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I. INTRODUCTION

Three striking features are inherent in the mech-
anism of vision:

(i) Excitation of a photoreceptor cell can be in-
duced by such a minimal quantity of light
energy as a single photon;

(i) An extremely fast rate of excitation, which
develops in a millisecond time scale can be
achieved by increasing light;

(iii) There is a system of adaptation allowing small
changes in the illumination to be sensed in
dim as well as in bright light, although in
bright light the amount of photons exceeds the
minimal amount by several orders of magni-
tude.

The recent studies on the structure and function
of animal and bacterial thodopsins open up the
prospect of explaining these unique properties of
photoreception. Two observations seem to be es-
pecially important, namely:

(1) Identification of a special protein, called trans-
ducin that mediates activation of phosphodi-
esterase by a long-lived rhodopsin photo-
product (review (1]}

(2) Resolution of the fast kinetics of the rhodop-
sin-driven pholoelectrogenesis, which proved
to resemble greatly that of bacleriorhodopsin
(review [2]).

Observation (1) was interpreted as evidence in
favour of the cGMP concept of vision {3], whereas
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(2) was discussed in terms of the calcium scheme
[4]. Usually, the ¢cGMP and calcium hypotheses
are considered as alternatives. Here, 1 review re-
cent data on the molecular mechanism of vision
showing the two concepts as complementary. A
suggestion will be developed that accounts for the
relationship between two functions of rhodopsin,
1.e., electrogenic and transducin-activating.

2. THE ¢cGMP PATHWAY

It is commonly believed that absorption of a
photon by rhodopsin localized in photoreceptor
discs induces a chain of events resulting in closing
Na* channels in the outer membrane of a rod cell.
According to the ¢cGMP scheme [3], this effect is
mediated by a decrease in the cGMP level in the
rods.

There are several indications that illumination
does result in a decrease in ¢cGMP. On the other
hand artificial lowering of [cGMP] in the dark
mimicks the action of light (reviews, [1,5—8]).

The major steps involved in light-initiated split-
ting of ¢cGMP were elucidated in [1,9,10]. These
steps are shown in the right-hand branch of the
flow diagram (fig.1). A long-lived intermediale of
the rhodopsin photolysis, most probably meta-
rhodopsin 11 [11,12], affects a GDP-binding pro-
tein, transducin, in a fashion resulting in substitu-
tion of GTP for GDP. Transducin « GTP complex
activates a c¢GMP-specific phosphodiesterase
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Fig.1. ‘Dualistic’ concept of vision, Absorption of a pho-
ton by rhodopsin results in photolysis which is accom-
panied by the formation of a local electric field at the
step of conversion of metarhodopsin I (Meta I) to meta-
rhodopsin II (Meta IT). The field induces a fast increase
in the permeability of a rhodopsin-containing mem-
brane, allowing a messenger, e.g., Cal+, 10 reach the
cytoplasm and to close the Na+* channels in the plasma
membrane. This pathway is simple, fast and involves
only one step of amplification shown by triple arrows.
The other pathway is initiated by Meta II which inter-
acts with transducin (T} containing GDP. As a result,
GDP is substituted by GTP and Meta 11 is released to
attack a new molecule of T «- GDP. Thus T - GTP ac-
cumulates. The latter combines with a ¢GMP-specific
phosphodiesterase (PDE), activating this enzyme. PDE
splits cGMP. The fall in the concentration of cGMP, an
activator of the Na* channels, induces the closing of
these channels. cGMP-pathway is slower, more compli-
cated, and involves two, instead of one, steps of
amplification.

(PDE). This is most likely to occur due to the
formation of a ternary complex, transducin - GTP -
PDE. The splitting of cGMP by PDE decreases the
c¢GMP level and induces the closing of Na* chan-
nels, which according to the scheme, require
c¢GMP 10 be open.
There are two steps of amplification of the sig-
nal in the cascade described above:
(i) A single metarhodopsin molecule activates
many { - 500, see {1]) molecules of transducin,
replacing transducin-bound GDP by GTP.
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(i) Each PDE, when activated by transducin °
GTP, hydrolyzes many cGMP molecules.

In the dark, cGMP hydrolysis ceases since both
metarhodopsin and the active PDE - transducin -
GTP complex are unstable. Indeed, metarhodop-
sin spontaneously decomposes to opsin and free
retinal. GTP in the ternary complex also decom-
poses to PDE « transducin * GDP and phosphate.
The the former dissociates to free inactive PDE
and transducin + GDP. Inactivation of metarho-
dopsin and PDE are rather slow processes taking
seconds or even minutes.

The flaw in the cGMP scheme as the only mech-
anism of visual transduction is that it can hardly
explain the fast rate of photorecepior cell excita-
tion developing within 5 ms if light intensity is suf-
ficiently high [13,14]. The studies performed on
living perfused retinas showed that much longer il-
lumination was required to lower substantially
the ¢cGMP level [8,15]. It may of course be specu-
lated that the system responding to decrease in
cGMP is so sensitive that even a very small fall in
[cGMP] is sufficient to induce excitation of a visual
cell. Calculation showed, however, that such sen-
sitivity would be too high to be realistic.

The slow rate is not surprising if we recall that
the cGMP pathway is a multistep process involv-
ing interactions of several proteins and nucleotides
as well as a hydrolytic reaction. This mechanism
looks like being meant for high amplification
rather than fast rate of response.

3. FAST ELECTROGENESIS AS ONE OF THE
FUNCTIONS OF THE VISUAL PIGMENT

The first indication of an electrogenic activity of
visual pigments was obtained in 1964 when the so-
called early receptor potential (ERP) was de-
scribed [16]. It was a very rapid small biphasic
photoelectric response preceding the late receptor
potential, i.e., excitation of the visual cell. ERP de-
velops too fast to be associated with post-rhodop-
sin steps of the visual process. The maximal ampli-
tude of ERP was not more than several millivolts
on an intracellular recording. This value was so
small that one had to regard ERP as a side-effect
that cannot play a functional role in visual excita-
tion (review [17]).

In recent years, interest in the rhodopsin-linked
photoelectric activity was stimulated by the discov-
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cry of bacteriorhodopsin which proved to be an
electrogenic light-dependent H* pump [18-21].
In 1977, Trissl et al. [22] revealed a small (0.5-3

mYV) photoelectric effect, induced by illumination.

a solid Teflon film covered on one side with rho-
dopsin (see also [23,24]). In 1978, Ostrovsky et al.
[25] demonstrated a photopotential across a photo-
receptor disc membrane (the disc interior positive),
using a suspension of discs and phenyldicarbaun-
decaborane anion as a A¥ probe. In a review pub-
lished in 1979, Montal [24] mentioned the results
of Takagi and Kishimoto who had recorded an
ERP-like signal in a system consisting of squid out-
er-scgment vesicles adsorbed onto a thick mono-
olein—decane film separating two water solutions.
A similar photoelectric effect (A¥<0.5 mV) was
abserved in 1980 by Lindau et al. [26] when they
studied rod outer segments adsorbed on a mem-
brane filter.

A direct and universal method developed in our
group to measure membrane protein-generated
electrogenic activity [27—30] was recently applied
to visual rhodopsin. As was found by Bolshakov et
al. [31-33] and Drachev et al. [2,34], illumination
of cattle photoreceptor discs associated with the
surface of a phospholipid-impregnated millipore
filter or collodion film results in a rather large (up
to 43 mV) potential difference being generated. In-
dependently, this technique was used by Chapron
[35,36]. However, under the conditions of his ex-
periment, the magnitude of A¥ was <1 mV. A
small photopotential also was described by Bam-
berg et al. [37] who studied rhodopsin proteolipo-
somes attached to a planar phespholipid mem-
brane. Cafiso and Hubbell [38] obtained some
indications of the rhodopsin-generated A in discs
by means of hydrophobic spin-labelled ions.

My group together with Ostrovsky’s and Rubin’s
laboratories have performed a systematic compari-
son of the photoelectric activity of 3 light-driven
AY¥ generators: bacteriorhodopsin; animal rtho-
dopsin; and bacterial photosynthetic reaction cen-
ters [2,33,34,39,40]. To resolve the fast kinetics of
A we used the following system: The membranes
containing the proteins being studied were incor-
porated into lipid-impregnated collodion film sep-
arating two electrolyte solutions. The film was il-
luminated with a 15 ns laser flash inducing a single
turnover of the incorporated AY¥ generators. The
photoelectric effect was measured with two elec-
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trodes immersed in the solutions separated by film.

It was revealed that the two rhodapsins generate
AY in a strikingly similar fashion, which strongly
differs from that of the reaction centers (fig.2). In
both rhodopsins:

(i) The first laser flash induces the generation of
a rather large (> 30 mV) AY;

(i) The electrogenic process consists of 3 major
phases, the first being oppositely directed to
the second and the third;

(iii} The kinetics of the first phase is faster than 50
ns, whereas the second phase develops in mi-
crosecond and the third in millisecond time-
scales;

(iv) The amplitudes of the 3 phases are first < sec-
ond < third;

(v) If we take into account that the N- and C-
ends of the polypeptide chain of both animal
and bacterial rhodopsin are located on the
opposite sides of the membrane, we can con-
clude that bath rhodopsins generate photopo-
tentials of the same direction (the C-side
negalive),

(vi) A blue flash added after the green produces
an opposttely-directed photoeffect (the C-side
positive);

(vii) The decay of the photoresponse to the first
flash occurs in a second time-scale.

In fact, the only difference in the kinetics of elec-
trogenesis mediated by the two rhodopsins was
found to consist in a smaller time distance between
the 2nd and 3rd phases, since the former was
somewhat slower and the latter somewhat faster in
animal rhodopsin.

At the same tme, most of the above features
proved to be quite different in a ‘non-rhodopsin’
phetoelectric generator, i.e., bacterial photosynthe-
tic reaction center. Here, all of the electrogenic
phases were of the same direction, the first being
the largest, in the photopotential decay there was a
fast (millisecond) phase, etc.

Decreasing the resistance of the disc—collodion
film sysiem (by an external conductance) down to
the resistance of the outher membrane of the pho-
lorecepior cell, we succeeded in demonsirating a
photoelectric response that was quite similar to the
early receptor potential of the retinal cell {2].

Returning to the comparison of the two rhodop-
sins, I would like to emphasize that in the activity
of bacteriorhodopsin there is nothing ‘electrical’
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Fig.2. Generation of photoelectric potentials by animal
rhodopsin (A), bacteriorhodopsin (B) and photosynthe-
tic reaction centers of Rhkedospirillum rubrum chro-
matophores (C). Cattle photoreceptor discs, bac-
teriorhodopsin membrane sheets or chromatophores
were incorporated into a collodien film impregnated
with a decane solution of phospholipids: (=) 15 ns laser
flash; from Drachev et al. [2,39,40].
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except for the described photoresponse which
proves to be the only manifestation of the elec-
trogenic function of this H*-pump. As almost
identical photoelectric response is inherent in visu-
al rhodopsin, the minimal hypothesis is that this
rhodopsin, like its bacterial analog, has a function
as a photoelectric energy transducer.

The electrogenic function of visual rhodopsin is
quite distinct from its other function described
ahove, i.e., the ability to give a long-lived inter-
mediate of photolysis, which stimulates the GDP—
GTP exchange in transducin. This was directly
proven by the observation [11,12] that addition of
an instantaneously photo-bleached preparation of
purified rhodopsin to crude rod outer segments
causes activation of phosphodiesterase in the dark,
while all-zrans retinal and opsin do not. Under
such conditions, thodopsin electrogenesis develop-
ing faster than in 10 ms could not have been in-
volved in the phosphodiesterase activation.

Now the problem arises what is the role of rho-
dopsin electrogenesis in the process of vision?
Since the c<GMP mechanism is of no avail here I
shall turn to the rival hypothesis of visual excita-
tion, i.e., the Ca?+ scheme of Hagins [4].

4. Cal* PATHWAY

According to Hagins’ hypothesis, illumination of
a thodopsin-containing membrane results in in-
crease of its Ca?* permeability and hence in a
Calt release 1o cytoplasm from the intradiscal
and/or extracellular space. A rise of the
cytoplasmic Ca2+ is assumed to induce the closing
of Nat channels in the outer cell membrane [4].

In [B], Uhl and Abrahamson reviewed many
pieces of evidence in favour of, as well as agaihst,
the Ca2* scheme. In favour they mentioned the
observations:

(i) Externally added Ca?* rapidly (<1 s) and
reversibly suppress the dark Na* current in
rods.

(ii) A CaZ* ionophore greatly potentiates the
above (i) effect. It reduces the external [CaZt]
required to suppress 95% of the dark current
from 20 mM down to 0.01 mM.

(iii) Lowering of the external Ca2* for a short
time immediately depolarizes the cell.

(iv) The light response is inhibited by introduction
of a Ca2+ chelator into the rods.
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(v¥) The light response of cones vanishes if the ex-
ternal Ca2+ proves to be < 10~9 M, the effect
being reversible.

The Ca2+ hypothesis, however, has its own pit-
falls:

(1) Whether the observed increase in the cyto-
plasmic [Ca2+] is sufficient to account for the
magnification of the light signal?

(i) What is the source of the Ca2+ which should
appear in the cytoplasm of rod cells in the
light?

(iii) Why the light response of cones does not dis-
appear right after removal of extracellular
Ca?+ and a rather long time proves to be nec-
essary to inhibit illumination-induced excita-
tion of these cells completely? [8].

5. THE ‘DUALISTIC’ SCHEME

In this section I would like to consider a concept
postulating that there are at least two pathways of
visual excitation: one, extremely sensitive to light
but rather slow; the other, extremely fast and not
so sensitive. The simplest version of this hypothesis
is shown by fig.1. The scheme represenis a com-
bination of the Ca2*- and the cGMP-concepts. It
1s assumed that:

(i) The cGMP—pathway is sensitive and slow;

(i) The Ca2+ pathway is less sensitive and fast;

(iit) The electrogenic function of rhodopsin is in-
volved in the Cal+ —pathway.

It is not surprising that such a ‘dualistic’ scheme,
like any compromise, succeeds in explaining more
experimental observations than any of the two
competing hypotheses of vision. The gain is that
the scheme takes into account existence of two
quite distinct functions of rhodopsin, i.e., elec-
trogenic and transducin-activating. It is assumed
that these two functions are responsible for solu-
tion of the two ‘superproblems’ inherent in pho-
toreception, i.c.:

(1) Maximal rate of the response;
(ii) Maximal sensitivity to lighl.

In all probabulity, highly sensitive and very fast
sensory mechanisms must have entirely different
parameters. The calculation made in this group by
Dr V.S. Markin has shown that a single-step sys-
tem of amplification (see the CaZ+ pathway, fig.1),
can be switched on right after addition of a stim-
ulus (light) whereas a double-step mechanism (the
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cGMP pathway) is bound to have a lag-phase [41].
Even for this reason alone, a more sensitive system
should be less rapid. Moreover, the cGMP mecha-
nism involves sevetal interactions of large mole-
cules and a hydrolytic reaction, the events which
would hardly allow the top rate of the overall pro-
cess to be achieved.

Moreover, Markin’s calculations clearly showed
that an increase in the light intensity must soon re-
sult in saturation of the light-induced response if
such a cascade of amplification as cGMP pathway
is involved. This means that cGMP system can
sense changes in illumination only at very low in-
tensities of light. On the other hand, systems
organized like the Ca?+ pathway, require a much
higher intensity of light to be saturated.

Besides, the CaZ+ pathway seems to be perfect
for fast response. Indeed, the cytoplasmic Ca+
level in the dark is very low owing Lo activity of the
CaZ+ pumps. This means that substantial increase
in the cytoplasmic Ca2+ occurs when Ca2+ release
to cytoplasm starts. As to the light-induced rise of
Ca2+ permeability of a rhodopsin-containing
membrane, it is apparently very rapid. In our ex-
periments on photoreceptor discs incorporated
into a collodion film {2}, we not only confirmed ob-
servations on the light-dependent increase in disc
membrane permeability {24.42—50] but also
revealed that such an effect requires <50 ms. (A
faster measurement is impossible because of a con-
ductivity increase due to operation of rhodopsin as
a photogenerator of much lower internal resistance
than that of the disc membrane.)

The suggestion was put forward [2] that this fast
permeability increase is due to electric break-down
of the membrane induced by a rhodopsin-gener-
ated field. This should, apparently, be a local,
rather than delocalized, field.

Such an assumption seems to be necessary if we
consider the ouler membrane of comes. This
membrane contains iodopsins, analogues of the
rod pigment rhodopsin with different absorption
maxima. In iodopsins, as in rhodopsin, there is
I 1-cis retinal which is isomerized to all-trans reti-
nal by light. The mechanism of photolysis of
iodopsins strongly resembles that of rhodopsin.
The end-products are free retinal and opsins. Most
probably, iodopsins are also competent in genera-
tion of photopotential since ERP of retina, which
seems to be mainly due to the activity of cones, is
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very similar to the photoelectric response of pho-

toreceptor discs, measured in our experiments [2).

Calculation showed that iodopsin-produced A¥, if

delocalized all over the outer membrane of a cone,

proved to be much lower than the dark A¥ across
the same membrane. This undermines any idea as-
suming delocalized ERP as a working component.

This may be overcome by suggesting that the light-

driven mechanism of the permeability increase

operates sufficiently fast to utilize the energy of the
local electric field produced by iodopsin or rho-
dopsin. :

As was found by Benz and Zimmermann
[51,52], a 1 V A¥ across a bilayer phospholipid
membrane induces an increase in the membrane
conductance due to the formation of pores of a size
similar to that of light-induced pores in rhodopsin-
containing membranes. Formation of pores in
planar membrane was found to occur faster than
in 10 ns.

A potential difference as high as 1 V across a
photoreceplor membrane is hardly probable even
for a local field. However, there are several reasons
to suggest that the electric break-down voltage for
a photorecepter membrane is much lower than
that for a model one:

(i) In photoreceptor membrane phospholipids,
there is a high percentage of extremely un-
saturated fatty acids (up to 6 double bonds).

(i) There is a CaZt asymmetry across this mem-
brane due to a much higher [Ca2+] on the
side which charges positively due to rhodopsin
photoelectrogenesis.

(iii) Photoreceptor membrane contains proteins
besides phospholipids.

All these factors were shown to be favourable for
electrical breakdown [2,53,54], the latter being es-
pecially important if not only the lipid but also
protein components are organized so as to facili-
tate the electric field-induced permeability in-
crease.

The local field effect would be stabilized in time
if light triggers a process resulting in a higher per-
meability state which exists longer than the field.
The process in question may be aggregation of
long-lived products of rhodopsin photolysis
[43,50].

The above scheme postulating local-field in-
duced permeability increase is only one of possible
versions of a more general concept assuming that
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light-induced charge translocation is a common
function of animal and bacterial rhodopsins. Other
tentative schemes based on the same concept may
also be considered.

For instance, one may speculate that thodopsin
translocates H+ from water to a Ca? + -binding site
inside the membrane so that H* substitutes for
Cal* at this site and Ca?* releases to water. If
mechanisms of the light-induced Ht translocation
in two thodopsins are similar it can explain sim-
ilarities of their structural and electrical properties.

6. INTERRELATIONS OF FAST AND SLOW
PATHWAYS

An interesting possibility arises if one analyzes
the conditions favourable for the manifestation of
eacn of the two functions of thodopsin. Under very
low levels of illumination when excitation of a
photoreceptor is induced by several photons or
even by a single photon, the ¢cGMP pathway
should be operative since it involves a cascade of
signal amplification. Increasing the light, we can
switch on the less sensitive but more rapid Ca?+
pathway. When the intensity of illumination
reaches a certain critical level, the Ca2+ pathway
should prove to be dominant. This does not mean,
however, that the cGMP pathway becomes indif-
ferent to the events taking place in the photorecep-
tor cell. Being too slow to compete with the Ca2+
pathway for an immediate response to the light,
the cGMP system can prepare the photoreceptor
for the next portion of photons, by decreasing the
photoreceptor sensitivity. Indeed, accumulation of
metarhodopsin Il must result in the activation of
phosphodiesterase and, hence, in a cGMP level de-
crease. The latter effect that develops after the
generation of the Ca2+-mediated late receptor po-
tential, proves to be favourable for the mainte-
nance of the Na* channels in the closed state dur-
ing the period between two light stimuli. This
results in a situation when each next photon ab-
sorbed by a rod has a lower probability of induc-
ing closure of the Na* channel than the previous
one. In this way, adaptation of retina cells to light
may OCCur.

The ‘dualistic’ concept of vision may account for
both similarities and differences in the structural
and functional properties of bacterial and animal
rhodopsins. The equal parameters of photoelectric
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responses of the two rhodopsins proves to be a
consequence of the fact that the light-driven
charge translocation which is the only function of
bacteriorhodopsin is also one of the functions of
the animal pigment. In the same way we may ex-
plain the similarities of all the series of light-induc-
ed spectral shifts as well as of many structural fea-
tures of rhodopsins. Among them the arrangement
of rhodopsins in the membrane should be men-
tioned.

In the primary structure of bacteriorhodopsin,
Ovchinnikov [55—58] has revealed alternating hy-
drophilic and hydrophobic amino acid sequences
that correspond to the 7 a-helical columns seen in
Henderson and Unwin’s model of this protein
[59—61]. A similar array of hydrophilic and hydro-
phobic sequences pointing to the existence of 7
transmembrane columns was found by the same
group for animal rhodopsin. In both rhodopsins,
retinal was found to be bound to a lysine localized
in the middle part of the last (closest to the C-end)
column. The main structural feature which dis-
tinguishes the animal from bacterial protein is that
some of the hydrophilic sequences proved to be
larger in the visual pigment, the fact explaining its
higher M;-value. One may speculate that it is this
part of the molecule that is involved in the interac-
tion with transducin.

The existence of the additional (transducin-link-
ed) function of animal rhodopsin can explain why
this pigment undergoes irreversible photolysis in-
stead of the reversible photocycle of bac-
teriorhodopsin. Apparently, there is a need (o have
a long-lived transient, say metarhodopsin LI, which
has time to deal with many molecules of trans-
ducin, facilitating substitution of GTP for GDP.
The bifunctional character of the photosensitive
protein forming A¥ and a long-lived intermediate
may well be an evolutionary gain of higher ani-
mals, that solves the same problem as, at the cellu-
lar level, the differentiation of photoreceptor cells
into rods and cones involved in the dusk-light vi-
sion and bright-light vision, respectively.

It is interesting that in some primitive pho-
toreceptor systems, the light-sensitive mechanism
proves to be less intricate and less effective. For
example, in light-sensitive neurons of marine mol-
lusc Aplysia californica, Ca?+ -loaded membrane
vesicles were found [62—064]. The vesicles named
lipochendria were shown to contain pigments with
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f-carotene and a ‘retinol-like’ compound as chro-
mophores [65]. Ilumination induces release of
Ca2+ from lipochondrnia [63,64]. The same could
be initiated by addition of a Ca2* ionophore [65].
In neurons, Ca2+ release was found 1o result in a
rise of K+ conductance and excitation [66,67].
Comparison of this system with the retinal pho-
toreceptor showed that the latter has a much lower
threshold and a much better amplification. Per-
haps, the lipochondrial type of photosensing ex-
emplifies a ‘monistic’ (in this case, calcium) mech-
anism. To verify this speculation, an analysis of the
electrogenic activity of lipochondrial pigment as
well as of the transducin cycle in Aplysia neurons
seems to be necessary.

In principle, a system mediated by cyclic nu-
cleotides with no Ca?+ involved, may represent
another type of the ‘monistic’ mechanism. A light-
sensitive system of Phycomyces blakesleeanus
seems to be a candidate for this role [6]. In this or-
ganism, blue light absorbed by a flavoprotein was
found to activate a cAMP-specific phosphodiester-
ase. The effect is potentiated by GTP {68]. Dibuty-
ryl cAMP added to the fungus triggered a negative
growth response which was abolished by blue light
[69].

It is obvious that both visual rhodopsin and
light-sensitive flavoprotein systems are two par-
ticular cases of a more general mechanism respon-
sible for the amplification of a signal from an ex-
tracellular effector and its transmission to cyclic
nucleotides in cytoplasm [1]. It is shown that the
action of hormones, such as catecholamines, is me-
diated by a membrane-linked receptor which, in
combination with the hormone, greatly facilitates
the substitution of GTP for GDP bound to the so-
called G protein [70]. G protein « GTP complex ac-
tivates adenylate cyclase until bound GTP splits to
GDP and phosphate [71]. This sysiem, like the
transducin mechanism, has a rather slow rate but
involves at least twa steps of amplification [72].

As to the CaZ+ pathway of photoreception, it re-
sembles certain light-independent regulatory sys-
tems mediated by Ca2+ . In this respect, the role of
Ca’+ in contraction of fast muscles may be es-
pecially interesting: 1 mean the chain of events im-
tiated by a change in A¥ across the outer muscle
cell membrane, which might involve a Ca2+ influx
from intercellular space to cytoplasm, a release of
Ca?+ from sarcoplasmic reticulum and interaction
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of this ion with the actomyosin system.

Interaction of Ca?*- and cyclic nucleotide-
mediated pathways can be exemplified by the
effect of adrenaline on cardiac muscle. It is known
that the hormone modulates contractile activity of
this muscle by means of two distinct mechanisms:
one results in a rise of [Ca2+] in cytoplasm; the
ather includes an increase in the cAMP level [78].
Such a situation is similar to that postulated in our
scheme of vision.

The strongest argument against the Ca?t hy-
pothesis of vision, according to Uhl and Abraham-
son [8] is the observation of Szuts [73] that only
10% of the Cal* content of the photoreceptor
discs is substituted by 43Ca2+ during a 30 min il-
lumination of intact retina perfused in a pure
43Ca2+ -containing medium. In the context of the
‘dualistic’ hypothesis, this observation may indi-
cale that it is intercellular, rather than intradiscal,
space that should be regarded as the Ca2* reser-
voir, If this were the case, rods might be consid-
ered as largely ¢cGMP photoreceptors, whereas
cones largely CaZ* photoreceptors. According to
this point of view, a cone should absorb Ca?* in
response to the excitation of any rhodopsin mole-
cules; in a rod it is only the rhodopsins which are
localized in the plasma membrane that should be
competent in Ca2+ permeability increase, the ma-
jor pool of rhodopsin in discs being ineffective in
this respect. The possibility of a fundamental dif-
ference in the mechanisms of reception of dusk
light in rods and of bright light in cones is consid-
ered by Botchkin, Zak and Ostrovsky [77].

There are some indications that rhodopsins in
the plasma membrane differ in some features from
disc membrane rhodopsins. In particular, it was
noted that rhodopsin phosphorylation, a slow
light-dependent process apparently involved in the
adaptation of the photoreceptor, occurs only in
plasma membrane and in freshly formed discs at
the basal end of the rod outer segment (review [8]).
Phosphorylation results in the addition of 8 phos-
phate groups causing strong increase in the total
negative charge of the protein. This effect should,
most probably, prevent rhodopsin aggregation and
induce decomposition of pre-formed aggregates.
In this way, the slow Ca?+ mechanism (stable
channels) can be abolished without inhibition of
the fast Ca?* pathway mediated by electrical
breakdown. Besides, phosphorylation might pre-
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vent interaction of metarhodopsin with transducin.

When analyzing the possible relationship of the
Ca?+-pathway and the cGMP-pathway, we should
take into account that a certain minimal level of
Cal* may be necessary for the light-induced
¢GMP decrease. This effect may be due to CaZ+
activation of the transducin—phosphodiesterase
system [7] and/or CaZ* inhibition of guanylate
cyclase [74]. In particular, it was found that in
crude frog rod outer segment preparations, de-
crease in external Ca?+ < 10~7 M resulted in de-
sensitization of phosphodiesterase to light [7].

One cannot rule out that the Ca?+ pathway
does not reach the Nat channel, and the role of
Ca2* in vision is confined to their effect on the
c¢GMP system (e.g., [7,43]). In this case, however,
more than one step of amplification seems to be
involved in the Ca2+ pathway, so that a stimulus
and the response prove to be separated by a lag-
phase [41]. If so, the CaZ+ mechanism loses its ki-
netic advantages.

Another possibility is that the ¢GMP-linked
mechanism deals exclusively with a special system
of light and dark adaptation rather than with sig-
nal transmission mediated by Ca2+ only. In this
case, however, we shall have to face all the ‘anti-
calcium’ arguments (e.g., [8]).

The concept developed in this paper differs in
two tespects from the rather diffuse earlier con-
cepts postulating a Ca2*- and ¢cGMP-containing
black box (e.g., [75]). It takes into account the elec-
trogenic function of rhodopsin and allows several
ways of experimental verification to be indicated.

7. CONCLUSIONS AND PREDICTIONS

The above concept of vision rests on the as-
sumption that visual rhodopsin can initiate at least
two separate processes of different time scale and
molecular mechanism. They are:

(i) Fast charge translocation which results in the
release of a transmitter, say Ca+, into the
cytoplasm of the photoreceptor cell.

(ii) Slower process(es) mediated by a long-lived
product(s) of rhodepsin photolysis, activating
cGMP hydrolysis via transducin.
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Item (i) explains the striking similarities of bac-
terial and animal rhodopsins in: photoelectric
responses, initial steps. of photolysis and the
structure of the membranous parts of protein.
Moreover, it accounts for fast light-induced in-
crease in the ion permeability of photoreceptor
membrane.

Item (ii) deals with the features specific for
visual rhodopsin only, such as: activation of
transducin; irreversibility of photolysis; exis-
tence of the additional hydrophilic cytoplasm-
exposed parts of the protein, absent from bac-
leriorhodopsin.

The ‘dualistic’ scheme allows the following pre-
dictions to be made:

(1) Two modes of the photoreceptor cell excita-

tion can be distinguished:

(i) A fast one, mediated by a charge translocation
in rhodopsin rather than by accumulation of
metarhodopsin 11;

(i) A slow one, linked to the accumulation of
products of rhodopsin photolysis.

Amplification of a light signal in the fast mecha-

nism should be lower than in the slow one.

(2) 1f Ca2+ are not necessary for the slow mecha-
nism, it can be studied in Ca2+-free systems. If,
however, Cal+-requiring steps are involved in
both pathways, one may hope that the half-maxi-
mal [Ca2+ ] are different in the fast and slow mech-
anisms.

(3) Acceleration of metarhodopsin I decay
should specifically inhibit the cGMP-pathway but
not the Ca2+ pathway.

(4) Rhodopsin derivatives may be obtained lack-
ing one of the functions of this protein. For exam-
ple, the transducin-activating ability of rhodopsin
should be more sensitive to proteinases than the
A¥-gencrating function if the former is due to the
hydrophilic, and the latter to the hydrophobic part
of the molecule. 1t is appropriate to mention here
that papain-treated bacteriorhodopsin deprived of
its hydrophilic terminal sequences and split be-
tween the second and the third a-helical columns
retains its photoelectric activity [76].
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