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Abstract - In addition to regular photoreceptors, some invertebrates possess simple extrag photoreceptors. For ex-

ample, the central ganglia of mollusks contain photosensitive neurons. These neurons 0 the dorsal surface of
the ganglia and based on their electrophysiological properties, it has been postulated,th rnal photoreceptors.
Besides the eye, transduction of light also occurs in these extra-ocular photorece work, we analyze the
reactivity of these nerve cells to light and describe the underlying mechanis -induced response.

Key words: Aplysia, 8-Br-cGMP, Ca*" channel, cGMP, Helix pomati i neurons, phosphodiesterase in-
hibitor, photosensitive neurons, second messenger
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INTRODUCTION al. 1977).
Extraretinal photoreception is a widespre ol The photoexcitable neurons on the dorsal surface
phenomenon occurring in a variety i, < of the Helix subesophageal ganglia are assumed to be

internal photoreceptors based on their electrophysiologi-
cal properties. They are suitable for neurophysiological
analyses because of their apparent simplicity. However,
with the exception of the crayfish internal photosensitive
neurons (Wilkens, 1988), little is known about their
physiological role. Experiments studying photosensitive
ebrates possess sim- neurons can not only provide an understanding of the
C1n the caudal ganglion of behavioural significance of photoexcitative neurons, but
1934), in the central ganglia of also be used for comparative study of the physiological

such as neurons (Arvanitaki
1961), axons (Kennedy, 195
pineal and parietal organs
is implicated in light-link
sponses (Menaker,

It is well kng
ple photoreceptors,
the crayfish (Prosse¢

Aplysia (Arvanitaki®nd Chalazonitis, 1961), mechanisms involved in the phototransduction of simple
in the epistelar body of the octopus (Mauro and Bau- photosensory systems.

man, 68), and in the parolfactory vesicles of the squid

(Mauro and S-Knudsen, 1972). The central ganglia Photosensitive neurons of gastropods

of the marine pulmonate mollusk, Onchidium verrucula-

tum also contain photoexcitable neurons (Hisano ef al. Identification of photosensitive neurons

1972). In Onchidium, some neurons, named photoexcita-

tive neurons by Hisano et al. (1972), were excited by As mentioned above, Arvanitaki and Chala-
a light stimulus in an isolated ganglion preparation, while zonitis (1958) first identified photosensitive neurons
others — photoinhibitive neurons — were inhibited by it. in the ganglia of Aplysia and Helix. They have shown
We described earlier a class of photosensitive neurons in that neurons of these species react to a light stimulus
Helix pomatia subesophageal ganglia that respond to the with a change in the spontaneous action potential gen-
onset of light with membrane depolarization (Pasi¢ et eration. Most previous investigations studying the effects
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Fig. 1. Schematic presentation of subesophageal ganglia of Helix pomatia together
with the position of identified neurons (A, B, C, and D) in which the effects of light
were investigated. LP - left parietal ganglia, RP - right parietal ganglia, V - visceral
ganglia.

of neuron photostimulation were carried out on the
lysia abdominal ganglion, specifically on the R2 neuro

measured its spectral sens
methods. Illuminatiog

ption of bursting activity.
The hyperpolarizatiONgas found to be a function of both
light intensity and waWgength. Photosensitive neurons
were also described in the central ganglia of the marine
pulmonate mollusk, Onchidium verruculatum (Hisano
etal. 1972; Gotow etal. 1973).

parently caused t¢

A

According to our previous findings, the majority of
Helix pomatia neurons located in subesophageal ganglia
respond to light with a depolarization and an increase in
action potential frequency (Pasi¢, 1975). The effect of
photostimulation was investigated in four classes of iden-
tified neurons in Helix pomatia subesophageal ganglia
(Fig. 1). The effects of photostimulation on the four tested
cell types are presented in Fig. 2. Our recordings show
that in three out of four tested neurons (A, C, and D), the
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Fig. 2. Effect of photostimulation on neurons A, B, C, and D from Fig. 1. Light on
and off at arrows. Note the discontis ord B, where a 300 sec period of
recording was cut out between the,
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Fig. 3. Averaged reaction of three neurons to intermittent photostimulation. Curve
a was obtained by averaging mean frequencies in 38 1-min light periods in experi-
ments on neuron C in the left parietal ganglion. Curve b refers to four experiments
on neuron A (Br neuron) in the right parietal ganglion. Curve ¢ was obtained on
two neurons (D) in the visceral ganglion. Each point on the curves represents the
mean number of spikes/min (y) calculated by means of the formula y = 60 n/T at
the chosen moment from the start of illumination or from its ending. 7' (being equal
to 30 sec) is the time interval placed symmetrically around the chosen moment; #
is the number of spikes in this time interval.

In experiments where several light/dark periods of
equal duration were applied to the tested photosensitive
neurons, the dynamics of action potential frequency in-
crement during illumination and its decrement during
darkness could be analyzed. The average action potential
frequency of the three tested neurons during 1-min and
2-min illumination and during subsequent dark periods of
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Fig. 4. Amplitude of light-evoked depolarization
a visceral ganglion neuron. Abscissas: time (

sented in (Fig. 3 and'c). It can be seen that
the action potential ency reached a maximum 5-15 s
after the onset of light.SQfter that, although the action po-
tential frequency occasiortally decreased, it still remained
significantly higher at every moment during illumination
compared to the subsequent dark periods. That was the
case not only in experiments done on the cell in the left
parietal ganglion, where 1 min light/dark periods were
induced (curve a), but also in experiments on the other
two cells, where the illumination and the subsequent dark
periods lasted 2 min (curves b and c).

Using the averaging and least square methods
(Ristanovi¢ andPasi¢, 1975) it was found that dur-
ing the entire illumination period the action potential fre-
quency of depolarized cells remained significantly higher

than during the subsequent dark periods. Photosensitive
neurons apparently behave as a slowly adapting recep-
tor. However, with the light intensities used in the present
experiments, possible dynamic and static components of
the reaction could not be distinguished, although we ob-
served that after the initial increment, the action potential
frequency first decreased slightly and only after that did
stabilization occur.

The depolarization and increment of action potential
s appear to be similar
ial recorded in many
le in the most cases

a ganglia offer the possibil-
es of reaction to illumination.

ain to be elucidated, together with potential
etween pigment contents of the two cell cat-

Reactivity of depolarizing neurons to light was also
tested in the course of the dark period following a test il-
lumination of 2 and 4 min. After the light was switched
off, 10-s flashes of identical intensities were applied and
depolarization recorded in a neuron hyperpolarized 10
mV below the resting membrane potential level. The data
obtained in this experiment on a visceral ganglion cell are
presented in Fig. 4. It can be seen that 300 s after a 2-min
illumination period (T), the amplitude of light-evoked de-
polarization differed from the initial depolarization (i.e.,
from A=7.40 mV) by 0.1 mV. The recovery of the depo-
larization amplitude to its initial level after a 4-min illumi-
nation was much slower, the same level of depolarization
being reached after 1150 s. The rate constant (b) repre-
senting the slope of the regression line is in this case more
than four times higher than in the former one. However,
in both cases parameter C remains nearly the same, which
means that both graphs in (Fig. 4) start from the same val-
ue. The maximum reaction to light of the cell (A) was also
almost the same. The fitting of the experimental points to
straight lines is very good, as the relative standard devia-
tions are in both cases less than 3 %. This also means that
dark adaptation of the cell followed a logarithmic trend.

The light-induced current in photosensitive neurons

The photoresponse of an extraocular photoreceptor,
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Fig. 5. Effect of light on a Helix pomatia photosensitive neuron in the left pari-
etal ganglion. (A) Light-induced depolarization recorded under current-clamp. (B)
Voltage-clamp record of the light-elicited current. Light on and off at arrows.

the photosensitive A-P-1 neuron in the abdominal ganglion
of Onchidium verruculatum, was studied using a voltage-
clamp with two microelectrodes (Gotow, 1989). When
the A-P-1 was voltage-clamped at the resting membrane
potential, light induced a slowly developing inward cur-
rent, which peaked at about 20 s. A decrease in membrane
conductance accompanied this light-induced curr
which corresponded to the depolarizing photoreceptor
tential in the unclamped A-P-1 neuron. The stegdy-sta

of Balanus (Brown et al.
induced current in the solj

As described ear Pasic¢ et al 1977), in most
Helix pomatia photosensitive neurons in the subesopha-
geal ganglionic complex, the onset of light induces a slow
depolarization. This is also the case with the photosen-
sitive neurons in the left parietal ganglion. The onset of
light induces a membrane depolarization recorded under
current-clamp and an inward current shift under voltage-
clamp configuration (Fig. 5).

At the level of the resting membrane potential (-40
to -50 mV), the maximum amplitude of the light-induced
current was reached 10-15 s after the onset of light and
ranged between 0.5 and 2 nA. During continuous illumi-
nation, the amplitude of the current declined slowly in the

following 10-15 s to about 70 % of its initial value and
remained unchanged until the end of the light stimulus.

Contrary to the light-induced depolarization, which
can be accompanied by decreased membrane resistance
ascribed to an increment of Na* conductance (Pasi¢ and
Kartelija, 1979), in the present experiments the in-
ward current induced by light was associated with a 35 %
decrement of slope conductance at membrane potentials
more negative than about -10 mV (Pasi¢ andKartel-
ija, 1995).

ents, we applied sev-
e light-induced current.

ue was obtained by subtracting /-V

e (Fig. 6B), the light induced current decreased
hyperpolarization. In the experiment with a steady
voltage-clamp, the reversal of /, could not precisely be re-
corded, but at membrane potentials between —70 and —80
mV the current declined to zero. From the quasi-station-
ary I-V curve obtained by ramp-clamp, the reversal poten-
tial (E ) of /, was determined and was found to range be-
tween —70 and —90 mV, which is close to the value of Eeqv
for potassium ions in Helix pomatia neurons suggested by
Kostyuk (1968).

In the next experiments, the extracellular concentra-
tion was altered and the reversal potential for /, was de-
termined (Fig. 7). The graph presenting the mean results
of three experiments depicted in (Fig. 8) reveals that the
slope for 10-fold change of [K™] is 59.7 mV, which cor-
responds to that expected according to the Nernst equa-
tion, assuming an intracellular K™ concentration of 110.9
mM (Ne§i¢ and Pa§ic¢, 1992). The assumption that /,
is due to the suppression of K* conductance is also based
on the finding that in zero Na* and zero CI  solution the
current remained unchanged.

Our results concerning the ionic mechanisms of the
1, recorded in Helix pomatia photosensitive neurons cor-
respond to those obtained by Gotow (1986), who as-
cribed the light-induced current in identified photosensi-
tive neurons of Onchidium verraculatum to a decrement
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Fig. 7. Influence of increased [K']  concentration on the current response to light. Fig. 8. Mean values of the reversal potential (E ) of /, at three concentrations of
Light-evoked inward current is plotted against holding potential in regular snail K* ([K"],) established from ramp-generated plots. The line has a slope of 59.7 mV

solution (¢) and after the concentration of potassium was increased to 8 mM (»). per 10-fold change in [K'] .
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of potassium conductance. However, according to our ear-
lier results, as well as results of other investigations, the
responses to light of different photosensitive neurons in
gastropod ganglia are diverse, as are the membrane mech-
anisms involved. The inhibitory reaction to light of the R2
and VPN photosensitive neurons in Aplysia was found to
depend on increased potassium conductance, probably on
the Ca?*-dependent K* channel (Brown and Brown,
1973; Andresen and Brown, 1979). In previous ex-
periments, neurons in the right parietal ganglion of Helix
pomatia were shown to have a similar ionic mechanism of
the light-induced hyperpolarization (Pasi¢ et al. 1977).
However, in a photosensitive neuron located in the left
parietal ganglion, neuron C (Pasi¢ and Kartelija,
1979), light induced a depolarization, which was ascribed
to increased permeability to Na™ ions.

Effect of cyclic GMP on the light-induced current

The depolarization of neurons caused by decrease
in potassium conductance can be induced by various
neurotransmitters and modulators, often involving s
ond messengers (Kaczmarek and Levitan, 19
Crouzy et al. 2001). They can affect only one ty

of the K* channels or they can affect differe :”
9

1981a, 1981b; Schulz and Speck
modulation of a potassium channel,

ture of the potassium cha
present work. Howeve

. . Together with its relative
voltage insensitivity, oSgdata indicate that the potassium
channel suppressed by light may share some characteris-
tics with the S-K channel. However, while modulation of
the S-K channel involves adenosine 3’, 5’-cyclic mono-
phosphate (cAMP) (Siegelbaum et al 1982), the po-
tassium channel involved here is modulated by guanosine
3’,5’-cyclic monophosphate (cGMP).

Gotow and Nishi (1991) examined the inter-
nal messengers mediating the photocurrent of the A-P-1
molluskan extraocular photoreceptor. Injection of cGMP
into the A-P-1 neuron produced an outward current asso-
ciated with an increase in conductance. The steady-state
I-V curve for the cGMP-induced current was non-linear.

The steady state and instantaneous /- curve for cGMP-
induced current indicated that the internal cGMP induced
a voltage- and time-dependent K* current. Their previ-
ous works (Gotow, 1989; Nishi and Gotow, 1989,
1998) showed that the photocurrent response of the A-P-1
neuron results from suppression of voltage- and time-de-
pendent K* current by light. On the other hand, Gotow
and Nishi (1991) demonstrated that the photocurrent
was amplified by prior injection of inositol 1,4,5-trisphos-
phate (IP3). These results suggest that the cGMP-induced

ic GMP on identified photosensitive neurons in
ft parietal ganglion of Helix pomatia. These neu-
rons were chosen because in our previous experiments we
found that the onset of light, besides inducing an inward
current shift probably due to suppression of K conduc-
tance, also causes broadening of the action potential in
these cells by enhancing the voltage-dependent Ca?" cur-
rent(Pasic¢ etal 1987;Pasi¢ andKartelija, 1988,
1990). In addition, the phosphodiesterase inhibitor 3-iso-
butyl-1-methylxantine (IBMX) mimics the effect of light
on Ca?* current (Fig. 9), suggesting that one of the cyclic
nucleotides increased by light could mediate the effect of
illumination on the Ca*" current.

Next, we tested the effect of a membrane-permeable
c¢GMP analog, 8-bromoguanosine 3’, and 5’-cyclic mo-
nophosphate (8-Br-cGMP), on the light-induced current.
In all 100 cells examined, 8-Br-cGMP applied by itself
mimicked the effect of light: it produced an inward cur-
rent shift associated with a 28 % decrement of slope con-
ductance (Fig. 10). In addition, in the presence of 0.1 mM
8-Br-cGMP, the maximum amplitude of the light-induced
current was enhanced by 25 % (Fig. 11).

When ¢cGMP was injected iontophoretically into the
photosensitive neuron, it too mimicked the effect of light:
an inward current was recorded with decreased slope con-
ductance (Fig. 12).
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Fig. 9. Effect of light on a photosensitive neuron. A) Inward current recorded before (D) and after t|
with a 60-ms pulse and was bathed in 10 mM Ba**, 80 mM TRIS, and 40 mM TEA. B) Inward current reco
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and 15 s after the ons&Qf light (Fig. 13A). The /-V curves
were also obtained in d ess in the absence of 8-Br-
c¢GMP and 5 min after it was added to the bathing solution
(Fig. 13B). Our data show that the current induced by light
and that induced by 8-Br-cGMP follow a similar course.
In both cases the current decreases with hyperpolarization
and E_ is at about the same membrane potential, as can
be seen in (Fig. 13C). In four other cells examined, E_
for I, and for I, ... was at about the same membrane
potential and ranged between —75 and —80 mV.

It can therefore be assumed that both light and cGMP
suppress the same conductance. The presented experi-
ments suggest that the suppression of the potassium con-
ductance evoked by application of light on these types
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Fig. 11. Effect of 8-Br-cGMP on amplitude of the light-elicited current. (A) Re-
cordings of the current in regular snail solution, 5 min after introducing cyclic nu-
cleotide analog into the bathing solution, and 10 min after washing. (B) Mean per-
centage increment of maximum amplitude of light-elicited current before (100%)
and 5 min after perfusion with 8-Br-cGMP-containing solution (n=5).

of photosensitive neurons is mediated by cGMP. This
assumption is supported by the finding that elevation of
intracellular concentration of cyclic nucleotide either by
adding its membrane permeable analog into the perfusion
solution or by injecting it into the cell mimics the effect of
light: in the dark, cGMP induces an inward current shift
with decreased membrane conductance. Also, the I-V re-
lation of /, and I ,,, follows a similar course and both
currents have common E_ . The similarity between the
conductance change induced by external signals (e.g., a
neurotransmitter) and a supposed intracellular mediator
usually suggests that the presumed intracellular mediator
is involved in the signaling pathway (Kaczmarek and
Levitan, 1987).

The enhancement of maximum amplitude of the
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Fig. 12. Effect of iontophoretic injection of cGMP into photosensitive neuron. The
effect of cGMP on the photosensitive neuron was tested by iontophoresis with 0.5
mM c¢GMP. CGMP was applied using a model 160 WPI microelectrode program-
mer. Negative pulses of 500 nA, lasting 30 s, were used for ejection of the cGMP.

light-induced current in the presence of 8-Br-cGMP ob-
served in our experiments could be considered to be in
contrast to findings in which occlusion of the reaction to
neurotransmitters (e.g., serotonin) occurs after increas-
ing the intracellular concentration of the second messen-
ger (e.g., cAMP) (Paupardin-Tritch ef al. 1985;
Walsh and Byrne, 1985). The occlusion is taken as
proof that the neurotransmitter and the second messenger
act through a common mechanism. However, it shoul
considered that the intensity of light which we used to
luminate the neurons was not saturating and tha

same study also demonstrated that a
of the intracellular cAMP concentrafg

It was shown e study of Gotow and Nishi
(1991) that cGMP medid®p a light response in Onchidium
verruculatum photosensitive neurons. However, unlike
our experiments on Helix neurons, in neurons of Onchid-
ium verruculatum an injection of cGMP during darkness
produced an outward current, which was suppressed by
light. This evidence suggests that in the Onchidium neu-
ron, light activates a phosphodiesterase, which, like verte-
brate photoreceptors, reduces cGMP.

In view of our data indicating that the response to
light of various photosensitive neurons is diverse, an op-
posite role of cGMP in phototransduction in different
cells in two species is not unexpected. In some inverte-
brate photoreceptors, light is presumed to increase cGMP
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Fig. 13. Quasi-stationary /-V plots obtained by using voltage ramps. The mem-
brane potential of the photosensitive cell was swept between —100 mV and 0 mV
during 10 s. A) /-V relationship in regular snail solution before (D) and after onset
of light (L). B) I-V plot in regular snail solution and 5 min after adding 8-Br-cGMP
(0.1mM). C) /-V plot in snail solution containing 8-Br-cGMP before and after the
onset of light.
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Fig. 14. Influence of light an r-cGMP (0.1mM) on the duration of action po-

tentials of photosensitive neuroi ) Action potentials evoked in darkness (D)
and 15 s after the onset of light (L). WPAction potentials in darkness in the absence
(D) and in the presence of 8-Br-cGMP in the bathing solution (D+8-Br-cGMP). C)
Switching on of light in the presence of 8-Br-cGMP induces further broadening of
the action potentia

(Pasic eta}: 1977;Johanson etal 1986; Wolken,
1988;Pasi¢ andKartelija 1990;Bacigulapo et
al. 1991; Feng et al. 1991; Pasi¢ and Kartelija
1991; Prosser, 1991), but it also increases cationic
conductance. It thus seems that phototransduction in the
left parietal ganglion neurons of Helix may differ in some
respect from that in invertebrate or vertebrate photorecep-
tors. Whether phototransduction in Helix or other snail
neurons or other extraocular photoreceptors involves a
similar or different mechanism of phototransduction to
the one described remains to be resolved.

I 100mV

asmv_] L

0
D+8-Br-cGMP

'20nA

10ms

cheme, internal Ca?* is released by light to medi-
e same receptor potential (Fein, 1986). Thus, the
phototransduction mechanism of the A-P-1 neuron as well
as its conductance mechanism are similar to those of ver-
tebrate photoreceptors rather than invertebrate ones.

Involvement of cGMP in the response of photosen-
sitive neurons to light is also supported by experiments
comparing the effect of light and 8-Br-cGMP on the ac-
tion potential and Ca** current. As seen in (Fig. 14), in-
troduction of 8-Br-cGMP into the bathing solution during
darkness increases the duration of the action potential by
40 %, as does the onset of light (Pasi¢ and Karteli-
ja, 1990). If light is switched on in the presence of 8-Br-
cGMP, the action potential is broadened even further (by
an additional 8 %).

To ascertain whether the 8-Br-cGMP-induced broad-
ening of the action potential is mediated by enhancement
of the Ca*" current, we suppressed the Na" and K* currents
by replacing sodium with hydroxymethyl-aminomethane
(Tris) and by blocking the K* currents with TEA, 4-AP,
and Ba*". The light-induced current caused by suppression
of potassium conductance was blocked (not shown), but
illumination of the cell induced an increment of the Ca**
inward current as did the application of 8-Br-cGMP (Fig.
15). From the ramp-generated /- curves in the absence
and presence of 8-Br-cGMP (Fig. 16), it can be seen that
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Fig. 16. Ramp-generated I-V curve from —100 mV holding potential in Ba**/ TRIS
/ TEA / 4-AP solution in the absence of 8-Br-cGMP and 10 min after it was adding
to the bathing solution/dark.

the increment of Ca?" current is induced at levels of mem-
brane potentials between about —20 and +30 mV. The in-
crement of the current ranged between 5 and 10 %, which
is similar to the percentage augmentation of Ca*" current
induced by light (Pasi¢ and Kartelija, 1990). Thus,
our data suggest that the light-induced elevation of cG
mediates the effect of light on the voltage-dependent
cium current.

The involvement of cGMP in Ca* ¢
tion was found in mammalian myocard
hibits the current (Wahler et al,
of Ca?* current in Helix neurons i

Tritsch et al. (1986a).
indicating that cGMP inc
activation of cGMP-dgims

dependent protein kinase 1n light-induced suppression of
the potassium current and increment of the Ca*" current
remains to be resolved. Investigations on the role of other
internal messengers in the reaction to light of photosensi-
tive neurons could also be considered.

CONCLUSION

The physiological role of photosensitive neurons in
central ganglia of snails is presently unknown. Howev-
er, during full body extension outside the shell, there is
enough light passing through the skin to excite or inhibit
neurons in the central ganglia. Modification of voltage-

gated currents (e.g., the Ca?" current) by light could be
of physiological significance, as it could modify synaptic
transmission and therefore affect the animal’s reaction to
environmental factors. The importance of light in the life
of Helix aspersa has been demonstrated by recent work
dealing with the effect of the light regime as well as color
on growth and sexual maturation of these snails (Bon-
nefoy-Claudet and Laurent, 1987).
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YPOHU KO MEKYITAIIA

. HEJAEJbKOBUR' n JINJINJA PAJJEHOBUR'

ce Ja moceayjy yHyTparme ¢oropenentope. MelhjyTum,
HOpe/l OKa, TPaHCIYKIMja CBETJIA CE OJBHja U Y OBUM
eKCTpaoKyJapHuMm (oroperentopuma. Y OBOM paay
aHaJM3MPaJIM CMO PEaKTHBHOCT OBHMX HEpBHUX hennja
Ha CBETJIO M 00jaCHWIIN MEXaHHU3aM KOJU JICKHU Y H-ETrOBO)j
OCHOBH.





