrasynaptic neurotransmitter release does play an

important role in interneuronal communication. A signifi-

cant percentage of receptors are localised extrasynaptical-

ly. Real-time extrasynaptic release of serotonin, dopamine,

noradrenaline, glutamate and GABA was detected using

amperometry in various parts of the mammalian brain

(Bunin and Wightman 1998; Jaffe et al. 1998; Vizi et al.

2004; Sem’yanov 2005; Chen et al. 2008). In invertebrates

of various taxa, such as leeches, insects, nematodes and

molluscs, extrasynaptic neurotransmitter release has also

been clearly detected (Bruns and Jahn 1995; Chen et al.

1995; Spencer et al. 2000; De-Miguel and Trueta 2005).

Recently, extrasynaptic release of serotonin and other

substances from the pedal ganglia of Lymnaea stagnalis

was shown by pharmacological experiments and the use of

biosensors in our laboratory (Chistopolsky and Sakharov

2003; Dyakonova et al. 2009).

Here, we demonstrate for the first time that extra-

synaptic release may be involved in transient reciprocal

coordination of rhythm generating units, namely, the

central pattern generator for the radula rhythm and B2

bursters controlling gut motility. Hyperpolarising effects

of NO donors on the B2 neurons were observed either in

situ or when isolated B2 cells were placed near their

initial position in the ganglion, but not in isolated B2 cells

moved away from the ganglia. These results clearly

suggest that the hyperpolarising effects of NO depend

upon extrasynaptic release from the buccal ganglia.

Theoretically, two possible mechanisms may mediate this

phenomenon: (1) extrasynaptic release changes the B2

properties so that the cell becomes sensitive to NO, or (2)

NO donors change extrasynaptic release from the ganglia

and thus indirectly affect the B2 neurons. The second

mechanism seems to be more probable; however, unam-

biguous discrimination requires additional study. In both

cases, however, volume extrasynaptic interactions

between the B2 neurons and the buccal ganglia are

required.

Tonic extrasynaptic influence is likely to also explain

the difference in the firing rate of B2 neurons in situ and

after isolation. The change in the firing rate of the B2

neurons in response to the approach of the buccal ganglia

clearly shows that, as in the case of the pedal ganglia

(Chistopolsky and Sakharov 2003), there is tonic extra-

synaptic release from the buccal system. The release is

likely to be capable of affecting many other cells in the

ganglion, and it is therefore possible that Lymnaea’s

feeding central pattern generator in general, one of the best

studied model systems, is under the influence of extrasy-

naptic release. Similar non-synaptic interactions were

found earlier in swimming central pattern generator of

Clione limacine (Arshavsky et al. 1988). All these data

indicate that extrasynaptic influence must play a significant

role and is presently not sufficiently understood.

The intensity of extrasynaptic neurotransmitter release

was previously shown to be affected by changes in the

membrane potential of a neuron by electrical stimulation

(De-Miguel and Trueta 2005) and by changes in the

intensity of the synthesis of neurotransmitters (Dyako-

nova et al. 2009). As far as we know, the results pre-

sented here are the first indication that NO may

significantly affect extrasynaptic neurotransmitter release.

Whether the effect is due to NO-induced depolarisation

of intermediate neurons or to direct NO influence on the

proteins associated with neurotransmitter release or

uptake (Jansson et al. 1999; Kiss et al. 2004) remains to

be elucidated.

To conclude, the results presented here suggest that (1)

NO may be involved in coordination between the radula

and foregut movements via reciprocal influences on the

buccal central pattern generator and the B2 neuron; (2)

extrasynaptic neurotransmitter release takes part in tran-

sient coordination of rhythm-generating units as well as in

negative feedback regulation of the nitrergic system.

Acknowledgments We thank Prof. D.A. Sakharov, Prof. I.S.

Zakharov and our colleagues from the Laboratory of Comparative

J Comp Physiol A

123



Physiology for helpful comments on this work. It is supported by the

grant RFBR 08-04-00120.

References

Addabbo F, Ratliff B, Park HC, Kuo MC, Ungvari Z, Csiszar A,

Krasnikov B, Sodhi K, Zhang F, Nasjletti A, Goligorsky MS

(2009) The Krebs cycle and mitochondrial mass are early

victims of endothelial dysfunction: proteomic approach. Am J

Pathol 174:34–43

Agnati LF, Bjelke B, Fuxe K (1995) Volume versus wiring

transmission in the brain: a new theoretical frame for neuropsy-

chopharmacology. Med Res Rev 15:33–45

Agnati LF, Leo G, Zanardi A, Genedani S, Rivera A, Fuxe K,

Guidolin D (2006) Volume transmission and wiring transmission

from cellular to molecular networks: history and perspectives.

Review. Acta Physiol (Oxf) 187:329–344

Arshavsky YUI, Deliagina TG, Gelfand IM, Orlovsky GN,

Panchin YV, Pavlova GA, Popova LB (1988) Non-synaptic

interaction between neurons in mollusc. Comp Biochem Physiol

91C:199–203

Benjamin PR, Rose RM (1979) Central generation of bursting in the

feeding system of the snail, Lymnaea stagnalis. J Exp Biol

80:93–118

Bruns D, Jahn R (1995) Real-time measurements of transmitter

release from single synaptic vesicles. Nature 377:62–65

Bunin MA, Wightman RM (1998) Quantitative evaluation of

5-hydroxytryptamine (serotonin) neuronal release and uptake:

an investigation of extrasynaptic transmission. J Neurosci

18:4854–4860

Chen G, Gavin PF, Luo G, Ewing AG (1995) Observation and

quantitation of exocytosis from the cell body of a fully developed

neuron in Planorbis corneus. J Neurosci 15:7747–7755

Chen XW, Mu Y, Huang HP, Guo N, Zhang B, Fan SY, Xiong JX,

Wang SR, Xiong W, Huang W, Liu T, Zheng LH, Zhang CX, Li

LH, Yu ZP, Hu ZA, Zhou Z (2008) Hypocretin-1 potentiates

NMDA receptor-mediated somatodendritic secretion from locus
ceruleus neurons. J Neurosci 28:3202–3208

Chistopolsky IA, Sakharov DA (2003) Non-synaptic integration of

neuron somata in the snail CNS. Neurosci Behav Physiol

33:295–300

De-Miguel FF, Trueta C (2005) Synaptic and extrasynaptic secretion

of serotonin. Cell Mol Neurobiol 25:297–312

Dyakonova TL (1991) Neurophysiological evidence for involvement

of endogenous opioids in generation of central motor rhythms in

Helix and Clione. In: Winlow W, Vinogradova OS, Sakharov DS

(eds) Signal molecules and behaviour. Manchester University

Press, Manchester, New York, pp 61–73

Dyakonova TL, Dyakonova VE (2008a) Electrical activity of

NO-producing neuron depends on NO level. Bull Exp Biol

Med 145:665–668

Dyakonova TL, Dyakonova VE (2008b) Possible involvement of

nitric oxide in coordination of buccal feeding rhythm and gut

motility in Lymnaea stagnalis. Acta Biol Hung 59:33–37

Dyakonova VE, Chistopolsky IA, Dyakonova TL, Vorontsov DD,

Sakharov DA (2009) Direct and decarboxylation-dependent

effects of neurotransmitter precursors on firing of isolated

monoaminergic neurons. J Comp Physiol A Neuroethol Sens

Neural Behav Physiol 195:515–527

Elliott CJ, Susswein AJ (2002) Comparative neuroethology of feeding

control in molluscs. Review. J Exp Biol 205:877–896

Elliott CJH, Vehovszky A (2000) Polycyclic neuromodulation of the

feeding rhythm of the pond snail Lymnaea stagnalis by the

intrinsic octopaminergic interneuron, OC. Brain Res 887:63–69

Elphick MR, Kemenes G, Staras K, O’Shea M (1995) Behavioral role

for nitric oxide in chemosensory activation of feeding in a

mollusc. J Neurosci 15:7653–7664

Goldstein S, Russo A, Samuni A (2003) Reactions of PTIO and

Carboxy-PTIO with NO, NO2, and O2. J Biol Chem 278:50949–

50955

Huang S, Kerschbaum HH, Engel E, Hermann A (1997) Biochemical

characterization and histochemical localization of nitric oxide

synthase in the nervous system of the snail, Helix pomatia.

J Neurochem 69:2516–2528

Huang S, Kerschbaum HH, Hermann A (1998) Nitric oxide-mediated

cGMP synthesis in Helix neural ganglia. Brain Res 780:329–336

Jaffe EH, Marty A, Schulte A, Chow RH (1998) Extrasynaptic

vesicular transmitter release from the somata of substantia nigra

neurons in rat midbrain slices. J Neurosci 18:3548–3553

Jansson A, Mazel T, Andbjer B, Rosen L, Guidolin D, Zoli M,

Sykova E, Agnati LF, Fuxe K (1999) Effects of nitric oxide

inhibition on the spread of biotinylated dextran and on extracel-

lular space parameters in the neostriatum of the male rat.

Neuroscience 91:69–80

Kemenes G, Staras K, Benjamin PR (2001) Multiple types of control

by identified interneurons in a sensory-activated rhythmic motor

pattern. J Neurosci 21:2903–2911

Kiss JP, Zsilla G, Vizi ES (2004) Inhibitory effect of nitric oxide on

dopamine transporters: interneuronal communication without

receptors. Neurochem Int 45:485–489

Kobayashi S, Sadamoto H, Ogawa H, Kitamura Y, Oka K, Tanishita

K, Ito E (2000) Nitric oxide generation around buccal ganglia

accompanying feeding behavior in the pond snail, Lymnaea
stagnalis. Neurosci Res 38:27–34

Koh H-Y, Jacklet JW (1999) Nitric oxide stimulates cGMP produc-

tion and mimics synaptic responses in metacerebral neurons of

Aplysia. J Neurosci 19:3818–3826

Korneev SA, Piper MR, Picot J, Phillips R, Korneeva EI, O’Shea M

(1998) Molecular characterization of NOS in a mollusc:

expression in a giant modulatory neuron. J Neurobiol 35:65–71

Korneev SA, Kemenes I, Straub V, Staras K, Korneeva EI, Kemenes

G, Benjamin PR, O’Shea M (2002) Suppression of nitric oxide

(NO)-dependent behavior by double-stranded RNA-mediated

silencing of a neuronal NO synthase gene. J Neurosci 22:227–

232

Moroz LL, Park Ji-Ho, Winlow W (1993) Nitric oxide activates

buccal motor patterns in Lymnaea stagnalis. Neuroreport 4:643–

646

Moroz LL, Turner RW, Winlow W, Bulloch AG, Lukowiak K, Syed

NI (1994) Nitric oxide synthase-immunoreactive cells in the

CNS and periphery of Lymnaea. Neuroreport 5:1277–1280

Moroz LL, Dahlgren RL, Boudko D, Sweedler JV, Lovell P (2005)

Direct single cell determination of nitric oxide synthase related

metabolites in identified nitrergic neurons. J Inorg Biochem

99:929–939

Park JH, Straub VA, O’Shea M (1998) Anterograde signaling by

nitric oxide: characterization and in vitro reconstitution of an

identified nitrergic synapse. J Neurosci 18:5463–5476

Perry SJ, Straub VA, Kemenes G, Santama N, Worster BM, Burke JF,

Benjamin PR (1998) Neural modulation of gut motility by

myomodulin peptides and acetylcholine in the snail Lymnaea.

J Neurophysiol 79:2460–2474

Sadamoto H, Hatakeyama D, Kojima S, Fujito S, Ito E (1998)

Histochemical study on the relation between NO-generative

neurons and central circuitry for feeding in the pond snail,

Lymnaea stagnalis. Neurosci Res 32:57–63

Sakharov DA (1990) Neurotransmitter diversity: functional signifi-

cance. Zh Evol Biokhim Fiziol 26:733–750

Sem’yanov AV (2005) Diffusional extrasynaptic neurotransmission

via glutamate and GABA. Neurosci Behav Physiol 35:253–266

J Comp Physiol A

123



Spencer GE, Lukowiak K, Syed NI (2000) Transmitter-receptor

interactions between growth cones of identified Lymnaea
neurons determine target cell selection in vitro. J Neurosci

20:8077–8086

Staras K, Kemenes G, Benjamin PR (1998) Pattern-generating role

for motoneurons in a rhythmically active neuronal network.

J Neurosci 18:3669–3688

Straub VA, Grant J, O’Shea M, Benjamin PR (2007) Modulation of

serotonergic neurotransmission by nitric oxide. J Neurophysiol

97:1088–1099

Vizi ES, Kiss JP, Lendvai B (2004) Nonsynaptic communication in

the central nervous system. Review. Neurochem Int 45:443–

451

Zayas RM, Trimmer BA (2007) Characterization of NO/cGMP-

mediated responses in identified motoneurons. Cell Mol Neuro-

biol 27:191–209

J Comp Physiol A

123


	Coordination of rhythm-generating units via NO and extrasynaptic neurotransmitter release
	Abstract
	Introduction
	Materials and methods
	Results
	Relationships between the buccal and the B2 rhythms in isolated untreated CNS
	NO donors activate buccal rhythm  and hyperpolarise B2 neurons
	ODQ, an inhibitor of NO-sensitive guanylyl cyclase, activates B2 neurons and decreases the hyperpolarising effects of SNP
	L-NNA, an inhibitor of NO-synthase, as well as the NO scavenger PTIO, activates the B2 neuron
	The responses of isolated B2 neurons to changes in the NO level
	Hyperpolarising effects of NO donors on the B2 neurons are mediated via extrasynaptic release of neuroactive substances from the buccal ganglia

	Discussion
	Reciprocal control of buccal central pattern generator and B2 bursters via NO
	The B2 cell is an endogenous burster activated by decreases in the NO level
	Extrasynaptic neurotransmitter release is involved in transient coordination of buccal central pattern generator and B2 bursters
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


