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Summary

Neural oscillations have been found to occur in the
olfactory centers of some vertebrates and invertebrates,
including the procerebrum of the terrestrial slug
Limax marginatus Using optical recording with the
potential-sensitive dye di-4-ANEPPS, we analyzed the
spatiotemporal pattern of procerebral neural activities in
response to odorants applied to aim vitro brain-superior
tentacle preparation. The odor of rat chow, on which the
slugs were normally fed, increased the frequency of the
oscillation. Garlic odor, which induced aversive behavior
in the slug, caused a transient increase in oscillation
frequency during stimulation, followed by a second
increase in oscillation frequency when the stimulus was
terminated. Wave propagation from the distal to the
proximal region of the procerebrum was accelerated in

parallel with modulation of the frequency. The cycle-by-
cycle average of the optical signals showed that a large area
of the cerebral ganglia, including the procerebrum, was
depolarized during the initial increase in frequency. During
the second increase, however, the net depolarization was
most prominent in the terminal mass of the procerebrum.
These results suggest that the level of depolarization
generated by interactions among the neurites projecting to
the terminal mass, such as the neurites of the nonbursting
neurons, may control neural oscillations in the
procerebrum.

Key words: slug,Limax marginatus neural oscillation, olfaction,
odour, optical recording, procerebrum.

Introduction

Oscillatory activity is found in neural networks of rhythmic nervous systems of invertebrates, together with the sensory
motor systems (Grillner et al., 1995; Brierley et al., 1997) andrgans and attached muscular systems, preserve their functions
in a variety of other brain regions in vertebrates andvell even after isolation from the organism, they should serve
invertebrates (Laurent and Naraghi, 1994; Ritz and Sejnowskas a goodn vitro model system for studying the role and
1997, Castelo-Branco et al., 1998). The neural oscillations thatechanism of oscillatory activity in the neural networks that
occur in rhythmic motor systems are straightforward tgorocess sensory information.
interpret because they are directly coupled to motor functions The terrestrial slug possesses a high capacity for odor-taste
that are retained in isolated preparations from both vertebratassociative learning (Sahley et al., 1981; Gelperin et al., 1985;
and invertebrates. This feature means that motor systems ha¥amada et al., 1992; Sekiguchi et al., 1997). The procerebrum,
proved valuable for studying the mechanisms and roles afhich is located at the tip of the cerebral ganglion, is known to
neural oscillations, including their effects on sensorybe the olfactory center in slugs and snails (Chase, 1985;
information processing (Kawahara et al., 1994; Degtyarenk&elperin and Tank, 1990) and is likely to be the site of memory
et al., 1996; Vinay et al., 1996). In contrast, neural oscillationformation and consolidation (Kimura et al., 1998a,b). Recent
in other brain regions that process sensory information hawaptical image analyses using a potential-sensitive dye and field
not been well studied because it is difficult to elucidate theotential recordings have revealed that procerebral interneurons
functional significance and mechanism of oscillations inundergo oscillatory activity at a frequency of approximately
mammalian sensory systems that lose their funciiongro. 0.7 Hz (Delaney et al., 1994; Kleinfeld et al., 1994; Kawahara

Recent studies have revealed neural oscillations in thet al., 1997; Kimura et al., 1998b). These oscillations can be
olfactory systems of terrestrial slugs (Gelperin and Tank, 1990@nodulated by an odor stimulus either to the superior tentacular
Kawahara et al., 1997) and insects (Laurent and Naraghi, 199dyse (Gervais et al., 1996) or to the inferior tentacular nose
that might be functionally analogous to those expressed in ti{&imura et al., 1998a). However, the details and mechanism of
mammalian olfactory bulb (Freeman, 1978). Since the centrélequency modulation have yet to be investigated.



2896 S. Topa, S. KawaHARA AND Y. KIRINO

We found that spontaneous fluctuations in the frequency afptical signals were accumulated for 38.4ms. The camera
oscillation in the procerebrum of the slurilaria bilineata  system was designed to measure the difference between the
were correlated with changes in the mean membrane potent&tperimental fluorescence intensity and the initial fluorescence
measured optically in the terminal mass (Kawahara et alintensity stored before the experimental measurement was
1997). This suggests the possibility that modulation of thenade. The original values of optical signals were recovered
frequency of the oscillation may be related to neural activitfrom the initial value and the difference values. The optical
in the terminal mass. The superior tentacle nerve, whictata collected were rebinned tox64 pixels and analyzed as
projects into the terminal mass, exhibits an oscillation of thé& our previous study (Kawahara et al., 1997), except that the
optical signal in synchrony with the procerebral oscillationdata acquired during and just after odor stimulation were
(Kawahara et al., 1997), suggesting that there are localiminated from the calculation of the linear regression line
feedback circuits that could furnish active properties to thesed for the correction for photobleaching. Additional spatial
terminal mass. In this paper, we have examined modulation of temporal filters were not used for image analysis, unless
the frequencies of neural oscillations in the procerebrum dhdicated otherwise. The value of the fractional change in the
Limax marginatusby odor stimulation of the superior intensity of fluorescenceAF/F) of each pixel indicates the
tentacular nose, and have found that net depolarization in thelative polarization to the time-averaged level of the
terminal mass occurs in parallel with an increase in thenembrane potential of neurons in thepb®13um area
frequency of the oscillation and in the velocity of wavecovered by the binned pixelX2 original pixels).
propagation. In Fig. 6, AF/F of each pixel was averaged cycle-by-cycle

to reduce the influence of the oscillation of the membrane
potential as follows. First, the peaks of the depolarization were
Materials and methods detected from\F/F values of %5 pixels in the distal region of

SlugsLimax marginatugMdiller) were bred from eggs in the procerebrum (indicated by a square in the last frame in
our laboratory (Kawahara et al., 1997). They were deprived dfig. 6A). Then, theAF/F value of each pixel was averaged
food for several days and then tested for their response to thé&mporally between these peaks, producing successive images
normal daily food, rat chow. Each slug (weighing 1-2 g) wasaveraged over a cycle.
placed on a glass plate and presented with rat chow moistenedrhe local field potential of the procerebrum was recorded
with distilled water. Only those slugs that approached the raxtracellularly from the surface with a glass electrode (tip
chow and showed signs of feeding were selected and useddiameter 2@um) filled with saline, band-pass-filtered between
subsequent experiments. Slugs were anesthetized by injectiaigg and 30Hz, and fed into a personal computer (Epson,
0.2-0.5ml of isotonic Mg solution (in mmoltl: MgCl, Nagano, Japan) at a sampling rate of 100 Hz.

57.6; glucose, 5.0; and Hepes, 5.0; pH7.6 adjusted with Before odor application, the superior tentacular nose was
NaOH) into the body cavity. The right and left cerebral gangli@xposed to the air by lowering the surface level of the saline
with the superior tentacles attached were isolated and placédthe tentacle compartment. Deodorized and humidified air
in a chamber with two compartments, one for the tentacle anglas supplied at a flow rate of 0.5 mt¢hrough a glass pipette
the other for the ganglion, both filled with saline of thesited just over the nose, as described by Kimura et al. (1998Db).
following composition (in mmolt): NaCl, 70.0; KCI, 2.0; The odor was applied to the nose for 15s by switching the air-
CaCb, 4.9; MgCb, 4.7; glucose, 5.0; and Hepes, 5.0; pH 7.6flow pathway using electronic valves from a glass test tube
adjusted with NaOH. Only one of the superior tentacular nosesontaining a strip of filter paper soaked with distilled water to
was placed in the tentacle compartment and used later for odame containing a strip of filter paper soaked with either 10 %
stimulation. The other nose and the cerebral ganglia wemat chow or commercially available garlic paste. In this study,
placed in the ganglion compartment and stained with ¢e responses of seven preparations, which were stimulated
saturated solution (approximately 0.02%, wi/v) of di-4-with both rat chow and garlic odors, were analyzed. More
ANEPPS (Molecular Probes, Eugene, OR, USA) forexperiments using only one odor stimulus were performed,
20-30min at 20°C. After washing with saline, they werewhich support the results shown, but they are not included in
covered with a nylon mesh and then immobilized with 4 %the analysis.

low-melting-point agarose (Sigma, St Louis, MO, USA). The phototoxic effects of di-4-ANEPPS (Schaffer et al.,

The equipment for optical recording was the same as thd994) on the odor response were examined in six preparations,
described by Kawahara et al. (1997). The optical signals wemghich were stimulated with rat chow odor under illumination
recorded using a 1%828pixel MOS sensor camera (HR with excitation light and without the illumination. In four of
Deltaron 1700; Fuji Photo Film Co., Tokyo, Japan) attached tthe six preparations, the increase in frequency of the local field
the bottom TV port of an inverted fluorescence microscopeotential oscillation in response to the odor was almost
(IX70; Olympus, Tokyo, Japan) equipped with & bbjective  identical whether the excitation light was on and off. In the
lens (NA 0.40), a band-pass excitation filter (530-550nm), ather two preparations, the response under illumination was
dichroic mirror (565nm) and a long-pass emission filtersmaller than that without illumination. One of these two
(580nm). A 100W halogen lamp with a direct current powelpreparations was further tested 30 min after exposure to light
supply was used as the light source. To generate an image, tved showed a recovery of the response. Although these results
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Fig. 1. Effects of odor stimulation on the oscillation of the local field potential. (A,C,E) Rat chow odor; (B,D,F) garliAd8lpi-he local
field potential recorded from the cell layer of the procerebrum. (C—F) The instantaneous frequency of the local field pbitetiasdhe
inverse of the interval between the peaks of the local field potential. C corresponds to A, and D corresponds to B. Tleeidiiderstazal in
A-F. Odor was applied to the superior tentacular nose ipsilateral to the recorded procerebrum for the period indicated Byetseguence
of application of the odors was as follows: garlic (D), rat chow (C), rat chow (E), garlic (F), each separated by apprd<iméitelyhe
optical signal was recorded for approximately 40s as indicated by the open circles in C—F.

suggested that di-4-ANEPPS had some phototoxic effect qoreparation to evaluate the effects of the odors on the frequency
the odor response, it was reversible and did not seem to bé oscillatory activity. Rat chow and garlic were used as odor
serious as long as an excitation light of minimum intensity wasources. Rat chow was the normal daily food of the slugs, while
used. In fact, most of the preparations, including those thahe odor of garlic caused the slugs to make an avoidance
were stimulated with only one odor, showed a good responsegthdrawal. Odors were applied to the superior nose more than
to the olfactory stimulation during optical recording. twice in seven preparations.
Fig. 1 shows an example of the responses of a preparation to
which odors were applied in the sequence garlic, rat chow, rat
Results chow, garlic, each application separated by approximately
Modulation of oscillatory frequency by odor stimuli 10min. The first trial (garlic) is shown in Fig. 1B,D, and the
To investigate the effects of odor stimuli on oscillatorysecond trial (rat chow) is shown in Fig. 1A,C. Fig. 1E shows the
activity in the procerebrum, isolated cerebral ganglia with théhird (rat chow) trial, and Fig. 1F shows the fourth (garlic) trial.
superior tentacular noses attached were stained with di-#¥hen the superior tentacular nose was stimulated with the odor
ANEPPS, and changes in neural activity in the cerebral gangliaf rat chow, the time intervals between the peaks of the local
ipsilateral to the stimulated tentacular nose were opticallfield potential were shortened (Fig. 1A). Fig. 1C is a plot of the
recorded. Electrophysiological measurement of the local fielthstantaneous frequency of the local field potential, defined as
potential in the procerebrum was also carried out on the santige inverse of the interval between the peaks. In this preparation,
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Fig. 2. Averaged data showing the effects of odor application on the frequency of the oscillation of the local field potiffeatrin
preparations. (A) Rat chow (nine trials in seven preparations); (B) garlic (10 trials in seven preparations). The ordindte sktative
change in the instantaneous frequency normalized to the mean frequency before odor appida}iofhe data from different preparations
were binned into 2s intervals and averaged. Error bars show the standard errors of theemeariThie duration of odor application is
indicated by a bar.

the frequency was increased from 0.7 to 0.9Hz by the odoimage analysis of neural activities modulated by odor stimuli
stimulus. When the odor of garlic was applied to the nose in the The relative change in the mean membrane potential in an
same preparation, an off-response was observed in additiondoea was expressed as the fractional change in the intensity of
the initial increase in frequency (Fig. 1B,D): the instantaneouthe fluorescenc@g/F) of the potential-sensitive dye. It should
frequency increased from 0.7 to 0.9 Hz upon application of thbe noted that the optical signal in each pixel represents the non-
odor, and then decreased to 0.7 Hz, producing the first peak. Jlisear average of the membrane potential of several neurons
after the odor stimulus was removed, the instantaneownd neurites within the 18nx13um area.
frequency increased again to above 1.0Hz, to give a secondThe optical signal in the cell mass, the terminal mass and
peak. Similar responses were observed with a second applicatitre internal mass of the procerebrum oscillated (traces 2-5 in
of the odor stimuli (Fig. 1E, F), as well as in other preparationd=ig. 3). The timing of the peaks of the net depolarization was
Fig. 2 summarizes the changes in the instantaneodsund to be identical along the dorsal-ventral axis of the
frequency of preparations stimulated with the odor of rat choywrocerebrum when observed from the posterior side in another
(Fig. 2A) or garlic (Fig. 2B). Frequency was normalized forexperiment (data not shown, see also Kimura et al., 1998b),
each preparation to the mean frequency over the period befaaad there was a phase delay along the distal-proximal axis
odor stimulation and binned into 2 s intervals. The frequencytraces 2 and 3 in Fig. 3; see also Fig. 4A), as described
before odor stimulation was 0.62+0.13Hz for the rat chowpreviously in this species (Kawahara et al., 1997; Kimura et
odor (mean %s.b.; nine trials in seven preparations) andal., 1998b) and irLimax maximugKleinfeld et al., 1994).
0.64+0.12 Hz for the garlic odor (mears.b.; 10 trials in seven Because of this phase delay of the potential oscillation, it seems
preparations). Accumulated data from different preparationthat an excitation occurring spontaneously in the distal area
clearly showed that the response to the garlic odor had an offropagates repeatedly to the proximal area of the procerebrum.
response that was larger than the first peak, while the resporiseaddition to the procerebrum, the tentacle nerve also showed
to the rat chow odor had a small off-response. Statistical weak oscillation in synchrony with the procerebral oscillation
analysis confirmed that the mean frequency over three cycl¢sace 1 in Fig. 3), as reported previously (Kawahara et al.,
approximately 5s after the onset of application of the rat choi997).
odor and that after its termination were significantly greater When the odor of rat chow was applied for 15s to the
than the mean frequency before the odor stimP¢®9.05 in  superior tentacular nose, the optical signal in the superior
both cases; pairedtest). The mean frequency after the onsetentacle nerve decreased for 2 s, indicating a net depolarization,
of rat chow odor application and that after its termination werand then returned to baseline (trace 1 in Fig. 3A). This activity
not significantly differentf>0.5, paired-test). However, the pattern probably reflects the excitation and adaptation of the
mean frequency over three cycles approximately 5s after tredferent activities of the olfactory sensory neurons. In the
termination of garlic odor stimulation was significantly greatemprocerebrum, the basal level of the oscillation shifted towards
than that after stimulus ons&<(0.01, paired-test). The mean depolarization (traces 2-5 in Fig. 3A) in parallel with the
frequencies measured after the onset of the garlic odor aedcitation of the tentacle nerve. This basal depolarization was
after its termination were significantly greater than the meamost evident in the terminal mass (trace 4 in Fig. 3A) to which
frequency before stimulation (onsd?<0.05, termination the superior tentacle nerve projects. Since the cell mass also
P<0.001; paired-test). showed a basal depolarization (traces 2 and 3 in Fig. 3A), the
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Fig. 3. Changes in the intensities of the fluorescence of the potential-sensitive dye during application of the odor ofApbclyalic (B).

The fractional change in the fluorescence intensifyF(F) was obtained from>3 pixels in each area: 1, tentacle nerve; 2, distal region of the
cell mass; 3, proximal region of the cell mass; 4, terminal mass; 5, internal mass; 6 and 7, regions next to the procerapwsand A
deflection indicates net depolarization. The optical data were acquired from the preparation used for Fig. 1, and thehpersarmlirig is
indicated by the open circles in Fig. 1C,D. The bar under each trace indicates the duration of odor application. Thensbaldlbareiscence
image is 40Qum. TN, tentacle nerve; CM, cell mass; TM, terminal mass; IM, internal mass.

depolarization in the terminal mass may reflect activation of the Modulation of wave propagation by odor stimuli
procerebral neurons as well as activation of the synaptic To evaluate the effect of odor stimulation on wave
terminals of the superior tentacle nerve. Regions in thpropagation across the procerebrum, the time lag between
neighboring metacerebrum and mesocerebrum, which did noscillation in the proximal area of the procerebrum and that in
show oscillatory activity, also showed a net depolarization upothe distal area was calculated (Fig. 4A,B). The oscillation of the
stimulation with the rat chow odor (traces 6 and 7 in Fig. 3A)fractional change in the intensity of fluorescence was obtained
Fig. 3B shows the response to stimulation with garlic odorfrom 5x5 pixels (approximately §3mx63um) in the distal and
The optical signals in the superior tentacle nerve indicated @roximal areas, sited approximately 300 (approximately
depolarization for the first 2s and then returned to baseline (tra8@ % of the length of the procerebrum) apart. Since the optical
1 in Fig. 3B), a similar response to that observed with the ratignals did not always have a signal-to-noise ratio good enough
chow odor. The basal level of the oscillating membrando calculate the time interval between the depolarization peaks
potentials in the procerebrum also shifted towards depolarizatiaf the two traces, the time lag was defined as the time interval
(traces 2-5in Fig. 3B). In contrast to the response to the rat chdvetween the half-peak points during the hyperpolarizing phase.
odor, however, the basal level of oscillation in the procerebrurmihe mean time lag during spontaneous oscillation was
again shifted towards depolarization upon the termination of th@.33+0.15 s before the application of the odor of rat chow (mean
odor stimulus. This depolarization corresponded to the timing af s.D.; nine trials in seven preparations) and 0.32+0.12 s before
the second increase in the oscillatory frequency (see Fig. 1E)e application of the odor of garlic (mears..; 10 trials in
and was most evident in the terminal mass (trace 4 in Fig. 3Beven preparations), values that are approximately 15-30 % of
Regions outside the procerebrum did not show depolarizatidhe period of the oscillation. The speed of wave propagation
(trace 6 in Fig. 3B) or showed a much smaller depolarizatioduring spontaneous oscillation, calculated from the time lag and
(trace 7 in Fig. 3B) after the termination of the odor applicationthe distance between the centers of the measured areas, was
although an initial depolarizing response to the odor applicatioh.2+0.6um ms™® before the application of rat chow odor and
was evident. 1.2+0.5umms? before the application of garlic odor.
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Fig. 4. Effect of odor on wave A Time lag
propagation from the distal to the
proximal region of the procerebrum.
(A) Definition of the time lag
between the oscillation in the
proximal region and that in the ,
distal region. The black and red M%}"”I
lines are traces of the fractional 'I,
change in the intensity of the
fluorescence—AF/F) obtained from

an area of 85pixels in the distal

(black square in B) and proximal 0.7 0.9 0.9
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Fig. 4C shows the effects of the rat chow odor on the timéaster than before stimulation. The decrease lasted for 3—4
lag and on the instantaneous frequency of the oscillatiorrycles, and the time lag then recovered to its original level.
Application of the odor of rat chow to the superior tentaculaiThis change was also seen in the next rat chow odor stimulation
nose resulted in a decrease in the time lag of the proximal argathe same preparation (Fig. 4E). Fig. 4D shows the effects of
relative to the distal area, indicating that wave propagation wake odor of garlic on the time lag and the instantaneous
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Fig. 5. Averaged data showing the effects of odor application on wave propagation in different preparations. (A) Rat chave adals (in
seven preparations); (B) garlic odor (10 trials in seven preparations). The ordinate shows the change in the time &@ofrasailblized to
the mean of this value before odor stimulation. The data from different preparations were binned into 2s intervals andEaverdged
show the standard errors of the mean.). The period of application of the odor is indicated by a bar.
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frequency of the oscillation. When the nose was stimulated by the distal region of the procerebrum obtained from a number
the odor of garlic, the time lag decreased slightly and theaf preparations stimulated with the odor of rat chow or garlic.
recovered to its original level, in a manner similar to theThe differential time lagAtime lag) in each preparation was
response to the rat chow odor. At the end of odor stimulatiomalculated by subtracting the time lag averaged before odor
the time lag decreased again, this time more strongly, istimulation from the time lag in each cycle, binned into 2s
parallel with the change in the instantaneous frequency of thietervals. The cumulative data showed that the change in the
oscillation. A decrease in the time lag was also observed iime lag in response to the garlic odor had a second peak
response to a further application of the garlic odor (Fig. 4F)Fig. 5B), while the response to the rat chow odor did not
However, in this response, the decreased time lag wdFig. 5A). The occurrence and the timing of these responses
sustained during and after the odor stimulation and did natere in accordance with the responses observed in the
recover by the end of the optical measurement. oscillatory frequency. However, the relative magnitude of the
Fig. 5 shows the averaged data for the change in the phassponses was not the same for wave propagation and for
delay of the oscillation in the proximal region relative to thatinstantaneous frequency. The second peak in the time lag was
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20 25
Z £ 071 5 0.7 4
06 T T T T 06 T T T 1
-10 0 10 20 30 -10 0 10 20 30
Time (s) Time (s)

Fig. 6. Effects of odor stimulation on the mean level of net depolarization. (A,B) Fractional changes in the intensitiflsiaresicence
(AF/F) were averaged cycle-by-cycle (see Materials and methods) and pseudo-colored, as indicated by the color scale. Thecatedber indi
on each frame is the sequential cycle number during the optical recording. During the period indicated by the frames nuedbetieel i
preparation was stimulated with the odor of rat chow (A) or garlic (B). The last frame in A is the fluorescence image pdrdt@prérhe

black square in the image indicates the area whose peaks of depolarization were used for the cycle-by-cycle averagingd(®gete ba
TN, tentacular nerve; TM, terminal mass. (C,D) The instantaneous frequency of the local field potential during the optiemhemasbat
appear in A and B, respectively. The numbers shown beside the red lines indicate the corresponding frame numbers in dsarthia are

the same as those that appear in Fig. 1C,D, respectively.
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of approximately the same magnitude as the initial responsealculated to minimize the contribution of oscillatory
while the second peak was much bigger than the initighctivity. In Fig. 6A, each frame of the images represents the
response for frequency (see Fig. 2B). spatial pattern of optical signals averaged over one cycle of
Statistical analysis showed that the mean of the proximahe oscillation. The odor of rat chow was applied during the
time lag over three cycles around the peak of the frequengeriod from frame 7 to frame 19, or between the seventh and
increase during the odor stimulus and after its termination wasventieth peak of the local field potential shown in Fig. 6C.
significantly smaller than that before odor stimulation (ratDuring the initial period of odor application (frames 8-15), a
chow odor, during?<0.01, afterP<0.05; garlic odor, during transient depolarization was observed in the tentacle nerve
P<0.05, afterP<0.01). There were no significant differencesand in the terminal mass, which receives the axons of the
between the three-peak-mean time lag during odor stimuldsntacle nerve, in parallel with the change in the
and that after termination of the stimulus (rat chow ¢8d).5, instantaneous frequency of the synchronous oscillation of the
garlic odorP>0.1). procerebral neurons (Fig. 6C). The neighboring regions in the
metacerebrum and mesocerebrum also showed a concomitant
Mean level of neural activity and parametric changes in the depolarization. In Fig. 6B, garlic odor was applied during the
oscillation period represented by frames 8-19. The terminal mass
A cycle-by-cycle average of the optical signal wasdepolarized transiently (frames 9 and 10) and then
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(A) y=-1.2-0.02 ¢=0.88, N=51, P<0.001); 5
(B) y=—1.25-0.06 ¢=0.69, N=55, P<0.001); -100 -200
(C) y=54%+5 (r=0.60, N=51, P<0.001);
(D) y=447%-59 (=0.44, N=55, P<0.001); A0 T T T T T I SBO0TT T T T T 1
(E) y=-35&%-6 (r=0.54, N=51, P<0.001); -01 0 01 02 03 04 -01 0 0102030405
(F) y=—427%-27 (=0.75,N=55,P<0.001). Avlv Aviv
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repolarized rapidly in parallel with the change in thechow odor. This is apparently because the fractional change
frequency of the oscillation, while the neighboring regionsn the intensity of the fluorescence was underestimated in the
remained activated. This accords with the lower basal levedase of stimulation with the garlic odor using the present
of the oscillation shown in trace 4 of Fig. 3B. After the method of baseline correction (see Materials and methods)
termination of the odor of garlic, a depolarization occurred irbecause the off-response was not completely finished at the
the terminal mass (frames 21-24). end of the optical measurement (see Fig. 1D,F). The
Fig. 7 shows the correlation between the net depolarizatiotorrelation between the oscillation frequency and the
in the terminal mass and changes in the frequency of th@oximal time lag for stimulation with the garlic odor was
oscillation (Fig. 7A,B), the correlation between the netsignificant and similar to that for stimulation with the rat
depolarization and the proximal time lag (Fig. 7C,D) and thehow odor (Fig. 7E,F).
correlation between the frequency of oscillation and the Cumulative data from seven preparations also showed a
proximal time lag (Fig. 7E,F). Both the oscillation frequencysignificant correlation between the net depolarization in the
and the proximal time lag showed a significant correlationerminal mass and the oscillatory frequency (Fig. 8A,B),
with the net depolarization in the terminal mass. Howeverhetween the net depolarization in the terminal mass and the
the correlation coefficient for stimulation with the garlic odorproximal time lag (Fig. 8C,D) and between the oscillation
was slightly smaller than that for stimulation with the ratfrequency and the proximal time lag (Fig. 8E,F).
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Fig. 8. Accumulated data _shoyving_ the correlat_iorE -100 - E -100 4
between the net depolarization in the terminak <
mass QAF/F), the change in the frequency of the  -200 4 -200
oscillation @Av/v) and the distal-to-proximal time
lag in different preparations. (A,C,E) Rat chow -30002 0'1 (') _0'1 _0'2 03 -30002 0'1 (') _0'1 _0'2 03
odor (nine trials in seven preparations); ’ ’ O' ' ' ' ’ 0' ' ’
(B,D,F) ogarlic odor (10 trials in seven AF/F (%) AF/F (%)
preparations). Plus signs, before odor application;
open circles, during the odor stimulation; filled 300
circles, after the odor stimulation. The cycle- E
by-cycle averaged fractional change in the 200 4 L0
fluorescence intensities-4F/F) were obtained & @
from an area of %6 pixels in the terminal mass. = E
Linear regression analyses yielded the followin 8
significant relationships: g
(A) y=—0.72%+0.05 ¢=0.46, N=219, P<0.001); =
(B) y=—1.0%+0.06 ¢=0.50, N=255, P<0.001); <
(C) y=22%-13 (=0.27, N=219, P<0.001);
(D) y=29%-16 (=0.27, N=255, P<0.001); -300 | |

(E) y=—138%-10 (=0.26, N=219, P<0.001);
(F) y=—252-3 (r=0.47,N=255,P<0.001).
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Discussion the change in oscillatory frequency had two peaks in response

The macroscopic neural activities of the procerebrum, whicko garlic odor, an initial increase and an off-response, while the
is the center for olfaction and the putative locus for theroximal time lag decreased initially and then remained
formation and storage of memory in the terrestrial slug, wershortened. The accumulated data from different preparations
investigated inLimax marginatususing optical recording also showed that the change in proximal time lag for the off-
techniques. To minimize mixing of the optical signals from thaesponse was the same as that for the initial response (Fig. 5B),
somatic layer (cell mass) and from the neuropil layers, oin contrast to the change in the oscillatory frequency, whose
which the latter are stained more heavily than the former (se#f-response was larger than the initial response (Fig. 2B). The
the last frame in Fig. 6A), the preparations were measured miscrepancy between the responses observed in the frequency
the dorsal view (Fig. 3). Although this orientation limits the of the oscillation and in the velocity of wave propagation was
observation of spatiotemporal patterns organized over thaso observed ihimax maximusin which the proximal phase
somatic layer, it is useful for investigating the activities in thedelay virtually disappeared in response to EMOP application
neuritic and somatic layers simultaneously (Kawahara et aleven when the oscillatory frequency was almost unchanged
1997). In the case of stimulation of the superior tentacle nerv@)elaney et al., 1994).
which projects extensively into the terminal mass, the strong Changes in the frequency of the oscillation and the velocity
excitation induced in the terminal mass could have obscuresf wave propagation were correlated with the net
the optical signals originating from the cell mass if recordingslepolarization in the terminal mass in preparations stimulated
had been made from a posterior view, where the cell masgth the odor of rat chow and garlic (Figs 7, 8). Since only the
overlaps with the neuropil. nonbursting neurons project to the terminal mass, while the

In response to odor stimulation to the superior tentacular noseeurites of the bursting neurons run mainly within the cell layer
the instantaneous frequency of the procerebral oscillatioWWatanabe et al., 1998), the depolarization in the terminal mass
increased for both rat chow and garlic odors (Fig. 1). A decreaskiring the off-response may represent the activity of the
in the oscillatory frequency was rarely observed with theneurites of the nonbursting neurons rather than the activity of
naturally aversive odor of garlic, which contrasts with the casthe bursting neurons. In addition to the neurites of the
of stimulation of the inferior tentacular nose, where a frequencgonbursting neurons, those of extrinsic neurons (Chase and
decrease was observed in response to aversive odors (Kimuraetloczko, 1989; Gelperin and Flores, 1997) can also
al.,, 1998c). In addition to the initial increase, the garlic odocontribute to the depolarization. On the other hand, the
induced an off-response, i.e. a second increase in oscillatidterminal mass was reported to have an oscillatory activity that
frequency after the termination of stimulation. The rat chow odois uncoupled from the procerebral oscillation by gustatory
produced little or no off-response. The off-response was alsstimulation or by application of neuromodulatory substances
observed upon application of the attractive odor of 2-ethyl-3such as serotonin (lwama et al., 1997). In the terminal mass,
methoxypyrazine (EMOP) as well as the aversive odor of amyherefore, there might be local microcircuits constructed from
acetate to the slugimax maximugGervais et al., 1996). The the nonbursting neurons and other extrinsic neurons, whose
off-response of the procerebral oscillation may not, thereforgctivities modulate the frequency of the oscillation and the
indicate an odor preference although, in general, an off-respongelocity of wave propagation conveyed by the bursting neurons
is observed after the end of an inhibitory process. Oddn the cell layer of the procerebrum. An involvement of the
stimulation might activate two kinds of neural activities havingterminal mass in wave propagation in the cell layer has also
excitatory and inhibitory effects on the procerebral oscillationbeen indicated by experiments in which a segment of the cell
The hyperpolarization measured optically in the terminal madayer is ablated and the wave still propagates through the
(Fig. 6B) seemed to indicate some kind of inhibitory processablation,via the terminal mass layer (Ermentrout et al., 1998).
although this phenomenon might merely indicate adaptation or In the present study, a spatial pattern specific to an odor could
depression in response to a prolonged odor stimulus. not be detected, at least in the dorsal view of the procerebrum.

Since a small area dissected from the procerebrum alSince the terminal mass receives abundant projections from the
showed oscillatory activity, and the wave could propagate frorauperior tentacle nerve, it might be difficult to detect an odor-
the proximal region to the distal region under artificialspecific or learning-specific pattern in the posterior view, as
conditions (Kleinfeld et al., 1994), the macroscopic oscillatiordetected with stimulation of the inferior tentacle nerve (Kimura
is assumed to be the product of mutual entrainment adt al., 1998b) whose projection to the terminal mass was much
distributed nonlinear oscillators. Therefore, like the chemicasparser than that of the superior tentacle nerve. For this purpose,
oscillation of the Belousov—Zhabotinski reaction (Nicolis anda more selective staining of the cell mass would be needed using
Prigogine, 1977), the frequency of the oscillation and th@ potential-sensitive dye or a €aensitive dye. The latter
velocity of wave propagation may depend on closely relatediould be expected to report excitation of the cell bodies, which
but different parameters. When stimulated by an odor, both theve a much larger amount of cytoplasm than the neurites,
oscillatory frequency and the velocity of wave propagatiorwhen used in bath application (Inoue et al., 1998).
changed (Fig. 4). The proximal time lag had a tendency to
become smaller as the frequency of the oscillation increased This work was supported by Grants-in-Aid for Scientific
(Fig. 4), but these changes were not tightly coupled. In Fig. 4Research from the Ministry of Education, Science, Sports and
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