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ABSTRACT

The electrophysiological methods using microelectrodes are not appropriate for the simultaneous measurement of neu-
ral activities of many neurons. To overcome the difficulty, the fluorescent imaging technique using voltage sensitive
dyes can be a powerful technique. The voltage sensitive dyes, however, generally exhibit a relatively small change in
their fluorescence intensities, resulting in alow S/N ratio. Additionaly, they often exhibit photobleaching and photo-
toxity. We have therefore improved the fluorescent voltage imaging technique by using a LED as the light source and
an electron multiplying (EM)-CCD camera as the fluorescence detector. In this study, we applied our imaging system
for the measurement of two kind of molluscan neural activities; one of which isinvolved in the olfactory processing of
the land slug Limax valentianus and the other is involved in the feeding rhythm of the pond snail Lymnaea stagnalis.
The system enabled us to measure the neural activities for along time with a high speed and a high S/N ratio, and the
obtained results showed some new physiological findings.
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1. Introduction

The conventional el ectrophysiological methods have been
well used for the measurement of neural activities of ver-
tebrates and invertebrates. The direct measurement of ac-
tivities of a single neuron is possible by the conventional
methods using microelectrodes. However, they are not ap-
propriate for the simultaneous measurement from many
neurons. To overcome the difficulty, the fluorescent im-
aging technique using voltage sensitive dyes or calcium
sensitive dyes can be a powerful technique. In this tech-
nigue, the dyes, which change their fluorescence intensi-
ties due to the voltage or calcium ion concentration change
[1], are loaded into the cells, and their fluorescence chan-
ges are acquired into a computer as a series of images.
By using the voltage imaging, the measurement of neural
activities was reported in vertebrates [2] and invertebrates
[3-5]. The voltage sensitive dyes, however, generaly ex-
hibit a relatively small change in the fluorescence inten-
sities, resulting in alow S/N ratio. Additionally, they of-
ten exhibit photobleaching and phototoxity. Therefore,
there are not many reports on along time stable measure-
ment by the voltage imaging. Alternatively, the substitu-
tive use of the calcium imaging has been attempted for
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the measurement of neural activities. The calcium sensi-
tive dyes exhibit a larger change in the fluorescence in-
tensities than the voltage sensitive dyes. Their fluores-
cence changes can be detected easily, and enable us to
indirectly measure the neural activities since the intracel-
lular calcium concentration can be often increased with
the neural activities[6,7].

In the calcium imaging, the calcium sensitive dyes
bonded with the acetoxymethyl (AM) group, which is
permeable into cells, are commonly used. After the AM
dyes permeate into cells, the AM group is dissociated by
intracellular esterase, and then the dyes can be non-per-
meable and loaded into cells. Vertebrate neurons are well
known to be easily loaded with the AM calcium sensitive
dyes [7-10Q]. In invertebrates, however, the AM dyes can
not be easily loaded into neurons because the AM group
is difficult to be dissociated due to their weak activity of
intracellular esterase.

We have therefore improved the fluorescent voltage
imaging technique for the direct measurement of inverte-
brate neural activities although the voltage sensitive dyes
have some defects as mentioned above. For this purpose,
we have used a LED as the light source and an electron
multiplying (EM)-CCD camera as the fluorescence de-
tector, leading to a long time measurement with a high
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speed and ahigh S/N ratio.

In this study, we applied our imaging system for the
measurement of two kind of molluscan neural activities;
one of which is involved in the olfactory processing of
the land slug Limax valentianus and the other is involved
in the feeding rhythm of the pond snail Lymnaea stag-
nalis.

2. Materialsand M ethods
2.1. Preparations

The land slug Limax valentianus was anesthetized by in-
jection of 35 mM Mg?* solution into the body cavity, and
the central nervous system was isolated with tentacles
from the body in the dissection solution (NaCl 35, KCl 2,
MgCl, 28, CaCl, 4.9, D-glucose 5, HEPES-NaOH 5 (pH
7.6)). Then, the dye loading was performed in the slug
saline (NaCl 70, KCI 2, MgCl, 4.7, CaCl, 4.9, D-glucose
5, HEPES-NaOH 5 (pH 7.6))

The pond snail Lymnaea stagnalis was anesthetized by
25% Listerine® before dissection, and then the central
nervous system was isolated from the body in the snail
saline (composition in mM: NaCl 24, KCl 2, MgCl, 2,
CaCl, 4, D-glucose 0.3, NaH,PO, 0.1, HEPES-NaOH
35.4 (pH 7.9)). After the sheath was removed and the de-
sheathed preparation was treated with 1 mg/ml proteinase
(type XX1V, Sigma) for 30 min, the dye loading was per-
formed in the snail saline.

2.2. DyeLoading

The central nervous system isolated from the slug or the
snail was stained with a voltage sensitive dye Di-4-
ANEPPS (Wako, Japan). This dye intercalates among the
lipophilic part of cell membranes. The excitation induces
charge redistribution of the dye. A change in the voltage
across the membrane therefore causes a spectral shift re-
sulting from an interaction between the field and the
ground and excited state dipole moments.

The slug or snail preparation was loaded for 30 min or
50 min at room temperature with 86 uM Di-4-ANEPPS
in the presence of 0.06% cremophor EL and 0.6% etha-
nol in the slug or snail saline. After the dye loading, the
preparation was washed with the slug or snail saline.

2.3. Fluorescent Voltage maging M easurement

Figure 1 shows the schematic illustration of the present
fluorescent voltage imaging system. The stained prepara
tion was placed in a recording chamber mounted on a
stage of a microscope (E600-FN, Nikon, Japan). The neu-
rons were visualized with a 10x water immersion objec-
tive lens (Fluor, 0.30 NA, Nikon, Japan). As the light
source, we used a LED of 530 nm with a half width of 25
nm (LEX2-G, Brain Vision, Japan). Di-4-ANEPPS was
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excited by the LED through an excitation filter (EX510-
560). The emitted fluorescence of 705 nhm was detected
through a dichroic reflector (DM575) and a barrier filter
(BA590). The fluorescence images were acquired by an
EM-CCD camera (iXon X3 897, Andor, Ireland). The
image segquences were stored into a personal computer
(Dell Precision T3500, Dell, USA) and analyzed with
Andor SOLIS (Ver. 4.18, Andor, Ireland). A change in
the fluorescence intensity was estimated from each ROI
(region of interest) flame. As shown in Figure 1, we also
performed the simultaneous measurement of neural ac-
tivities by electrophysiological methods.

3. Results and Discussion

3.1. Advantages of the Present Fluor escent
Voltage Imaging System

The voltage sensitive dyes generally exhibit a relatively
small change in the fluorescence intensities, which is
about 0.1% for a change of 100 mV in membrane poten-
tial. Further, afast change in membrane potential occurs
in neural activities. Thus, in the fluorescent voltage im-
aging, a signal of 1/1000 of the fluorescence intensity
must be detected at millisecond intervals. To realize a
high S/N ratio, the light source must show a high inten-
sity because the fluorescence intensity is proportional to
the excitation intensity. It must also show a high stability
because the signal is about 0.1% change in the fluores-
cence intensity for the measurement of neural activities.
In the present imaging system, we therefore selected a
LED (LEX2-G, Brain Vision, Japan) mentioned above as
the light source. The LED shows a high intensity com-
parable to other light sources such as a xenon lamp and a
halogen lamp and a higher stability (<+0.01% in most
conditions) than them.

To realize a high speed imaging with millisecond reso-
[ution, the fluorescence detector must show a high sen-
sitivity which can improve the flame rate. We therefore
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Figure 1. Schematic illustration of the present fluorescent
voltage imaging system.
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selected an EM-CCD camera (iXon X3 897, Andor, Ire-
land) mentioned above as the fluorescence detector. In
EM-CCDs, photoelectrons detected by the CCD chip are
multiplied through a large number of stages of the gain
register. EM-CCDs are often compared with intensified
CCDs (ICCDs) and their sensitivities are similar to those
of ICCDs. EM-CCDs, however, show alower noise than
| CCDs because they don’'t have image intensifiers.

In the present imaging system, the measurement time
mostly depends on photobleaching of the dye because the
high-end computer used has an enough memory. The in-
tensity of the LED and the gain of the EM-CCD camera
can be precisely adjusted to the optimum levels for each
measurement so that the photobleaching can be possibly
reduced. As aresult, the present imaging system realized
a long time measurement with a high speed and a high
S/N ratio. The measurement for several minutes was pos-
sible under the present experimental conditions.

3.2. Measurement of Neural Activities Involved
in the Olfactory Processing of the Land Slug

Rhythmic patterns of electrical activity are a ubiquitous
feature of nervous systems. The modulation of oscilla-
tory activities plays an essentia role in the processing of
sensory information. Olfactory processing has been ex-
tensively studied in the land slug. In the olfactory center
(procerebrum; PC), which is located the distal part of
each cerebral ganglion (see Figure 2(a)), an oscillation
of local field potential (LFP) with about 1 Hz is observed
by extracellular recording [11-13]. The LFP is due to the
coherent activities of many neurons. Additionally, the
oscillatory activity is reported to be changed by various
odor stimuli to the tentacles. We here examined the odor
responses of the spatiotemporal activity patterns of the
PC by the present fluorescent voltage imaging system.
Simultaneoudly, the LFP was measured by extracellular
recording through a suction electrode filled with the slug
saline. The signals were amplified with an extracellular
recording amplifier (ER-1, Cygnus, USA). The recording
chamber was consisted of two compartments with a dlit
connecting them (see Figure 2(b)). The cerebral ganglia
were placed in one of the compartments filled with the
slug saline, and the tentacles were placed to pass through
the dlit to the other compartment exposed to the air. The
slit was sealed with silicon grease, and odor sources were
placed near the tentacles.

Figure 3 shows a fluorescence measurement for the
PC. In this case, the full image was composed of about
168,000 pixels. Each ROI (25 x 25 pixels) contained a
few dozens of neurons. For this spatia resolution, the
consecutive images could be acquired at arate of 30 mg/
flame for 2.5 min by the present imaging system. Asare-
sult, we could observe an oscillation of the fluorescence
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Figure 2. (a) Posterior view of a pair of cerebral ganglia
with tentacles; (b) Schematic illustration of the recording
chamber for the measurement of neural activities involved
in the olfactory processing of theland slug.
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Figure 3. (a) Fluorescence image of the PC of the land slug.
The ROI flames for fluorescence analysis (red squares) and
the electrode for extracellular recording (blue figure) are
also shown; (b) Preparation of the central nervous system
with tentacles. The red arrow showsthe PC; (c) Changesin
the fluorescence intensity from the ROI flames. The LFP
measured by extracellular recording is also shown. The
aversive odor (isoamyl acetate) stimulus was applied at the
time shown by the blue arrow.
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intensity of each ROI with a high S/N ratio, which corre-
sponded to the LFP oscillation measured by extracellular
recording. Additionally, we found that the fluorescence
oscillation had a phase delay along the distal-proximal
axis of the PC. We aso found that the frequency of the
oscillation increased and the phase delay disappeared
when an aversive odor source (isoamyl acetate, cineol
and so on) was applied to the tentacles.

3.3. Measurement of Neural Activities Involved
in the Feeding Rhythm of the Pond Snail

In our previous study, we have found that a regulatory
neuron (cerebral giant cell; CGC) for the feeding rhythm
in each cerebral ganglion of the pond snail [14] shows
regular beating, regular bursting and irregular bursting
discharges depending on the direct current through the
cell membrane [15]. We here examined how the CGC ac-
tivities affect the neural activities of the buccal ganglion
(BuG), which is involved in the feeding rhythm, by the
present imaging system. The CGC activities were meas-
ured simultaneously by intracellular recording through a
glass microelectrode filled with 2 M potassium acetate.
The signals were amplified with an intracellular record-
ing amplifier (IR-283, NEURO DATA, USA). The direct
current was injected into the CGC through the electrode
to control the activities.

Figure 4 shows a fluorescence measurement for the
BuG. In this case, the full image was set to about 217,000
pixels so that each ROI (15 x 15 - 35 x 35 pixels) could
contain an individual neuron. For this spatial resolution,
the consecutive images could be acquired at a rate of 40
ms/flame for 4 min by the present imaging system. As a
result, we could detect the activities of each neuron of the
BuG from the fluorescence intensity change of each ROI
with a high S/N ratio, although we needed to expand the
duration of action potentials by a potassium blocker, tet-
raethylammonium (TEA). We are confirming that the im-
proved measurement with a faster flame rate and without
TEA is possible by using another objective lens with a
larger NA, which will be reported el sewhere.

As shown in Figure 4(b), some neurons in the BuG
showed the synchronized activities. When the direct cur-
rent of 100 pA was injected to the CGC, the firing rate of
the CGC increased followed by more frequent activities
of the neurons in the BuG (see also Figure 4(c)). Thus,
the projection of the CGC to the neurons in the BuG was
physiologically shown.

Further, the CGC activities can be measured simul-
taneously by the fluorescence measurement with the BuG
activities. Figure 5 shows a comparison of the fluores-
cence measurement to the intracellular recording for the
CGC activities. The fluorescence intensity change corre-
sponded to the firing of the CGC. From this result, it is
also confirmed that the activities of individual neurons
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Figure 4. (a) Fluorescence image of the BuG of the pond
snail. The ROI flames for fluorescence analysis (green
squares) are also shown; (b) Changes in the fluorescence
intensity from the ROI flames; (c) Change in the fluores-
cence intensity from the ROI flame 3 (upper figure) and the
activities of the CGC measured by intracellular recording
(lower figure). The direct current of 100 pA was injected to
the CGC at the time shown by the blue dotted line.
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Figure 5. Comparison of the fluorescence measurement
(upper figure) to the intracellular recording (lower figure)
for the CGC activities.

can be detected by the present fluorescence measure-
ment.

4. Conclusion

The present fluorescent voltage imaging system using a
LED as the light source and an EM-CCD camera as the
fluorescence detector realized a long time measurement
for molluscan neural activities with a high speed and a
high S/N ratio. By using it, we obtained the following
results: 1) In the PC of the land slug Limax valentianus,
the fluorescence oscillation, which corresponded to the
LFP oscillation measured by extracellular recording, had
a phase delay along the distal-proximal axis of the PC.
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The frequency of the oscillation increased and the phase
delay disappeared when an aversive odor source was
applied to the tentacles. 2) In the BuG of the pond snail
Lymnaea stagnalis, more frequent activities of the neu-
rons were observed when the direct current was injected
to the CGC. Thus, the projection of the CGC to the neu-
rons in the BuG was physiologically shown. We expect
that our fluorescent voltage imaging technique will lead
to the new findings on the neural function of the central
nervous system of mollusks.
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