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1. Introduction

The study presented here has been motivated by two major ideas. The first was a finding we have reported in

1998 (Storz and Paul, 1998), namely that phototactic behavior in the great water flea (Daphnia magna) is

differently influenced by ultraviolet (UV) and visible (VIS) light, and that two different receptor types in the

water flea’s eye are likely to account for the two different responses. We have assumed that the difference in

behavior enables the water fleas to avoid exposure to ultraviolet light, which is known to have detrimental

effects on them (Siebeck and Böhm, 1994; Zagarese et al., 1994), and find areas of rich food, which are

characterized by their green color, as well.

Strausfeld and Nässel (1981) have reported that in Daphnia different receptor types project their axons into

different strata of the brain, so that a correlation between the morphological situation and the behavioral findings

described above seems possible. From both results, one could assume that the different behavior elicited by UV

and VIS is (i) evoked by different receptor types, and that (ii) the sensomotorical pathways for both responses

are functionally and morphologically separated. Unfortunately, a physiological mapping of the relevant circuits -

from receptor via processing units to efferent organs - has not yet been carried out, neither in Daphnia nor in any

other species.

A similar model has been described for the honey bee Apis mellifera (Menzel, 1979), where UV receptors

project into the medulla, whereas blue- and green receptors project into the lamina ganglionaris, as revealed by

procion yellow tracings (Menzel and Blaker, 1976). The phototactic response to UV light is 2 – 200 times higher

than the response to green light. Both features suggest that UV- and VIS receptors are differently connected to

the neural network and thereby evoke qualitatively or quantitatively different responses. Again, a physiological

mapping of the circuits has not been reported so far.

It was the author’s hope to be able to fill this gap with a physiological technique introduced some years ago, i.e.

voltage sensitive dye (VSD) recording of membrane potential (Wu et al., 1998). This hope formed the second

idea of the present study, because VSD techniques were considered a reasonable addendum to the

optophysiological techniques already established in our institute. These types of dye were first mentioned in the

1970’s and, after substantial efforts carried out by a few laboratories to further develop the techniques, are now

on the point of being used by groups all over the world. The method, which is described in detail below, enables

simultaneous recordings of nerve activity in a large number of positions in a given preparation, and thereby

allows the analysis of functional relations in a nervous system.

The present study’s intention was therefore to record and image excitations in an invertebrate nervous system

evoked by light stimuli to the animal’s eye, and determine differences in the vision process after VIS- or UV

stimulation, if existent. VSD methods were to be used in the study and had thus to be established in the

laboratory. It soon turned out that the desired measurements could not be done with the water flea for different

reasons. In the water flea, the measurements had to be done in vivo, for the eye-ganglion apparatus was too

delicate to be dissected out of the animal. Staining of the ganglion had thus to be carried out by direct

microinjection, because simple dye delivery into the body cavity turned out to be ineffective. After some

practice, the intraganglional dye injection was quite successful (i.e. the ganglion was well-stained and the animal

survived the treatment), but no useful signals could be recorded from the ganglion after eye stimulation. Despite

different attempts to anaesthetise the animal (by cooling, CO2 or urethane), the motion artifacts caused by body
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movements and circulation were too large. Even an interruption of the circulation by piercing the animal’s heart,

which led to an immediate cardiac arrest, did not sufficiently reduce motion artifacts. Moreover, it was not clear

whether the dyes used would generate membrane potential signals, because, as described below, all dyes are

extremely species specific, and, to date, no other VSD study has dealt with phyllopod cladocerans. We could not

use either microelectrodes to verify the optical signals because it proved impossible to penetrate the cuticle with

a glass microelectrode and carry out successful intracellular impalements thereafter. Another preparation had to

be looked for, because we found it impossible to elucidate the raised questions on the water flea preparation.

Different reasons account for the fact that the cerebral ganglion of the sea hare Aplysia californica was taken as

the preparation of choice in the present study (unless otherwise stated, all results cited in this report refer to A.

californica):

(i) The vision chain and the spectral sensitivity of Aplysia are well described, as are the respective methods.

Responses on UV stimuli have not been considered though (for a review, see Kandel, 1979).

(ii) Aplysia demonstrates phototactic responses under certain conditions (Kuenzi and Carew, 1991), but only VIS

stimuli were used so far.

(iii) As the Aplysia abdominal ganglion has been extensively studied with VSD by L.B. Cohen and collaborators

(Yale University, New Haven, CT, USA), it was believed that the cerebral ganglion would be a feasible

preparation with easily attainable signals as well. Methods were therefore mostly reproduced after publications

from the Cohen group (e.g. Zezevic et al., 1989).

1.1. Vision chain of Aplysia

All components of the vision chain have already been described by other authors, both functionally and

morphologically. Jacklet (1969) reports that the closed vesicle-type eyes, which lie retractable at the bottom of

the rhinophore (or posterior tentacle), have a diameter of 400 - 600 µm. The retina contains approximately 7000

receptor cells in a monolayer, and 1000 interneurons (Jacklet and Geronimo, 1971). Axons of the latter cells give

rise to the optic nerve, which contains efferent axons as well (Eskin, 1971). Two different cell types found in

electron microscope studies, a microvillous type and a ciliary type, are assumed to be photoreceptors. A third

type of cells, termed pigment cells, lies interspersed between receptors (Hughes, 1970a). The existence of two

different receptor types suggests different spectral properties of both, but to date only a single sensitivity

maximum has been reported, for which a VIS-rhodopsin is believed to be responsible (Jacklet, 1980). It is

noteworthy that light sensitivity with similar spectral properties, but reduced sensitivity has also been found in

the rhinophores (Jacklet, 1980).

The cerebral ganglion contains about 240 neurons organized in discrete clusters (Jahan-Parwar and Fredman,

1976), but it lacks a central vision processing unit, because activity evoked by eye stimulation has been found in

a variety of clusters (Rossner, 1974). In A. punctata a distinct subganglion at the anterolateral surface of the

cerebral ganglion has been described, which does not exist in A. californica, and Eales (1921) has supposed by

its position alone that this is an optic ganglion.

All studies on Aplysia vision physiology have however only focused on visible light stimuli. UV stimuli have in

no case been used or considered.
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1.2. Spectral sensitivity in Aplysia and other gastropods

Research on the spectral sensitivity of mollusc eyes has focused mainly on cephalopods due to their functional

and structural similarity to vertebrate eyes (Waser 1968). Only a few reports on gastropod eyes are available.

Waser (1968) was the first to investigate the spectral sensitivity of the Aplysia eye, revealing a broad-band

sensitivity between 400 and 600 nm, but, due to false data analysis, his findings were later challenged by Menzel

(1979), who recalculated the data and found a rhodopsin-like spectral sensitivity curve. Jacklet (1980) described

the spectral sensitivity of eyes and rhinophores of Aplysia correctly. He reports that both have a single maximum

at 500 nm, the eye sensitivity being half an order of magnitude higher than that of the rhinophore. The shape of

the sensitivity curve agrees well with a rhodopsine absorbance spectrum calculated with Dartnall’s nomogram

(Dartnall, 1953). Similar sensitivities were found for Strombus sp. (λ max = 485 nm, Gillary, 1974), Helix

pomatia (λ max = 475 nm, von Berg 1972) and Helix lucorum (λ max = 496 nm, Chernorizov et al., 1994) and

others not referred to here (for a review see Menzel, 1979). All studies have in common that the light spectrum

below 380 nm has not been taken into account, either for technical reasons or for lack of interest. There is

common agreement that a single rhodopsine can be made responsible for the response to visual light stimuli of

the snails mentioned. For light stimuli below 380 nm, however, the situation is still unclear.  Menzel (1979)

states that “a mollusc eye containing more than one photopigment has yet to be found”, and he moreover reports

that most studies on mollusc vision did not cover the wavelength region 300 - 400 nm. It remains an open

question why UV photoreception in gastropods has never been thoroughly studied, in contrast to insects, were

UV photoreception and phototaxis is well described and understood.

1.3. Phototaxis in Aplysia and other gastropods

Light-induced phototactic behavior in aquatic snails has only been investigated by a few authors. Barile et al.

(1994) have reported that in laboratory experiments, veliger larvae of the conch Strombus gigas demonstrate a

positive phototaxis throughout early stages. The response was said not to be affected by presence or absence of

solar UV.

Conditioning experiments revealed that the benthic slug Hermissenda crassicornis demonstrates positive

phototactic behavior to a white light spot projected to the bottom of a test tank (Britton and Farley, 1999), but

again no studies have focused on the spectral features of the response. Hughes (1970b) reports of phototactic

reponses in the nudibranch Onchidoris fusca, which have a maximum at 500 nm, but a narrower sensitivity

function than the corresponding Dartnall-curve due to filtering effects of the pigmented skin.

The periwinkle (Littorina littorea) uses light cues in combination with geotaxis in its intertidal habitat (Fraenkel

1972), whereas semiaquatic snails of the genus Succinea demonstrate negative phototaxis to find shelter from

avian predators. When infected by the parasite Leucochloridium paradoxum, a fluke, the snails invert phototaxis

and climb atop leaves where they get eaten by birds. This ill-directed behavior fosters the parasite’s life cyle

(Rennie, 1992). All studies mentioned so far have in common that they do not explore the UV portion of the

light spectrum, and only in Onchidoris the spectral properties of the phototactic response have been investigated.

The neuronal basis of phototactic head waving in Aplysia californica has been investigated by Kuenzi and Carew

(1991). It has been reported that Aplysia snails, when isolated from a substrate by artificially suspending them in

an aquarium, demonstrate a head waving behavior which can then be modulated by light beams presented from
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angles of +/- 90° from the main body axis. The authors also stress that both eyes and rhinophores are needed for

a fully-featured response, but they give no hints on the spectral properties of this phototactic behavior. The role

of the rhinophores is however not really clear, because the authors have only tested intact animals and animals

with both optic and rhinophore nerves lesioned, so that no differentiation between both inputs could be drawn.

Other investigations published by the same group (Cook and Carew, 1989b) reveal that bright uniform-field

illumination can be used for operant conditioning of head waving, because the animals react negatively to this

light. A variety of behaviors other than phototaxis is also light-effected, as has been found both in laboratory

experiments as well as in the field. Kupfermann (1967) observed a diurnal locomotor rhythm which is correlated

to the circadian rhythm generated by the eye. Block and Lickey (1973) have reported that the free-running

locomotion pattern is strongly affected by removal of the eye, thus indicating the meaning of vision for the

animal’s life. Lickey and Wozniak (1979) found that, with eyes and rhinophores being intact, the ocular

circadian rhythm can be triggered by red light. A photoreceptor with similar spectral properties has not yet been

described, however.

The only study in which more complex visual processing has been investigated is the work of Hamilton and

Russel (1982a, b), who have found that freely-swimming A. brasiliana use celestial cues for off-shore

orientation. The animals require an unblocked view of the sky to maintain a constant swimming direction. There

is evidence that only the eyes are required for straightforward swimming, whereas removal of the rhinophores

does not affect the behavior. No information is given about the physical nature of the cues (e.g. polarization,

spectral composition of the light or even astronavigation). This behavior can however not be regarded as true

phototaxis, but rather as visual orientation. The results mentioned suggest that target-directed behavior and

orientation is mediated by the eyes mainly, whereas rhinophore photoreception is involved in circadian rhythm

generation.

It is however noteworthy that photoreception in Aplysia is not limited to eyes and rhinophores only. The siphon

has been described to be sensitive to light stimulation (Lukowiak and Jacklet, 1972), and even neurons in the

abdominal ganglion respond directly to light stimuli (Arvanitaki and Chalazonitis, 1961). The aversive response

to bright field illumination is obviously mediated by the oral veil nerves (ULAB, AT and LLAB, Cook and

Carew 1989c, see Fig. 3 of the present study for nerve nomenclature) suggesting that the oral veil contains

photosensitive systems as well.

As stated above for other gastropods, no investigation on light-induced behavior in Aplysia has yet included the

ultraviolet range of the light spectrum.

1.4. Impact of solar UV on Aplysia

The recent discussions on global ozone depletion have emphasized that solar UV constitutes a serious threat to

water-dwelling animals, among which many species or life stages are transparent and thus even more

susceptible. A specific phototactic response would enable the animals to withdraw from areas of extreme UV

exposure (Zagarese et al., 1994).

In A. dactylomela, Carefoot et al. (1998) have demonstrated that UV exerts strong detrimental effects both on

eggs and adults. A stress response in adults and elevated mortality in the spawn has been reported. Although

most life stages of Aplysia are benthic (with a planktonic veliger larvae in between), they are likely to be

exposed to large UV doses, because they can often be found in fairly exposed tidal pools and shallow coastal
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waters (Ricketts et al., 1985), where UV attenuation by the water column is neglectable. The veliger larvae is

probably even more affected by solar UV due to its transparency and its planktonic lifestyle, but to date no

relevant studies are available on that topic.

1.5. Outline of the experimental program

Due to these facts it was a reasonable idea to use Aplysia as a model organism for the investigation of the

processing of UV- and VIS stimuli and its effects on animal behavior. The following experiments were thus

planned and carried out:

(i) Before experiments on spectral sensitivity and vision processing were done, the phototactic responses of

Aplysia to VIS- and UV stimuli were evaluated.

To further reveal the vision processing in the Aplysia optic tract, all elements of the vision chain were analyzed:

(ii) The spectral sensitivity  in the UV was determined with optic nerve recordings and compared to the VIS

sensitivity already published.

(iii) Bleaching experiments were carried out to find if UV and VIS sensitivity are mediated by the same

photopigment.

(iv) Intracellular recordings were performed in the retina, in order to find UV- and VIS sensitive receptor cells.

(v) Intracellular recordings of the neuronal activity in the cerebral ganglion were made in response to eye

stimulation to find potential areas of vision procession to further determine if UV- and VIS stimuli are processed

at different sites.

(vi) These experiments were supported by optical membrane potential recordings of cerebral ganglion activity

after stimulation of the optic nerve and the eye, respectively.

(vii) To establish and evaluate VSD techniques in the laboratory, a variety of other optical experiments have

been carried out on the Xenopus hypophysis and atrium, and on Lymnaea nerves.

1.6.  Voltage sensitive dyes as a tool for neurophysiology

1.6.1. The method

Voltage sensitive dyes are lipophilic molecules that incorporate in cellular membranes and transduce membrane

potential changes into absorbance or fluorescence changes. This feature makes them an alternative to

conventional techniques like microelectrode recordings. VSD give a relative signal, i.e. they do not provide a

direct membrane potential measure, but they indicate changes only. Compared to microelectrode techniques

VSD offer the unique option of imaging membrane potential changes in a biological preparation. The total of

measuring positions in the preparation is only limited by the maximum number of detectors in the image plane of

the measuring system.

VSD can be used to image membrane potential signals in all kinds of excitable tissue, i.e. neuronal tissue,

skeletal and cardiac muscle, and glia, as well as in model membrane systems and blood cells. They have been

applied with a variety of preparations, e.g. single cells (Grinvald et al., 1981; Antic and Zezevic, 1995), cultured

neurons and cardiomyocytes (Rohr and Salzberg, 1994), invertebrate ganglia (Nakashima et al., 1992),

invertebrate axons (Cohen et al., 1974), invertebrate brain slices (Lieke, 1993), vertebrate nerve teminals

(Salzberg et al., 1983), cerebellar slices of cartilaginous fish (Konnerth et al., 1987), brainstem slices (Momose-



1.  Introduction                                                                                                                                            6

Sato et al., 1999), in-vivo brain preparations (Shoam et al., 1999), mammalian ganglia (Obaid et al., 1999),

cardiac tissue (Sakai et al., 1997), skeletal muscle (Jong et al., 1997), isolated hearts (Banville et al., 1999),

spinal chord slices (Mochida et al., 2001) and human cortex slices (Kohling et al., 2000). Taxa worked with

include snails and cephalopods, annelids, insects, crustaceans, fish, amphibians, reptiles, birds and mammals

including humans. It is noteworthy that membrane potential transients can be imaged within a single cell (i.e.

each detector unit measures only a fraction of the cell), within cell clusters or ganglia (each detector measures an

entire cell) or with complex tissues (each detector measures a compound membrane potential signal generated by

a population of cells).

1.6.2. Historical outline

The possibility of using optical methods for membrane potential measurements was first suggested by Cohen et

al. (1968), who discovered action potential-related changes in intrinsic optical properties of squid giant axons.

In the same year, Tasaki et al. (1968) described changes in the fluorescence of stained nerves which were

associated with action potentials. Soon it became clear that the dye approach is more promising than intrinsic

signals, and during the following years efforts were made to foster the new method. Main attention was devoted

to the discovery of new dyes with acceptable pharmacological impact and sufficient signal size, because in the

first experiments, signals could hardly be distinguished from noise (Ross et al., 1977), which required excessive

averaging. In the early seventies, a group of researchers at the Marine Biological Laboratory (Woods Hole, MA,

USA), including L.B. Cohen, B.M. Salzberg, K. Kamino, W.N. Ross and A. Grinvald, have screened more than

1500 dyes on the squid giant axon preparation (Cohen et al., 1974). The dye synthesis was carried out by the

laboratories of C.H. Wang and A.S. Waggoner (Amherst College, MA, USA), J. Wuskell and L. Loew

(University of Connecticut, Storrs, CT, USA) and R. Hildesheim and A. Grinvald (Weizmann Institute, Tel

Aviv, IL). Most of the dyes were derivatives of the class of polyenes, which are photochemical compounds

mainly used to extend the wavelength response of photographic film (Wu et al., 1998). Dye screening was an

empirical process rather than a systematic approach. Among the dyes tested were about 100 analogues of each of

the four groups illustrated in Fig A2, and many of them turned out to be useful in terms of signal size, toxicity

and physical properties. To date, the most popular dyes are still analogues of these chromophore types, and the

best dyes exhibit action-potential related signals 100 times bigger than noise under good conditions (Ross et al.,

1977). The late seventies and early eighties were dominated by efforts to transfer the technique to other species

and preparations (Ross and Reichardt, 1979), and to develop research projects in which the new technique could

be applied beneficially. Throughout the eighties, research also focused on the assembly of photodiode array

(PDA) based imaging systems as well (Senseman et al., 1983; Grinvald et al., 1981; Cohen and Lesher, 1986;

Komuro et al., 1986), which was a challenge at that time due to insufficient computer systems. Efforts were

likewise directed to the improvement of dyes (Loew and Simpson, 1981). In the nineties, photodiode array

systems with better resolution were introduced (Nakashima et al.,1992; Hirota et al., 1994), and fast CCD

cameras were presented as a high-resolution alternative to PDA (Takashima et al., 1999; Antic et al., 1999;

Banville et al., 1999). Today, VSD have become a widely accepted method for membrane potential recording,

and an ever increasing number of laboratories uses VSD, as can be seen by an exponentially growing amount of

publications (Zochowski et al., 2000). The use of VSD with gastropod nervous systems has been pioneered by

Woolum and Strumwasser (1978) on Aplysia nerves and neurons. To date, a broad variety of gastropod species

has been investigated opto-physiologically, among them Helix (isolated neurons with internally applied dyes:
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Antic and Zezevic, 1995; pedal ganglion: Balaban et al., 2001), Navanax inermis (London et al., 1987), Aplysia

californica (isolated neurons: Parsons et al., 1989; abdominal ganglion: Zezevic et al., 1989), Limax marginatus

and Incilaria bilineata (Kawahara et al., 1997), Helisoma trivolvis (Senseman et al., 1983) and Lymnaea

stagnalis (Kojima et al., 2000).

1.6.3. Advantages and limitations

The main advantage of VSD is that they combine adequate time resolution (similar to microeletrodes) with a true

intracellular membrane potential signal and high spatial resolution. The approach is, moreover, lowly invasive; it

enables the monitoring of small cells and even their dendritic processes, which are often inaccessible to

microelectrodes, and it is not affected by electronic stimulation protocols, as they are used to induce fibrillation

or epileptic events in cardiac or brain preparations. This combination of features is so far unequalled by

alternative methods, both conventional or newly introduced:

(i) Microelectrodes provide direct membrane potential signals and are less susceptible to external noise, but for

practical reasons the number of measuring positions is limited to 10 or 15. (ii) Microelectrode arrays provide a

spatial resolution one or two decades better than indvidual electrodes, but they record only extracellular signals,

which are not as informative as intracellular signals. Moreover, electrode arrays are only suited for slice

preparations and cell cultures. (iii) Conventional extracellular multichannel recordings (like ECG or EEG) have

adequate time resolution, but their spatial resolution is poor, and the signals recorded at the body surface provide

only indirect information, which is insufficient for example for cardiac fibrillation research or particular issues in

epilepsy research. (iv) Functional brain imaging techniques (like PET or fMRI, Horwitz et al., 2000) have good

spatial resolution, but poor time resolution, and they are used in clinical imaging rather than in biomedical

research. (v) Intrinsic optical imaging (Grinvald et al., 1988) is a powerful, high resolution technique for in-vivo

brain research, but it lacks time resolution as well, and is an indirect measure for nervous activity only as it

integrates blood flow, Hb-saturation and NADH redox state. (vi) Physiological tracing methods, like 2-

deoxyglucose, have good spatial resolution, but poor time resolution, as they integrate nervous activity over a

period of time.

The application of VSD is however restricted by several limitations: Even after twenty years of development, it

is still a time-consuming screening process to transfer the technique to a new preparation. The membrane

potential-related signals are extremely small and therefore susceptible to a variety of noise sources, which in

some cases make reasonable measurements impossible. If signals have been obtained successfully, it is

sometimes still difficult to interpret them correctly, because a single detector unit can record the activity of more

than one neuron, or even a neuron population. Moreover, the coordination between optical signals and the

relevant cells is more difficult than with microelectrodes.

Other than with microelectrodes, long time measurements can only be made under certain circumstances, and

even then measuring times are limited. Even in short time measurements, the exposure to high light intensities

can have detrimental effects on the preparation (either directly, due to heat development or by dye

phototoxicity). To date, only a few detector systems are commercially available, and most of them are extremely

expensive due to the fact that the market is still small. Laboratories willing to introduce the technique are thus

forced to develop their own systems to check if the technique is appropriate for their purposes. This again

requires considerable efforts in electronics and programming. A detailed description of the required equipment is

hence provided in the methods section and the appendix of the present study.


