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2. Materials and Methods

2.1. Animals

2.1.1. Aplysia californica Cooper (Aplysiidae, Anapsidea, Ophistobranchia, Gastropoda)

Aplysia californica (former name: Tethys californica) of 15 – 25 g raised in mariculture were obtained from NIH

Resource Facility (Miami, FL, USA). Larger animals (75 to 150 g) collected at the Pacific shore were purchased

from Tidal Flux Hollahan Ltd. (Sta. Barbara, CA, USA). They were kept in the institute’s aquarium with

artificial seawater (hw marinemix, Wiegandt GmbH, Krefeld, DE) adjusted to 33 % salinity and 14°C and fed

with green salad leaves. The diet was occasionally enriched with Nori (dried japanese seaweed) and fresh algae

(Ulva lactuca, Gracilaria etc.).

Before dissection, snails were anaesthetised with an injection of 0.56 M MgCl2 (injection volume approx. 30 %

of the body mass) into the body cavity. The cerebral ganglion was removed with nerves and eyes attached.

Aplysia saline (Tab. 1) was used throughout the 2 ½ hour dissection, and for storage and recording. Small snails

(15 – 25 g) were used for optical recordings and for recordings of optic nerve activity, whereas big snails (75 –

150 g) were used for behavioral tests and for intracellular recording of cerebral ganglion cells and retina cells.

2.1.2. Lymnaea stagnalis Linneaus (Lymnaeidae, Basommatophora, Pulmonata, Gastropoda)

Lymnaea stagnalis (shell length 1.5 to 2.5 cm) were collected when needed in local ponds. They were

anaesthetised by bathing in 20 % Listerine mouthwash (Warner-Lambert, Freiburg, DE, Kojima et al., 2000) and

dissected. The circumoesophagial ganglion ring was removed and care was taken to cut the attached nerves at

the outmost periphery. Lymnaea saline (Tab. 1) was used at all steps of dissection and subsequent experiments.

2.1.3. Xenopus laevis Daudin (Aglossa, Anura, Amphibia)

Male Xenopus laevis frogs of 8 – 10 cm body length were obtained from Kähler Forschungsbedarf (Hamburg,

DE). They were kept in a fresh water basin and fed with food pellets (Kähler). Prior to dissection they were

anaesthetised in a 0.3 % solution of the narcotic MS222 (Tricaine, ICN Biomedicals, Aurora, OH, USA) for 15

min and killed by decapitation. Either the brain or the heart was removed and transferred to cold Xenopus ringer

solution (Tab. 1). Further dissection was carried out as mentioned below.

2.1.4. Palaemon elegans Rathke (Palaemonidae, Natantia, Decapoda, Malacostraca)

The rock shrimp Palaemon elegans was caught during low tide in rock pools located near Wimereux at the

French channel coast of the department Artois. Shrimps were transferred to the institute’s aquarium in styrofoam

boxes and kept in the institute’s aquarium with artificial seawater adjusted to 33 % salinity and 14 °C. They were

fed ad libitum with deep-frozen shrimps. Eyes with eyestalks attached were surgically removed after anaesthesia

with CO2 and subsequent decapitation and were transferred to Palaemon saline (Tab. 1) for further experiments.
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Aplysia saline Xenopus ringer Lymnaea saline Palaemon saline
NaCl 460 112 24 475
KCl 10 2 2 11

MgSO4x7H20 6 - - -
NaHCO3 6 - - -

CaCl2x2H20 11 2 2 12
MgCl2x6H20 55 - 2 40

NaH2PO4 - 0.1 -
Hepes/NaOH 10 15 35.4 10

Glucose 6 mg ml-1 0.3 -
pH 7.7 7.35 7.9 8.2

Tab. 1. Solutions used in the experiments [mM].

2.2. Behavioral testing

The method for testing the phototactic responses of buoyant Aplysia was similar to that developed by Kuenzi and

Carew (1991). A black plastic tank (70x50x40 cm) filled with artificial seawater adjusted to 33 % salinity was

used. A snail was suspended by its parapodia with fishing hooks which only slightly attached the skin rather than

pierce it. The respective strings were fixed to the aquarium walls with hooks connected to vacuum suckers,

thereby suspending the animal in a height of approximately 15 cm. Even when bending up- or downwards no

part of the snail’s body could reach the tank’s bottom, its walls or the water surface. Snails showed no sign of

disturbance, like inking or excessive curling,  by the suspension procedure and would readily feed on green salad

leaves offered after the suspension had been completed. All experiments were carried out at room temperature.

The snails survived the treatment without any injury and were transferred to another tank in the institute’s

aquarium after the experiments.

Fig. 1. Outline of the behavioral tests. Grey lines represent the grid on the video screen. The angle between main
body and head axis was determined as demonstrated by the dashed line. Suspension strings are also shown.
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Light stimuli were delivered by a 75 W Xenon arc lamp (XBO 75, Osram, Berlin, DE, and HA-5A power

supply, Radiation Power Systems, San José, CA, USA) coupled to a quartz fibre optic light guide. The lamp was

housed in a Zeiss lamp housing (Zeiss, Oberkochen, DE) and could be run with either 100 W, or 75 W when a

power resistor was switched in parallel with the lamp. The spectral properties were modified by either a 525 nm

interference filter or a UG 5 short-pass filter (cut-off wavelength 390 nm, both filters see Fig. A3). A

galvanometric shutter was used to control the stimuli; it was operated with a 5 V pulse from a PC parallel port

and FlexiStim software (see below). The light guide terminus was positioned in the aquarium in such a way that

the animal was illuminated from an angle of either +70 ° or – 70° of the main body axis (see Fig. 1).

The photon flux of the 525 nm stimulus was adjusted to 6.68 µM m-2 s-1, and 6.15 µM m-2 s-1 were used for the

UV stimulus. Calibration of photon fluxes was done using a radiometer (IL 1400A and SEL 033 detector,

International Light, Newburyport, MA, USA).

The suspended snail was monitored with a standard CCD camera (BC-2, AVT Horn, Aalen, DE) from above and

recorded on video tape. Near infrared illumination obtained from a 25 W tungsten lamp passed through a long-

pass filter (RG720, see Fig. A3D) was used as background illumination.

A snail was transferred to the test aquarium in a dark room which was illuminated by a red neon lamp only when

animal handling was carried out. The snail was suspended by its parapodia and adapted to total darkness for 3

min. It then underwent the following protocol: Four different light conditions were tested, differing from each

other in terms of light direction (+70 ° or – 70 °) or wavelength (525 or 370 nm), which both were selected

randomly. Each condition consisted of four 60 s-period of darkness and illumination, and a dark adaptation

pause of 3 min was kept in between each condition. The experimental protocol is shown in Fig. 2.

3 min darkness

          60 s 60 s etc.test, condition 1

preadaptation

3 min darknessadaptation

3 min darknessadaptation

3 min darknessadaptation

test, condition 2

test, condition 3

test, condition 4

A snail is transferred to the test tank and suspended with fishing hooks

snail is released

Fig. 2.  Protocol of the behavioral experiments. The conditions differed from one another by the direction of
light (right/left) and/or the wavelength (500/370 nm). The succession of conditions was chosen randomly. Grey
areas represent periods of darkness, white areas represent light stimuli. Eleven snails underwent the protocol.
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 The video tapes were analyzed offline. The video cassette recorder was therefore paused every 5 sec by use of a

QuickBasic software (VCR.bas, see appendix) that delivered the appropriate signals to the RS232 port of the

VCR.  The angle of the head to the main body axis was determined with a radial grid (10° ticks) printed on a

transparency sheet that was attached to the screen of the video monitor. The median between the two posterior

tentacles was taken as a landmark. See Fig. 1 for an outline of the behavioral apparatus and the determination of

head waving. The relative head angle was then plotted vs. time, with dark and light periods indicated in the plot.

For further analysis, a Fast Fourier Transform (FFT with 512 points) of the time series was carried out with the

Viewdac software (Keithley Metrabyte, Germering, DE, see Fig. 21 for an example of these plots). A frequency

of 0.0083 Hz was presumed as stimulus frequency (4 stimuli in 480 seconds), and it was checked whether the

amplitude spectrum of the behavioral time series exhibited a maximum above a critical threshold at this given

frequency. If so, the animal’s head-waving behavior was considered phototactic, and it was qualitatively checked

if the response was positive or negative. For these and the following experiments, see Tab. 2 for a comparison of

light stimulus intensities.

photons (µM m-2 s-1)
experiment

VIS UV Bleaching intensity (% of the stimulus)

behavioral experiments 6.68 6.15 -
spectral sensitivity 0.54 – 0.00162 -

bleaching (optic nerve) 0.86 0.86 1125, 562.5, 357, 178 and 0
bleaching (retina experiments) 0.86 0.86 84, 50, 34, 17, 8.4, 5, 2.5 and 0
projection experiments 0.54 0.54 -

Tab. 2. Comparison of stimulus and bleaching intensities in the different experiments.

2.3. Extracellular recording techniques of Aplysia optic nerve activity

A custom-made differential amplifier based on the INA101 instrumentation amplifier IC (Burr Brown, Tucson

AZ, USA) was used for extracellular recording of nerve activity. Its main features were a selectable gain,

selectable AC-coupling time constants and a double-T-network for 50 Hz noise rejection (see Fig. A7 in the

appendix). Platinum wires were used as differential electrodes. Suction tubes were pulled from polyethylene

pipette tips (Gelloader, Eppendorf, Hamburg, DE) over a low-temperature flame under stereomicroscopic

control, resulting in tip diameters of 100 – 200 µm. The eye-optic nerve preparation was transferred to a petri

dish (4 cm diameter) lined with silicone resin (Sylgard, Dow Corning, Midland, MI, USA) and was immobilized

with small tungsten wires electrolytically sharpened (10V AC and saturated KOH). The preparation was covered

with Aplysia ringer.

The optic nerve was drawn into the suction tube and care was taken to ensure a tight fit. The two differential

electrodes were placed inside the tube and in the bath, respectively, whereas the indifferent electrode was

connected to common ground. The amplifier was under real-time control of a digital storage oscilloscope (OSD-

3020, Conrad electronic, Hirschau, DE), and a PC-based data acqusition system (DAS 1601 A/D-board with 8

differential inputs, 12 bit and 100 kHz, Viewdac software, both Keithley Metrabyte) served for data storage and

export. Further analysis and graphical display was carried out with Sigma Plot software (Jandel Scientific,

Chicago, IL, USA).
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A dissection microscope (Stemi, Zeiss, Oberkochen, DE) was used to observe the preparation and to carry out

the suction process. The experimental stand was located on an aluminium plate (70x50 cm) supported by four

tennis balls for vibration isolation. A grounded Faraday cage made from iron mesh (2 mm wide) was fixed on a

wooden frame and put around the stand for rejection of electromagnetic noise. The whole stand was shaded with

black cloth to prevent light other than the stimuli from reaching the preparation. For some experiments the

preparation chamber was temperature-controlled with a Peltier-element positioned right below the Petri dish, a

power supply and a temperature probe.

2.3.1. Determination of the spectral sensitivity in the UV

For stimulation of the eye a rapid scanning monochromator (75 W Xenon Arc lamp, 13 nm half bandwidth, Till

Photonics, Planegg, DE) was used. The terminus of its quartz light guide was located approx. 10 cm from the

preparation.

The different light stimuli applied were 300, 325, 350, 360, 370, 380, 390, 400 and 500 nm. The intensity of the

different stimuli was adjusted with a set of nine quartz neutral density filters (Ealing Electro-Optics, Holliston,

MA, USA) located on a filter wheel which was controlled by a stepper motor (Valvo, Hamburg, DE) under

control of a QuickBasic program (Mcfilt.bas, see appendix). The apparatus has already been described by Storz

and Paul (1998). Since the monochromator did emit a small portion of white light on any wavelength selected, a

UV short-pass filter (UG 5, see Fig. A3C in the appendix section) was used for all wavelength below 400 nm. A

constant photon flux level +/- 10 % could thereby be achieved for all stimulus wavelengths. The overall intensity

could be influenced with a second set of  neutral density filters, so that 6 different intensity levels could be

tested.  Attentuation between the different levels was 0.5 log units each.

The stimuli were time-controlled with a galvanometric shutter. This and other TTL-compatible inputs of the

experimental periphery (stimulus isolation unit, external trigger inputs of the oscilloscope and the A/D-Board,

LED for physiological stimulation of the snail’s eye) were under control of a windows-software which delivered

time controlled 5V-pulses to the parallel port of a second PC (FlexiStim, see appendix).

The determination of the spectral sensitivity was carried out according to the method of Waser (1968), who has

reported that compound action potentials (CAP) can be recorded in the optic nerve when the eye has been

stimulated with a light flash. Besides these evoked CAP, he reports that a pacemaker activity can be observed in

the optic nerve, which is part of the circadian rhythm of the Aplysia eye and thereby not evoked by light stimuli.

2 s

PP
CAP

Fig. 3. Pacemaker potentials (PP) and stimulus-evoked compound action potentials (CAP) recorded
extracellularly from the optic nerve. The broken line indicates the stimulus onset.
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This activity has been investigated by many authors, because it is generated by an autonomous circadian

pacemaker located in the retina (Jacklet, 1969b; Olson and Jacklet, 1985). The pacemaker potential occurs under

dim light conditions, with a frequency of approx. 0.25 Hz, and disappears immediately upon eye stimulation.

Compound action potentials are evoked by the stimulus with high initial frequency, which decreases after a

while even when the stimulus is still present. Waser found a linear relation between the frequency of evoked

CAP and logarithm of stimulus intensity. The number of CAP min-1 is therefore a good measure for the action

spectrum (Menzel, 1979) of the eye. After termination of the light stimulus the pacemaker potential reoccurs

with some delay. Both responses can easily be distinguished on the oscilloscope screen, because shape and

amplitude differ significantly (Fig. 3).

The experimental protocol was as follows: At the beginning of each experiment, the eye-optic nerve preparation

was adapted to total darkness for 20 min. Pacemaker activity could be observed in this period and was taken as

control for a good fit of the suction electrode and vitality of the preparation. At a given intensity level, a test

wavelength was then selected, and the shutter opened for 30 s. The number of CAP evoked by the stimulus was

determined by eye. Thereafter, the eye was adapted to total darkness for 5 min and another test wavelength was

selected. Each eye was tested with nine wavelengths and six intensity levels. As the experiment lasted longer

than five hours, the fitness of the eye was tested at the end of the experiment by applying a high intensity

stimulus. The time course of the experiment is shown in Fig. 4.

The response was then compared to the response recorded under the same conditions at the beginning of the

experiment. The photon flux at the highest intensity level was 0.54 µM m-2 s-1, and the weakest level was 0.3 %

of the initial intensity. The data of each eye tested were plotted as response-intensity curves (CAP min-1 vs.

stimulus intensity for all wavelengths tested)  with the responses being normalized to 100 %. A response of 50 %

was then taken for the determination of the required stimulus intensity. This was carried out by linear

interpolation of the plots. The reciprocal of these values was then plotted vs. wavelength to obtain the spectral

sensitivity curve for the respective eye, and a mean spectral sensitivity was finally calculated for all eyes tested.

 30 s test      5 min darkness

another experiment at highest intensity level to assure that the eye is still intact

 30 s test      5 min darknessstim level 6 9 repeats, random WL sequence

[......]

 30 s test      5 min darkness 30 s test      5 min darkness

 30 s test      5 min darkness 30 s test      5 min darknessstim level 2 9 repeats, random WL sequence

20 min, pacemaker potentials reocccurdark adaptation

a preparation is transferred to the petri dish, suction electrode is applied

 30 s test      5 min darknessstim level 1 9 repeats, random WL sequence 30 s test      5 min darkness

stim level 3 9 repeats, random WL sequence

Fig. 4. Protocol of  the spectral sensitivity measurements (optic nerve recordings). For each of the six intensity
levels, all nine wavelengths were tested in random order. Each eye underwent 54 tests, the experiment lasted
more than five hours. A total of four eyes underwent the protocol. Large arrow indicates decreasing stimulation
intensities (symbolized by different grey levels). stim = stimulation intensity, WL = wavelength.
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2.3.2. Bleaching experiments

To determine whether the UV sensitivity found in all eyes is evoked by the same photopigment as the VIS

sensitivity described by Jacklet (1980), bleaching experiments were carried out on the eye-optic nerve

preparation. In these tests, optic nerve activity was recorded during 2 sec darkness, 120 sec preincubation with

525 nm and 30 s of the test stimulus, which was either 500 nm or 370 nm. Data were stored on hard-disk with a

sample rate of 500 Hz after passing a lowpass filter (Model 3342, Krohn-Hite, Avron, MA, USA) with 250 Hz

cutoff frequency. The preincubation light was delivered by a 75 W Xenon arc lamp coupled to a fibre optic light

guide and a 525 nm interference filter (see Fig. A3E in the appendix section). A rapid scanning monochromator

and a galvanometric shutter operated with the FlexiStim software were used to provide the test stimuli. Stimulus

intensity was kept constant at  0.86 µM m-2 s-1, and the intensity of the preincubation light was altered with

neutral density filters to achieve five different preincubation levels (0, 178,  357, 562.5 and 1125 % of the

stimulus intensity, see Fig. 5). Data analysis was carried out in two different ways: (i) the total of spikes counted

for the stimulus interval was plotted for both wavelengths vs. adaptation intensity, and (ii) spike density

histograms were plotted for each trial. Spike densities were determined with the help of a QuickBasic program

(spike.bas, see appendix), courtesy of R. Pirow. The program first detected compound action potentials with help

of a threshold algorithm, and then determined the time bases of the detected spikes and the respective intervals.

The reciprocals of the spike intervals were then plotted vs. the respective time base. Fig. 24 in the results section

illustrates the data collection process.

 5 min dark 120 s bleach (525 nm) 30 s stim (WL 1)bleach level 5 3 repeats

end of the experiment

30 s stim (WL 2) 3 repeats 5 min dark 120 s bleach (525 nm)

 a preparation is transferred to the petri dish, suction electrode is applied

bleach level 1  5 min dark 120 s bleach (525 nm) 30 s stim (WL 1) 3 repeats

30 s stim (WL 2)

 5 min dark 120 s bleach (525 nm) 30 s stim (WL 1)

30 s stim (WL 2)

bleach level 2

3 repeats

3 repeats

3 repeats

 5 min dark 120 s bleach (525 nm)

 5 min dark 120 s bleach (525 nm)

[......]

Fig. 5. Protocol of the bleaching experiments (optic nerve recordings). A total of four eyes underwent the
protocol. Large arrow indicates decreasing bleaching intensities (symbolized by different grey levels). At each
intensity level, the sequence of the stimulus wavelengths (370 or 500 nm) was determined randomly (as
demonstrated by the symbols WL 1 and WL 2). dark = darkness, bleach = bleaching.
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2.4. Intracellular recording of membrane potential

Standard microelectrode methods were used for membrane potential recordings. Microelectrodes were pulled

from filamented borosilicate capillaries (1.0 mm OD) with a Sutter P77 electrode puller (Sutter Instrument Co.,

San Francisco, CA, USA). They were filled with 3M KCl and had resistances between 15 and 150

MΩ, depending on the preparation. An Ag/AgCl wire submerged in the preparation bath was used as a simple

reference electrode. The microelectrode was controlled by a M3301 micromanipulator (Maerzhäuser, Wetzlar,

DE) and read out with a high impedance voltage follower (Duo 773, World Precision Instruments, Sarasota, FL,

USA). The instrument’s 50x gain output was connected to the voltage input of a sine wave generator (Voltcraft

MX-2020, Conrad electronic, Hirschau, DE) with a loudspeaker attached to serve as audio monitor of the

membrane potential.

A digital storage oscilloscope was used for real-time control and a PC-based data acqusistion system (DAS 1601

A/D-Board, Viewdac software, Keithley Metrabyte) served for data storage and export. Most recordings of

intracellular potential were carried out with 1 kHz sample rate. Further analysis and graphical display was done

with Sigma Plot software. A Zeiss dissection microscope was used to observe the preparation and to control

miroelectrode movements. The experimental stand was located on an aluminium plate (70x50 cm) supported by

four tennis balls and shielded with a faraday cage. In the frog atrium experiments, an upright microscope and a

custom made micromanipulator were used instead (see below). In some cases, a custom made stimulus isolation

unit (see appendix) was used to deliver electric shocks to the preparation. The whole experiment (stimulus

isolation unit, galvanometric shutter, trigger for data acquisition) was under control of the FlexiStim software.

2.4.1. Receptor potentials of Aplysia retina cells

Receptor potentials were measured with a microelectrode to determine if either single receptor cells respond both

on VIS- and UV stimuli, or if different cells can be identified for the different spectral ranges. Methods were

similar to those described by Jacklet (1969a). The eye-optic nerve preparation was transferred to the recording

setup and immobilized by use of a suction electrode and tungsten needles. The preparation was treated with

Pronase (5 mg ml-1, Merck KGaA, Darmstadt, DE) for 5 min at room temperature to faciliate microelectrode

impalement. No surgical desheathing was carried out in this case. Microelectrodes were selected with at least 70

MΩ tip resistance due to the small dimensions of the retina cells.

Individual cells of the retina were impaled under stereomicroscopic control and red light illumination (634 nm

interference filter, Ealing Electro-Optics, Holliston, MA, USA) and with the help of the audio monitor. Prior to

the experiments it was ensured experimentally that the red background light does not evoke receptor potentials.

Cell impalements were considered successful if a stable resting potential of at least – 30 mV was obtained.

The receptor response on either 500 or 370 nm was then tested, both stimuli provided from a rapid scanning

monochromator (see above). The stimuli had a duration of 5 s, and dark adaptation breaks lasted 3 min (Fig. 6).

In a second approach it was checked whether preceeding bleaching with 525 nm altered the receptor responses to

500 and 370 nm, in order to determine if the putative 370 nm response is mediated by the same photopigment as

the 500 nm response or not. The individual trials consisted of 5 s of 525 nm adaptation and 5 s of the test

stimulus, added to the adaptation light. Dark adaptation pauses between each trial lasted 3 min. The photon flux
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of the test stimuli was 0.86 µM m-2 s-1, and the intensity of the preincubation light was altered with neutral

density filters to 2.5, 5, 8.4, 17, 34, 50 and 84 % of the stimulus intensity (Fig. 7).

retina cell #2 2 repeats  impalement (dark red light) 5 s stim (WL 1)3 min

5 s stim (WL 2)3 min 2 repeats

eye preparation is immobilized and treated with pronase

[......]

eye is discarded at the end of the experiment

retina cell #1 2 repeats  impalement (dark red light) 5 s stim (WL 1)3 min

5 s stim (WL 2)3 min 2 repeats

retina cell #n 2 repeats  impalement (dark red light) 5 s stim (WL 1)3 min

5 s stim (WL 2)3 min 2 repeats

Fig. 6. Protocol of the retina experiments (intracellular recordings). Retina cells were selected randomly, and all
areas of the retina underwent the survey. The experiment was planned to last 7 hours, so the number of
successfully impaled cells could not be predicted. For each cell the sequence of the stimulus wavelengths (370
or 500 nm) was determined randomly (as demonstrated by the symbols WL 1 and WL 2). A total of five eyes
underwent the protocol.

eye preparation is immobilized and treated with pronase

5 s bleach (525 nm)bleach level 1  impalement (dark red light) 3 min 5 s stim (WL 1)

5 s bleach (525 nm)3 min 5 s stim (WL 2)

5 s bleach (525 nm)bleach level 2 3 min 5 s stim (WL 1)

5 s bleach (525 nm)3 min 5 s stim  (WL 2)

5 s bleach (525 nm)bleach level 3 3 min 5 s stim (WL 1)  

5 s bleach (525 nm)3 min 5 s stim (WL 2)

5 s bleach (525 nm)bleach level 7 3 min 5 s stim (WL 1)  

5 s bleach (525 nm)3 min 5 s stim (WL 2)

[......]

a new retina cell is impaled (this eye or other eye)

Fig. 7. Protocol of the bleaching experiments on retina cells (intracellular recordings). Large arrow indicates
decreasing bleaching intensities (symbolized by different grey levels). At each intensity level, the sequence of
the stimulus wavelengths (370 or 500 nm) was determined randomly (as demonstrated by the symbols WL 1 and
WL 2). A total of four cells out of two eyes underwent the protocol.
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2.4.2. Membrane potential recording of cerebral ganglion cell responses after eye stimulation

 Whereas in the Aplysia abdominal ganglion nerve cells are evenly distributed over four quadrants (Frazier et al.,

1967), the cerebral ganglion is organised in nerve cell clusters. Seven paired clusters labeled “A” – “G” can be

found located symmetrically in both hemispheres, and a single cluster labeled “H” is located in the right

hemiganglion (Jahan-Parwar and Fredman, 1976, see Fig. 8). Three connectives (CB: cerebro-buccal, C-PD:

cerebro-pedal, C-PL: cerebro-pleural) and five nerves (ULAB: upper labial, AT: anterior tentacle, PT: posterior

tentacle, ON: optic nerve, LLAB: lower labial) originate from the ganglion.

For the experiments described a preparation was made consisting of the left eye, the optic nerve and the cerebral

ganglion. The preparation was transferred to a petri dish lined with silicone resin and pinned out with small

tungsten needles. The eye was positioned into a small beaker made from black plastic to shade it from

background illumination. This measure was necessary because cell impalement was far more complicated

compared to photoreceptor impalement and required intensive optical control, resulting in longer background

illumination periods. The effectiveness of the shading was experimentally tested, and it was assured that the

background illumination did not evoke light induced activity in the eye.

The preparation was then treated with Protease IX (1 mg ml-1, Sigma-Aldrich, Steinheim, DE) for 1 – 3 h. The

connective sheath on the dorsal surface of the cerebral ganglion was removed microsurgically, so that approx. 80

% of the cells were exposed. A delicate vannas-style spring scissor (# 15001-08, Fine Science Tools, Heidelberg,

DE) was used for this purpose. See Fig. 9 for a photomicrograph of the preparation.

Individual cells from all clusters of both hemispheres (right E and left E were left out due to their remote

position, see Fig. 8) were impaled and, when a stable resting potential was obtained, the background illumination

was switched off and a dark adaptation pause of 3 min was allowed. The eye was then stimulated with either 370

or 500 nm, stimulus duration was 20 s. This long recording time was required because of relatively long

latencies (5.6 – 17.6 s) of cerebral ganglion cells after physiological stimulation of the eye (Rossner, 1973).

Thereafter, another dark adaptation pause was allowed before the other wavelength was tested. This was done

twice, and then a new cell was selected.

Fig. 8. Aplysia cerebral ganglion from dorsal. Modified from
Jahan-Parwar and Fredman (1976).

Fig. 9. Dorsal aspect of the ganglion preparation used for
projection experiments.
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Microelectrode resistances varied between 15 and 50 MΩ. Light stimulus photon flux was 0.54 µM m-2 s-1 for

both wavelengths. The position of responding cells was noted as well as the type of response and the relevant

stimulation wavelength. See Fig. 10 for an outline of the experimental procedure.

2.4.3. Xenopus atrium recordings

After decaptation, the frog was placed in a dissection dish and the abdomen was opened by a median cut. The

heart was removed and transferred into cold Xenopus ringer solution. The atrium was isolated and pinned out in

a petri dish lined with silicone resin, with the endocardial side facing upwards (Fig. 11). The atrial septum was

dissected and removed. Distal parts of the atrium were cut away and discarded, but care was taken that the atrial

pacemaker was left intact. In some cases, the uncoupling drug 2-3-Butanedione monoxime (BDM, ICN

Biomedicals) was used in concentrations between 10 and 30 mM to reduce movement artifacts, and/or the

preparation was stained with the voltage sensitive dye NK 2761 (Nippon-Kankoh Shikiso Kenkyusho Co. Ltd,

Okayama, Japan) in concentrations of 0.1mg ml-1.

Microelectrode recordings were carried out at the upright microscope because they were meant to be combined

with optical measurements. As the latter were always carried out with water immersion lenses (see below), the

microscope lens used in this experiments (10x/0.3 NA, Spindler & Hoyer, Göttingen, DE) was shielded with a

2 repeats

2 repeats

2 repeats

2 repeats

eye-ganglion preparation is treated with protease and desheathed

end of the experiment

2 repeats

2 repeatsganglion cell #1 impalement 3 min dark 20 s eye stim (WL 1)

3 min dark 20 s eye stim (WL 2)

2 repeats

2 repeatsganglion cell #2 impalement 3 min dark 20 s eye stim (WL 1)

3 min dark 20 s eye stim (WL 2)

ganglion cell #3 impalement 3 min dark 20 s eye stim (WL 1)

3 min dark 20 s eye stim (WL 2)

ganglion cell #n impalement 3 min dark 20 s eye stim (WL 1)

3 min dark 20 s eye stim (WL 2)

[......]

Fig. 10. Protocol of the projection experiments in the cerebral ganglion (intracellular recordings). For each cell
the sequence of the stimulus wavelengths (370 or 500 nm) was determined randomly (as demonstrated by the
symbols WL 1 and WL 2). A total of five ganglia underwent the survey, and only those cells were registered
which responded twice to the given stimulus.
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round coverslip and a silicon sheath to prevent electric guidance between bath and microscope, which would

result in high offset potentials and drifts in the microelectrode readout.

Microelectrode resistances varied between 15 and 50 MΩ. A custom-made holder was used which allowed

electrode manipulation. For some experiments, a bipolar stimulation electrode and a stimulus isolation unit were

used to evoke a cardiac action potential, in other cases the spontanous activity of the atrial muscle was recorded.

The stimulation electrode was made from two teflon-coated platinum wires (100 µm OD, World Precision

Instruments) which had been desheathed at their very tips with use of a scalpel. The stimulus isolation unit was

under control of the FlexiStim software, stimulus amplitude (6 V, 1 ms) was 2x above atrial threshold intensity.

2.5. Optical recordings of membrane potential changes

Voltage sensitive dye (VSD) methods have been described by different authors (Cohen et al., 1974; Ross et al.

1977; Gupta et al., 1981; Kamino, 1991; Wu et al., 1998) and will be discussed later in brief only (see

discussion).

The microscope (Zeiss Axiolab, Oberkochen, DE) was equipped with a linear power supply (36 V/10 A, Model

6966A, Hewlett Packard, Böblingen, DE) and a 24 V/100 W tungsten halogen lamp which replaced the original

lamp (12 V/25 W). Light was spectrally modified with broad-band interference filters (634 or 700 nm, 38.2 nm

half bandwidth, Ealing Electro-Optics, Holliston, MA, USA) for measurements, or shortpass-filtered (550 nm

cutoff, LCLS-550 F, Laser Components, Olching, DE) during manipulation periods in order to avoid dye

bleaching (see Fig. A3 in the appendix section for transmittance spectra of all filters). High numerical aperture

lenses were used throughout. All components of the optical path were selected for optimum light collection.

The filters were put in a round holder made from aluminium, which was directly set onto the light output of the

microscope lamp. The holder kept a distance between lamp and filter and served for heat dissipation, as well as

supporting a galvanometric shutter which only opened prior to an experiment to prevent dye bleaching.

To exclude vibrations and light intensity fluctuations from the optical path, the microscope was located on an

aluminium plate (70x50 cm), which rested on styrofoam blocks. A heavy granite plate (80x70 cm) and four

scooter inner tubes were located underneath for vibration isolation. Microscope lenses were used in water

B A

Fig. 11. Endocardial side of the Xenopus atrium, pinned out in a
Sylgard chamber. A. bipolar electrode, B. glass microelectrode
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immersion mode to avoid water-air interfaces. Air currents around the microscope were reduced by use of a

grounded faraday cage lined with black cloth, which itself shaded the setup from external light. 100 Hz noise

caused by AC room lights was thereby excluded as well.

A very stable microscope lamp power supply (voltage output stability specified better than 0.1 %) was chosen to

keep light intensity fluctuations low. Transmitted light intensity was measured with a photodiode module

attached to the camera port of the microscope. In other experiments, photodiode arrays were used instead (see

below). Fractional intensity changes (∆I/I) of 0.2 – 2% were expected to coincide with action potentials in the

described preparations. To measure these changes with satisfying resolution, at least 14 bits (16384 values or

0.0061% smallest interval) are required for data digitization (see Tab. 8, discussion). Since a 12 bit/100 kHz

A/D-board with selectable 2nd stage gains (DAS 1601, Keithley Metrabyte) was available in the laboratory only,

the problem had to be overcome as follows: An AC-coupled photodiode was used in which the offset light

intensity was eliminated simply by high-passing the signal. Thereby only the light intensity changes, which

directly reflect the membrane potential changes, were measured with high 2nd stage gain. In this manner, an

effective A/D resolution of 4.88 µV/bit was achieved. This approach was refined in later experiments by

implementing a selectable AC/DC mode (see below).

The voltage sensitive absorbance dyes NK 2761, RH 482/NK 3041 (Nippon-Kankoh Shikiso Kenkyusho Co.

Ltd., Okayama, Japan) and RH 155 (Molecular Probes, Eugene, OR, USA) were used (see Fig. A2 in the

appendix section for chemical structures). RH 155 and 482 were used from stock solutions (10 mg ml-1), whereas

NK 2761 was dissolved freshly due to fast decomposition. Dye concentrations between 0.05 and 0.3 mg ml-1

were used, and no solving agents like dimethyl sulfoxide (DMSO) or pluronic acid were applied.

Single site measurements were recorded and analyzed with Viewdac software, and exported to Sigma Plot. Data

obtained in the multiple site measurements were analyzed with the Neuroplex software (Redshirtimaging,

Fairfield, CT, USA), a custom software written by H. Mochida (Mochida et al., 2001) or a custom software

provided by J.Y. Wu and modified by the author. In some cases data were exported to Sigma Plot.

2.6. Preliminary VSD experiments

2.6.1. Laser-diode based apparatus for real-time ratiometric measurements

In a preliminary test setup, laser diode modules were used instead of a tungsten halogen lamp, because they

provide higher light intensities (which reduces shot noise, see Fig. 48, discussion) Moreover, the lasers could be

modulated by applying a voltage (0 – 1.22 V) to the modulation input cable. This option was essential for the

new real-time ratiometric approach, which was designed to evaluate the triphasic action spectrum properties of

some dyes (Fig. A1, appendix) on their benefit for movement artifact suppression.

Two laser diode modules with 750 and 690 nm (LDM 750-5, LDM 690-20, LG Laser Graphics, Kleinostheim,

DE) coupled with a beamsplitter were used as transillumination light sources. The diodes were switched on and

off (“chopped”) in an alternating mode with high frequency, and the light intensity reaching the photodiode at

the microscope camera port was measured synchronously in DC mode. The laser diode modulation cycle and the

data acquisition were controlled and clocked by a Viewdac program and the D/A- and A/D-channels of a DAS

1601 board (both Keithley Metrabyte). Fig. 13 illustrates the setup. Ratios were calculated from two consecutive

measurements, one at 750 and the other at 690 nm. This procedure is possible because the dye NK 2761 does not

generate a membrane potential signal at 750 nm (see Fig. A1B in the appendix), whereas at 690 nm a signal is
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produced. Theoretically, the ratio thus delivers a signal in which movement artifacts and other non-wavelength-

specific noise are removed. The approach was discarded, however, due to the fact that the noise generated by the

laser diodes (laser speckle and interferences in the optic system) was too high already. In a test experiment

without a preparation, the noise of the calculated ratio was about 1.5 % of the measured intensity (Fig. 12). This

is far too much for absorbance experiments with signal sizes (∆I/I) of 0.2 – 2 %. Theoretically, the speckle noise

of the laser diodes could have been compensated by oversampling and digital filtering of the raw signals, but this

idea has not been further pursued. Moreover, a DC-coupled photodiode is needed to measure the full amplitudes

of each laser flash, thus requiring a 16 bit A/D-converter to detect the minute amplitude changes correlated with

membrane potential changes (see discussion). A second approach for real-time ratiometric measurements is

shown below.

2.6.2. Xenopus neurohypophysis

For the establishment of the voltage sensitive dye technique, the Xenopus neurohypophysis (Salzberg et al.,

1983) was chosen because large signals were to be expected in this preparation (B. Salzberg, pers. comm.).

After decapitation, the frog’s head was moved into a dissection dish. The dorsal skin was cut away and the skull

was broken open with a scissor inserted into the spinal channel. The dorsal bone was removed, and the brain was

carefully lifted out. The hypophysis and the infundibular stalk were identified and prepared, and in some cases

part of the hypothalamus was left attached to the hypophysis.

The preparation was transferred to the recording chamber and pinned out on a silicone bottom with tungsten

needles at the very tips of the Pars nervosa (Fig. 14). The infundibular stalk was then clamped between two

teflon-coated platinum wires which, for stimulation, had been desheathed over a distance of 3 mm by use of a

microscalpel. The pituitary gland was vitally stained with 0.1 mg ml-1 NK 2761 for 25 min, and the preparation
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Fig. 12. Ratiometric test experiment. Two laser diodes were switched on and off in an alternating mode. The
intensites reaching the microcope camera port were measured with a photodiode (vertical bars), the ratio of each
consecutive wavelength pair was then calculated (horizontal dots). The setup was already mounted on a
microscope, but no preparation was used (see Fig. 13). The approach suffered from high noise due to laser
speckle and interferences. The noise of the ratio time series was about 1.5 % of the total amplitude (calculated as
the standard deviation of the ratio time series).
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was washed twice with Xenopus ringer (Tab. 1). A stimulus isolation unit under control of the Flexistim software

was used to deliver shocks (90 V, 1 ms) to the infundibulum. A 10x/0.3 NA water immersion objective was used,

with the microscope setup as described above. A low-noise silicon photodiode module (PR-X 100K-SI-AC,

Femto, Berlin, DE) was used to measure membrane-potential related voltage changes, and signals were low-pass

filtered (Model 3342, Krohn-Hite) prior to digitization.

A ratiometric principle different from the one described above was tested on this preparation. It was based on

broad-band illumination and two detector units, which each measured only a specified spectral band. The

difference in the two measurement principles is illustrated in Fig. 13.

For this purpose two Femto photodiode modules, equipped with an interference filter each (700 or 634 nm,

respectively), and a prismatic beamsplitter were used, so that both photodiodes monitored the same position in

the optic plane (see Fig. A1 to compare wavelengths and the action spectrum of the dye NK 2761). The

preparation was illuminated with white light in this case. Both photodiode outputs were recorded

simultaneaously, and the relevant values were then devided to obtain the ratio.

To induce artificial vibrations into the preparation in order to have a defined movement artifact, a loudspeaker (8

Ω, 1 W) was attached to the microscope stage via a plastic cylinder (Fig. 15). The loudspeaker was driven by an

audio amplifier and a sine wave generator (Voltcraft MX-2020, Conrad Electronic, Hirschau, DE). The

hypophysis preparation was then set under vibrations with different frequencies. Experiments were carried out as

described above.

Besides its low-noise qualities the Femto photodiode had several tradeoffs: the feedback resistor (10 MΩ) was

fixed and could not be changed and the RC high-pass filter (-3 dB passband: 10 Hz - 100 kHz) could not be

bridged to DC mode, so only light intensity changes could be measured, but no offset values. The latter proved

indispensable for the determination of the fractional light intensity change (∆I/I) associated with an action

potential. This value is a measure for the quality of the staining and the usefulness of the dye tested with the

given preparation, and it makes signals obtained under different conditions (fluorescence/absorbance, different

species, etc.) comparable to some extent. Moreover, the lack of a DC mode turned out to be a major flaw in the

Fig. 13. The two different ratiometric principles. A. Single-detector approach with two modulated laser diodes.
B. Two-detector approach with two photodiodes and interference filters. The former approach was discarded due
to high noise, the latter was used in Xenopus neurohypophysis (AC-coupled Femto PD) and atrium experiments
(custom made PD with selectable AC/DC mode). LDM = laser diode module, PD = photodiode.

A B
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ratiometric experiments, because calculating ratio values from AC-filtered signals (which in fact means offset-

subtracted signals) led to false results in most cases (further details will be discussed later). In addition, it was

found that for some measurements the active area (5 mm2) of the photodiode was too large. These findings were

taken into account for the design of a tailored photodiode module (see below).

2.6.3. Lymnaea nerves

To demonstrate the use of voltage sensitive dyes with membrane potential changes in glia cells and neurons,

nerves of the snail Lymnaea stagnalis were chosen. In most cases, nerve #18 according to Kemenes et al. (1989,

see Fig. 16) was selected, because it is comparatively thick, easy to prepare and quite long (approx. 8 mm in

snails of 2.5 cm shell length), so that several experiments could be carried out with one preparation. Nerve pieces

were transferred to a petri dish and immobilized by suction electrodes made from polyethylene pipette tips

(Gelloader, Eppendorf, Hamburg, DE). One electrode connected to a stimulus isolation unit served for nerve

stimulation (1mA, 1ms), whereas the other was used for extracellular recording of nerve activity in some cases.

The nerve was stained with 0.3 mg ml–1 RH 155 (Molecular Probes) or RH 482/NK 3041 (Nippon Kankoh) for

25 min and was washed twice before the experiments. A 20x/0.4 NA lens was used in water immersion mode.

For further characterization of the stimulus evoked nerve signals, the 5-HT antagonist Ketanserine, the L-type

Ca2+ channel blocker Nifedipine (both ICN biomedicals), BaCl2 and CdCl2 were used.

The experiences made with the Femto photodiode led to the design of the photodiode module used in this and

some other experiments described below. Its main features were a small active area (1mm2), switchable DC- or

AC mode, selectable AC coupling constants (0.2, 2 and 7 s) and feedback resistors (3, 10 or 30 MΩ), a fast reset

button and a unity gain buffer amplifier (Fig. 17). The unit’s circuit is decribed in detail in the appendix section.

The module allows to measure the offset light intensity (I) with DC mode and low 2nd stage gain (1x) in the first

place, and then measure light intensity changes (∆I), which coincide with membrane potential activity, with AC

mode and very high 2nd stage gain (500x). Only then, the measured signal can be expressed as fractional intensity

change (∆I/I). The fast reset was used for a manual reset of the amplifier after opening the shutter when long

time-constant AC modes had been selected. This option permitted an immediate beginning of the experiment in

order to avoid excessive dye bleaching.

Fig. 14. Xenopus hypophysis clamped by the hypothalamus.
Taken from Salzberg et al. (1983).

Fig. 15. Apparatus to induce well-defined
vibrations to the microscopic stage
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2.6.4. Xenopus atrium

Atrial muscle tissue of Xenopus laevis was chosen to demonstrate voltage sensitive dye signals evoked by

cardiac action potentials, and to further develop the real-time ratiometric approach which was thought to be

helpful in reducing movement artfacts. Moreover, simultaneous optical and microelectrode recordings were

carried out in this preparation, because, under the upright microscope, impaling cardiac cells with

microelectrodes turned out much easier than impaling invertebrate ganglion cells. The dissection, further

treatment of the preparation and electrophysiology were carried out as described above. The atrium was stained

with 0.2 mg ml-1 NK 2761 (Nippon Kankoh) for 30 min, and was washed twice thereafter. The uncoupling drug

2-3-Butanedione monoxime (ICN biomedicals) was used in concentrations between 10 and 30 mM to reversibly

reduce the movement artifact.

Optical recordings were carried out with one or two of the photodiodes described above. The activity recorded

was either spontaneous or evoked. A bipolar stimulation electrode (see above) was used for the latter. Methods

were similar to Komuro et al. (1986). Offset intensities were measured at two wavelengths simultaneously

(“I700” and “I634”), with two DC-coupled photodiodes equipped with the respective interference filters and

coupled to a prismatic beamsplitter. Then AC modes were selected and intensity changes were measured

throughout the experiment (“∆I700” and “∆I634”). Offsets and intensity changes were added to obtain the full

signals (“ΣI700” and “ΣI 634”), and then ratios were calculated (Σ700/ΣI634).

2.7. Aplysia optical recordings

2.7.1. Aplysia cerebral ganglion

Other than the Aplysia abdominal ganglion, which has been a preparation of choice by many authors working

with voltage sensitive dyes (Zezevic et al., 1989, Nakashima et al., 1992, Falk et al., 1993), the cerebral ganglion

Fig. 17.  Photodiode module for the experiments on Lymnaea
and the Xenopus atrium. See appendix for details.

Fig. 16. Lymnaea circumoesophagial
ganglion. From Kemenes et al. (1989).
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has only been described once as investigated with optical methods (Tsau et al., 1994). No particular results with

regard to the cerebral ganglion were discussed in that report.

Although both ganglia differ from one another in obvious aspects (the cerebral ganglion has a relatively thick

and opaque sheath, and it is organized in discrete cell clusters), it was supposed that good signals would also be

obtained in the cerebral ganglion.

The experiments were carried out in the laboratory of Y. Momose-Sato and K. Sato (Tokyo Medical and Dental

University, Tokyo, JP). The ganglion was removed from the snail’s body with eyes attached, and was transferred

to a petri dish covered with silicone. It was tightly immobilized with use of tiny tungsten needles, stained with

0.15 mg ml-1 RH 155 (Molecular Probes) for 3 min and washed with Aplysia saline. The staining procedure was

repeated three times. No efforts were undertaken to digest the sheath with protease or remove it by

microdissection. Prior to the experiments a coverslip was placed upon the preparation.

For electric stimulation the eye was removed and the optic nerve was drawn into a suction electrode which was

then connected to a stimulus isolation unit and the FlexiStim software. In subsequent experiments, both optic

nerves were stimulated, and the evoked activity was monitored on the dorsal and the ventral side.

For physiological stimulation the eye was drawn into a fire-polished glass capillary (1 mm OD, no filament) in

which a fiberglass light guide had been inserted before. The light guide was coupled to a white light-emitting

diode (#153745, Conrad electronic, Hirschau, DE, see Fig. A3G for the emittance spectrum), and the capillary

was shaded with a black plastic tube to prevent light other than the stimulation light from reaching the eye (see

Fig. 18). A neon UV lamp designed for cosmetic skin therapy (Avon Derma-Spec, Avon Cosmetic Products Inc.,

New York, NY, USA, see Fig. A3H for the emittance spectrum) was used to deliver UV flashes with a

maximum at 356 nm. The lamp could also be coupled to the light guide and its switch circuit was modified with

a transistor to be triggered with a 5 V pulse. Both light sources were time-controlled by the FlexiStim software.

The preparation chamber was attached to the stage of an upright microscope (Vanox AHB-L-1, Olympus,

Tokyo, JP), bright field illumination was delivered by a 300  W/24 V tungsten halogen lamp driven by a stable

DC power supply (PAD 35-20 L, Kikusi Electronics Corp., Kawasaki, JP). A dry objective (10x/0.4 NA) and a

photographic eyepiece (2.5x) were used to form an image. Light was rendered quasi-monochromatic with

interference filters (Asahi Spectra, Tokyo, JP). The recording system was either a  34x34  photodiode array

Fig. 18. Apparatus for the physiological stimulation of the eye. Note the staining of the ganglion.
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(Hamamatsu Photonics, Hamamtsu, JP) or a 12x12 photodiode array (Centronic, Croydon, UK). Details of both

systems are given in Tab. 3 and have been described before (Momose-Sato et al., 1999).

2.7.2. Aplysia abdominal ganglion

In preliminary experiments on the abdominal ganglion, the preparation and staining procedure was carried out in

like manner. The experiments were carried out in the laboratory of E. J. Speckmann (Muenster University, DE)

on an inverted microscope. Immobilizing was done with four polyethylene suction tubes (Gelloader, Eppendorf)

rather than tungsten needles, because these experiments were made on an inverted microscope (Axiovert 100,

Zeiss, Oberkochen, DE)  with a coverslip serving as the bottom of the chamber. The suction tubes were attached

to the left and right connective, and to the branchial and the genito-pericardial nerve, respectively, and served as

stimulation electrodes likewise. A 100 W/24 V tungsten halogen lamp and a linear DC power supply (36 V/10

A, Model 6966A, Hewlett Packard, Böblingen, DE) provided stable illumination. A 10x/0.3 NA lens was used to

form an image on a hexagonal photodiode array  (464 photodiodes, Neuroplex II, Redshirtimaging), of which

details are given in Tab. 3. Interference filters were the same as in the Lymnaea and Xenopus experiments. The

Neuroplex photodiode array has been described in detail elsewhere (Falk et al., 1993).

2.8. Palaemon eyestalk experiments

The self-assembled photodiode array system used in the Palaemon eyestalk experiments consists of a hexagonal

fiber optic bundle (25.4 mm bundle diameter, 0.2 mm fibre diameter) with 127 photodiodes attached, a

64-channel amplifier card (both items: WuTech Instruments, Gaithersburg, MD, USA), and a Microstar 1200a/6

A/D-board (ISA-bus, 12 bit and 333 kHz, Microstar Laboratories, Bellevue, WA, USA) expanded to 64 unipolar

inputs.

The amplifier card accommodates a  I/V-converter (5, 50 or 500 MΩ), a  highpass filter (τ = 0.2 or 2 s) and a 2nd

stage amplifier (1, 10, 50 or 500x) for each channel, and a multiplexer (MSXB028, Microstar Laboratories) to

adapt the card to the A/D-board.

x

x

x

 Fig. 19.  Scheme of the photodiode array. See text for explanations.
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The board runs under an autonomous operation system (DAPL 4.0, Microstar Laboratories) and is commanded

by a QuickBasic software (WuTech Instruments, modified by the author), which controls experimental periphery

and logs data to the harddisk of the host PC. Array and amplifier card are housed in a black plastic box

surrounded with a grounded iron mesh (2 mm wide), and the box is directly attached to the microscope’s camera

port. Only the central hexagonal part of the array (61 phododiodes, shaded area in Fig. 19) is read out. For easier

superimposition of the array and the preparation image three of the outer light guides (designated with a cross in

Fig. 19) were coupled to standard green LEDs with epoxy resin. By illuminating the LEDs the position of the

array can be seen in the microscope eyepiece, and a silhouette drawing of the array printed on a transparency

was then inserted into the eyepiece. Technical details of the system and the respective software are provided

separately.

For several reasons the offset light intensity is an important feature of the measurements. The present system

however does not support a DC-mode, because only two AC-constants are available. Offset intensity can yet be

measured by choosing the long time constant and low 2nd stage gain, and conducting a preliminary measurement,

in which the shutter is opened quickly after the measurement has started. The maximum of each trace will then

faithfully reflect the offset intensity.

Palaemon eyestalk experiments were carried out during the test phase of the new photodiode array system. It

was supposed that the transparency of the eyestalk was good enough to allow optical membrane potential

measurements in the different optic lobe neuropils. A similar approach has been followed by Yagodin et al.

(1999), who used the crayfish eyestalk, which however turned out to be too opaque to permit successful

measurements in its more distal parts.

The removed eyestalks were cleaned of surrounding connective tissue so that the optic nerve could be drawn into

a polyethylene suction electrode, which was then connected to a stimulus isolation under control of the FlexiStim

software (5 V, 1 ms shocks).  No attempts were made to remove the cuticle, but two lateral incisions were cut

into the shell to allow easier dye penetration. The eye was immobilized by use of a second suction tube and

stained with 0.3 mg ml-1 RH 155 (Molecular Probes) for one hour. A 10x/0.3 NA lens was used to project an

image of the preparation to the fiber optic light guide bundle of the PDA.

Fig. 20.  Eyes and eyestalks of Palaemon elegans. Photomicrograph courtesy of
R. Beckervordersandforth and R. von Laer.
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2.9. Listing of the photodiode arrays used in this study

name Type A/D conversion Laboratory Reference

Neuroplex Compound 464
photodiode array with

light-guide bundle

12 bit, AC-coupled,
multiplexed Microstar

A/D converter

Speckmann Falk et al., 1993

   Hamamatsu
1020 channel

system

Monolithic 1020
photodiode array

12 bit, DC-mode,
analog offset subtraction with
sample-and-hold circuit and

differential amplifiers ,
32 A/D converters

Momose-
Sato

Hirota et al., 1994

Centronics
144 channel

system

Monolithic 144
photodiode array

AC-coupled (τ = 3 s),
 GPIB harddisk recording

Momose-
Sato

Mochida et al.,
2001

61 channel
system

Compound 127
photodiode array with

light-guide bundle

12 bit, AC-coupled,
multiplexed Microstar

A/D converter

Paul this study

          Tab. 3. Multiple site optical recording systems used in this study.


