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ABSTRACT

Several approaches were used to investigate the mechanisms by which
photoreceptor responses to transient stimuli are modulated in amplitude. The results
indicate that the most important mechanism is a shunting voltage-activated
conductance which is sensitive to a depolarization of only a few millivolts from resting
potential. The main implication of this finding is that insect photoreceptors are not
only transducing light into membrane current, but process the resulting electrical
signal by mechanisms similar to those operating in other neurons. One important
practical implication is that the dynamics of the voltage response to light cannot be
taken to reflect the dynamics of the phototransduction process, if this latter process
is meant as terminating with the opening of light-sensitive membrane channels.

A preliminary investigation was aimed at determining whether the transduction
properties of the photoreceptor are independent of the site of photon absorption.
This was necessary because localized stimulation was employed in some later
experiments. The results of this study indicated that single photon responses are
statistically very similar, regardless of the site of stimulation. Single photon responses
show a large variability even when stimulation is localized. This variability is likely to
be intrinsic to the transduction process.

Another investigation demonstrated that the gain control mechanism operating in
dark-adapted photoreceptors stimulated with fiashes, also operates in light-adapted
photoreceptors stimulated with a pseudorandom light signal. Since the resulting gain

control process is much more significant under the former conditions, further



experiments were performed on dark-adapted photoreceptors. These experiments
demonstrated (1) that the interaction between two stimuli is not affected by the
distance between the stimuli, and therefore that the gain control mechanism is
probably not mediated by a diffusible transmitter; (2) that the interzction between
a flash stimulus and a current stimulus is similar to that between flash stimuli, and
therefore that a membrane process, probably a voltage-activated conductance,
mediates the gain control mechanism. These results, taken together, imply that
membrane phenomena taking place after the activation of the light-sensitive

conductance are important in shaping the responses of photoreceptors.
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1. A GENERAL INTRODUCTION TO INSECT PHOTORECEPTORS

Insects are one of the most successful animal groups. In number of species, they
outnumber all other living forms combined, and in number of individuals they are
probably the largest group of animals which live freely above the ground. Part of this
success must be due to their visual system. Like other classes of arthropods and two
unrelated groups (vertebrates and cephalopods), insects have a visual system which
actually allows them to see (i.e. to form images of the visual world), which we take
for granted, but is not the purpose for which photoreceptors evolved originally.

There are two basic types of eyes capable of forming images. Compound eyes, one
of these two types, are only found in arthropods, including insects. The three ocelli
which are located between the two compound eyes of insects should not be confused
with the subject of the present study. Compound eyes form an image which is like a
time-varying mosaic, each element of this mosaic being the light intensity exciting one
photoreceptor. This mosaic is transformed into another mosaic, whose elements are
not light intensities but the membrane potentials of the photoreceptors. All of this
is also true of camera eyes, but compound eyes differ in the optical means by which
the optical mosaic is generated. As a consequence of the different optics, the
functional mosaic of neural activities has a striking parallel in the anatomical mosaic
of the compound eye.

Other "mosaic" transformations take place at further stages in the visual system.



Of course, mosaics located in visual ganglia do not have a one-to-one relationship
with the photoreceptors, since the information from several photoreceptors must
interact to allow the brain to make sense of tii¢ visual world. How the brain does that
is one of the main probleras in neuroscience, part of the larger problem of how the
brain processes information. A large portion of the information that the brain handles
is visual information: large areas of the cerebral cortex are concerned with vision
more or less directly, and, in the fly brain (supra- and sub-oesophageal ganglions),
about 260,000 out of 340,000 neurons are located in the optic lobes (Strausfeld, 1976,
pages 53-54). This imbalance with respect to the other senses is likely to be due to
the amount of visual information that has to be processed as well as to the fact that
this processing is not a trivial task. Animal groups which have not evolved image-
forming eyes do not have very well developed brains.

The concentration of research effort on the visual system, relative to other sensory
systems, parallels the extent of neural resources devoted to vision. Apart from the
biological relevance of sight, this interest is also due to the ease with which the visual
system can be experimentally stimulated in a controlled, quantitative way.

The compound eyes and optic lobes of insects offer an opportunity to investigate
visual information processing in a relatively simple system, including only a few
hundred thousand neurons for each side of the brain. Even this figure is deceptively
large: the cellular structure of most optic ganglia is very repetitive. For instance, the
second optic ganglia, or medullae, include almost half of the neurons in the fly brain

(about 150,000 - Strausfeld, 1976), but these neurons are actually arranged in



repetitive columns, each retinotopically-ordered column containing only about 26
neurons. In this respect, insects offer to vision research some of the advantages that
some blind invertebrates offer to other areas of neuroscience. However, insect
neurones are very small, unlike those found in the slugs and leeches which have
proved useful subjects for studies of motor pattern generation and of learning
(Kandel, 1976; Koester and Byrne, 1980; Muller ef al., 1981).

Insects are also very suitable for quantitative behavioral investigations. Their
advantages over vertebrates include a relatively stereotyped behavior and being
available in large supply. Compared to molluscs or worms, their advantages include
the smaller number of degrees of freedom of their body and the speed with which
they behave. Since vision plays an important role in an insect life, insects are a good
preparation for the study of the visual control of behavior (von Frisch, 1971; Wehner,
1981; Borst and Egelhaaf, 1989).

The horseshoe crab, Limulus, is an arthropod like insects, and more closely related
to spiders and scorpions than to crabs, in spite of its common name. It has a visual
system which is phylogenetically related to that of insects, with the advantage of
having larger nerve cells. Limulus has been the focus of much experimental research.
This research led to the development of the concept of lateral inhibition (Hartline
and Ratliff, 1972). However, vision plays a relatively small role in the life of Limulus
(Barlow, 1990). Limulus lacks the strong, fast reactions to visual stimuli which have
caused interest in insect vision. We shall often refer to research on Limulus

photoreceptors, since its visual physiology has a relatively close relationship to that



of insects.

Although photoreceptors process information coming from a single source, the
light intensity in a small visual angle, they are not simple linear transducers with the
sole task of changing the physical nature of the mosaic elements. Photoreceptors are
equipped with the physiology required to perform the first steps in the processing of
visual information. These steps involve intensity coding and adaptation, which
together optimize the gain of the photoreceptor to improve its signal-to-noise ratio
and provide an image of the world which the brain can work with. Much progress has
been made in understanding the function of these transformations (e.g. Attwell, 1986;
Laughlin, 1987). The present study is mainly concerned with the mechanisms involved
in these transformations and therefore follows a top-down, rather than bottom-up
approach.

The rest of this chapter is organized into five sections. In section 1.1, the structure
of the compound eye of the locust will be outlined. In section 1.2, current models of
the phototransduction mechanisms in vertebrates and invertebrates will be reviewed,
with particular reference to the elementary responses of photoreceptors, ie.
responses to single photons. Section 1.3 will discuss how these elementary responses
summate when more than one photon is transduced. Section 1.4 will briefly introduce
the system analysis inethods employed in chapter III. Section 1.5 will briefly review

the research described in this dissertation and put it in perspective.



I.1. The insect eye

Ommatidia

The mosaic elements of the compound eye are called ommatidia. Each
ommatidium includes several photoreceptors, as well as glial and pigment cells. Insect
ommatidia typically include eight photoreceptors. Fig. L1 is a schematic
representation of a locust ommatidium. More detailed descriptions can be found in
Trujillo-Cenoz (1972) and, for locust ommatidia, in Wilson et al. (1978). The
hexagonal facet which is the part of the ommatidium seen from the outside is the
lenslet, the distal layer of the cornea. Beneath the cornea lies another optical
structure, the cone, and beneath the cone we find the photoreceptors, also known as
retinular cells. The whole ommatidium, except for the cornea, is enveloped by
pigment celfs which isolate it from other ommatidia. Additional pigment cells
surround the cone. The photoreceptors also contain some pigment granules of their

own. The entire ommatidium is about 400 um long, of which 100 are taken mostly

by the optical apparatus and 300 by the photoreceptors. Proximally, the ommatidium
is delimited by the basilar membrane, which is the same kind of connective sheath
which envelops all insect ganglia. The optic lobes lie immediately beneath the basilar
membrane. The photoreceptor axons cross the basilar membrane to make synapses
on neurons in the optic lobe. There are no centrifugal axons from the optic lobes to

the ommatidium.
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Fig. L1 Schematic diagram of the locust ommatidium. Left, a section parallel to the
long axis. Pigment granules of secondary pigment cells and of photoreceptors and cell
nuclei are not represented. Right, a transversal section at the middie of the rhabdom

(about 250 um from the outer surface of the cornea and 150 pm from the basilar

membrane). Note that cells have different cross-sectional areas and make variable
contributions to the rhabdom depending on the level of the transversal section. Two
thinner photoreceptors which do not make a contribution to the rhabdom at this level

are not represented. Adapted from Wilson et al. (1980).



There are several different ways in which a compound eye can form an optical
image (Nilsson, 1990). Locusts have simple apposition eyes, in which only light
entering through the cornea along the ommatidium main axis or at a close angle to
it reaches the photoreceptors. Optically, this is perhaps the simplest kind of

compound eye.

Locust photoreceptors

Insect photoreceptors have a specialized membrane structure containing the
rhodopsin, like vertebrates. This structure is called the thabdomere and is a system
of microvilli protruding from the cell membrane towards the central axis of the
ommatidium. The rhabdomere runs along most or all of the photoreceptor, except
of course for the photoreceptor axon. In most insects, including locusts, the
rhabdomeres from all the cells of the ommatidium are so close together that they
appear as a single structure under the microscope. This structure is called rhabdom.
Light photons can only excite the photoreceptors if they reach the rhodopsin
molecules contained in the rhabdom.

The eight photoreceptors within an ommatidium differ from each other in
structure as well as in absolute sensitivity, spectral sensitivity, and polarization
sensitivity. The different morphological types have been characterized in several
insect species (review: Menzel, 1979), but not in locusts. There have been two reports
(Bennett et al., 1967; Vishnevskaya e al., 1986) in which three types of locust

photoreceptors could be distinguished by their spectral sensitivity, but the



corresponding anatomical types were not identified.

The invertebrate visual pigments are evolutionarily related to vertebrate rhodopsin
and are usually referred to as rhodopsin by analogy. One important physiological
difference is that invertebrate rhodopsin, when converted to metarhodopsin, does not
bleach, ie. the all-frans retinal does not detach from the opsin. Another important
difference is that the metarhodopsin is usually converted back to rhodopsin by
absorption of light, in the same way as in the forward conversion

rhodopsin - metarhodopsin. However, the two processes generally have different

absorption spectra (Hamdorf, 1979).

Most invertebrate photoreceptors, unlike their vertebrate counterparts, respond
to light with a depolarization. This makes their response much easier to understand
for the neuroscientist who is used to depolarizing responses to stimuli. Like
vertebrate photoreceptors, those of insects do not generate action potentials: the
light-induced depolarization is propagated mostly by passive cable conduction to the

synaptic terminals. However, action potentials can be observed in bee photoreceptors

sybjected to very strong stimuli (Baumann, 1974).



1.2. Mechanisms of phototransduction

The ventral eye of the horseshoe crab

Limulus has two compound eyes on the sides of the head, like insects. These are
called lateral eyes. However, it also has several other eyes, having different functions
(Barlow, 1990). Research on phototransduction has concentrated on the ventral eye,
since its photoreceptors are large and easy to penetrate with microelectrodes.

While compound eye photoreceptors are very regular in morphology, because of
the requirements of their packing, ventral eye photoreceptors have irregularly shaped
cell bodies with an axon attached. The rhabdomere itself is irregular in shape and
sometimes divided.

The lateral eye photoreceptor was the first photoreceptor from which intracellular
recordings were made. Early experiments led to the development of a model of
phototransduction in which a cascade of first-order enzymatic reactions leads to an
increase of membrane conductance to cations and therefore to depolarization
(Fuortes and Hodgkin, 1964). A first-order enzymatic reaction is one in which a single
molecule of substance c, catalyzes a reaction in which one molecule of substrate s,

is converted to another, different active substance c,, according to the reaction:

121
! (1.1)
5 = 6 " i

in which c, is transformed into the inactive form u, at a constant rate k,, while s, is

9



converted into c, at the rate k, - ¢,. In general, u, either is identical to s, or is recycled

into s,. Such a reaction leads to the differential equation:

oc,

i kic, -k, 12)

Where we substituted k,” = k, -5,, assuming that the substrate is not depleted and its

concentration can be taken as a constant. As can be seen from Eq. 1.2, c,(¢) is a
low-pass filtered version of ¢,(¢). The transfer function of this low-pass filter has a
single first-order pole, with time constant 1/k,. A saturation effect would occur if the
substrate were depleted, so that Eq. 1.2 would no longer be valid. If ¢, in turn
catalyzes another reaction of the kind of Eq. 1.1, then the resulting product is a low-
pass filtered version of ¢, with a transfer function including two first-order poles.
Substances ¢, and ¢, do not need to be enzymes, but can be any chemical substance
capable of activating another substance. In the first stage, ¢, is actually a photon, s,
a rhodopsin molecule, and ¢, a metarhodopsin molecule. In the last stage, 5, and c,
are membrane channels in a closed and open state, respectively. Fuortes and
Hodgkin (1964) found that a model with between 9 and 11 poles with equal time
constants could provide a good fit to the photoreceptor response. While these early
studies were based on recordings of voltage responses from the lateral eye
photoreceptor, subsequent studies concentrated on recording current responses under
voltage clamp from the ventral eye photoreceptor. Note that in this chapter "current

response” will indicate a variation of membrane current after stimulation with light,

10



while in Chapter IV it will indicate a variation of membrane voltage after stimulation
with current. The meaning should be evident from the context.

Research on the biochemical mechanism of phototransduction has concentrated
on vertebrate rods. However, recent reports suggest that a G-protein, calcium, and
inositol-trisphosphate are intermediates in the transduction cascade of Limulus (Fein,
1986). An alternative model, not necessarily incompatible with the first, includes cyclic
nucleotides (Johnson et al., 1986). The terminal molecular component of the cascade,
the light-activated channel (a somewhat ambiguous term, since the channel is not
directly activated by light) has been identified by patch-clamp recordings (Bacigalupo

and Lisman, 1984).

Vertebrate photoreceptors

Vertebrate photoreceptors are characterized by a hyperpolarizing response to
illumination. The hyperpolarization is caused by the decrease of a membrane
conductance with a reversal potential close to zero. In both these respects, vertebrate
photoreceptors behave in an opposite way from most invertebrate photoreceptors.
A modified cascade model with an inverted polarity was found to account for the
response time course (Baylor e al., 1974).

Early physiological research indicated that calcium might be one of the elements
of the transduction cascade, since calcium ions reduce the light-inactivated
conductance (Hagins, 1972). Subsequently, patch-clamp methods made it possible to

expose the intracellular side of the cell membrane to various agents, demonstrating
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that cGMP also has a fast and specific effect on the light-inactivated conductance. At
the same time, it became clear that intracellular calcium is actually reduced during
illumination. The new picture includes a fall in cGMP, leading to a fall in light-
inactivated conductance, which in turn hyperpolarizes the cell membrane (Lamb,
1986; Pugh and Miller, 1987). Therefore, the polarity of the response is inverted not
only at the membrane level, but also at the level of the intracellular transmitter which
opens the channel.

In the following, we shall refer to photoreceptors of insects or Limulus, unless

otherwise specified. Therefore, we shall assume that a photoreceptor is always

depolarized by light, efc.

Insect photoreceptors

The cascade model of phototransduction did not prove to be very effective in
describing the voltage responses of insect photoreceptors. French (1980) analyzed the
frequency response of fly photoreceptors and found that two second-order poles are
required to fit the response. However, a second-order pole does not have a single
obvious biochemical analog, as a first-order pole does. Payne and Howard (1981)
proposed an alternative model, in which the photoreceptor impulse response is a
Gaussian function of the logarithm of time, centered at a certain time after the
impulse (flash). This model includes only three parameters but requires an even more
complex physiological justification.

The biochemistry of insect phototransduction has been investigated in normal and
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mutant flies (Selinger and Minke, 1988). Inositol trisphosphate seems to be involved

in the same way as in Limulus.

Responses to single photons

At very low levels of illumination, the responses of several photoreceptors consist
of discrete waves of depolarization, called (quantum) bumps (review: Stieve, 1984).
It is believed that each of these bumps is the result of the transduction of a single
photon. The evidence for this hypothesis is: (1) the intervals between bumps have an
exponential distribution under steady illumination, and when the stimulus is a dim
flash, the numbers of bumps generated for each flash have a Poisson distribution;
these are the distributions expected for single photon absorptions; (2) the frequency
of bumps is linearly proportional to light intensity (Yeandle, 1985).

Bumps are the elementary component of phototransduction in the same way as
channel opening is the elementary component of conductance increase or miniature
synaptic potentials are the elementary components of synaptic transmission. Like
miniature potentials, and unlike channel opening, bumps do not involve the operation
of a single biochemical entity. However, a single rhodopsin molecule is at the origin
of each bump. The first step in bump generation can be described by Eq. L1, in
which ¢, is a single photon and's, is a single rhodopsin molecule, which is turned into
metarhodopsin ¢,. Subsequent stages include some amplification, so that the average
number of activated molecules increases at each stage. In the last stage, ¢, is a

transmitter which binds to the membrane channel s, and increases its probability of
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turning into the open state c,. As we pointed out, Eq. L1 is a very general scheme
without any implications for the chemical nature of the reactions involved.

All of these reactions are stochastic at the molecular level. Therefore, the resulting
voltage response should be variable in amplitude and time course, as was indeed
observed. Borsellino and Fuortes (1968) formulated a stochastic model of bump
generation in Limulus ventral photoreceptors. This model takes into account the
random processes occurring at each stage in the cascade. More recently,
Schnackenberg (1989) demonstrated that average bump durations and latencies in the
ventral photoreceptor are not compatible with a simple cascade model, as the
macroscopic response seems to be.

Spontaneous bumps are also observed. These could result from spontaneous
transitions between rhodopsin and metarhodopsin, although their shape and
amplitude seem to differ from those observed in light-induced bumps (Stieve, 1984)
and the temperature dependence of their frequency seems to indicate that a different
process is operating (Fein and Szuts, 1982).

Bumps were first observed in Limulus lateral eye photoreceptors, with amplitudes
as large as 10 mV on average if the cell was dark-adapted (Yeandle, 1958). Next to
Limulus, the largest bumps can be observed in locust photoreceptors. If the recording
conditions are good, bumps of 4 mV on average can be observed in this preparation
(Howard, 1983). Unlike Limulus photoreceptors, those of locusts do not seem to
generate any bumps in the dark (Lillywhite, 1977). One of the first investigations on

locust bumps (Lillywhite, 1978) distinguished two classes of bumps on the basis of a
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double peak in the bump amplitude distribution. The smaller bumps were thought
to arise from neighbouring photoreceptors electrically coupled to the cell being
recorded from. Subsequently, Howard (1983) found amplitude distributions with a
single peak and suggested that smaller bumps do indeed arise from neighbouring cells
which are electrically coupled, but only when this coupling has been artefactually
created by the electrode penetration.

In vertebrate photoreceptors, bumps can be observed only as membrane current
fluctuations (Yau et al., 1977). In physiological conditions, a single photon absorption
leads to a hyperpolarization which is below the noise level of the recording, because
the underlying current spreads over several cells which are electrically coupled (not
artefactually). Bumps in vertebrate rods show little variability in amplitude and time
course, presumably because a fairly large number of molecules is involved in the
process at all stages (Baylor et al., 1979).

As mentioned above, the variability observed in Limulus and insect bumps has
been attributed to fluctuations at the molecular level. Such variability would then be
intrinsic to the transduction mechanism. Responses to stimuli containing many
effective photons would become approximately deterministic because of the law of
large numbers. However, the molecular origin of the variability has not been
conclusively demonstrated. Chapter II confirms the findings of previous investigations
which provided direct evidence in Limulus (Spiegler and Yeandle, 1974) and indirect
evidence in locusts (Lillywhite, 1978) that bump variability is not due to the variability

of the site of photon absorption. These findings have implications for models of
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phototransduction based on the observed variability of bumps (Borsellino and

Fuortes, 1968; Schnakenberg, 1989).

L3. Summation of elementary responses

Saturation

If responses to single photons were to summate linearly, as Eq. 1.1 implies, then
the summation of 100 bumps would lead to several hundred mV of depolarization in
Limulus and locust photoreceptors. Obviously, this is not physiologically possible: the

voltage response will saturate according to the relationship:

y = E& 13)

where v is the membrane depolarization, x is the light intensity, a is the increase of
light-activated conductance per unit light intensity, E is the reversal potential of the
light-activated conductance, and G, is the membrane conductance at rest (in the
dark). Eq. 1.3 is known in vision research as the Naka-Rushton curve (Naka and
Rushton, 1966), while most biologists know it by the name of Michaelis-Menten curve
for enzyme kinetics. Note that in this dissertation v will always refer to the value of
the membrane voltage relative to the resting potential, ie. to the membrane

depolarization. Similarly, reversal potentials will be indicated relative to the resting
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potential.

Equation 1.3 ignores the dynamics of phototransduction, but would be sufficient
to describe the peak response to a flash or the steady-state response to steady
illumination, according to the simple models of phototransduction described above.
However, a photoreceptor working according to Eq. I.3 would have a serious
drawback: if the average light intensity is sufficient to saturate the photoresponse,
then the animal would be functionally blind, since its photoreceptors would be
completely and constantly depolarized. If the sensitivity a is reduced to prevent
saturation, then the responses to dim light would become indistinguishable from

background noise.

Adaptation

At any moment, a natural scene contains a range of light intensities of about 2
log-units on average, but the contrast between adjacent objects is rarely more than
one log-unit (Laughlin, 1981, page 212). Therefore, the useful operating range of a
photoreceptor following Eq. 1.3 would be sufficient to encode normally encountered
contrast assuming that the reversal potential E is more than 1 log-unit larger than the
standard deviation of the noise. The problem mentioned in the previous paragraph
arises from the large variations of illuminance during the day, as well as those due
to weather conditions, forest shade, etc. Photoreceptors can, and do, solve the
problem by adaptation, Le. by changing the gain factor a according to the average

light intensity to which they are exposed. Adaptation is actually a general term
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including several different mechanisms (Autrum, 1981). Circadian variations
independent of illumination are also known: in this case, the visual system has prior,
genetic knowledge of the changes of illuminance which are to be expectedina 24 h
period.

Adaptation mechanisms affect the gain so that the steady-state response to
illumination no longer follows Eq. 1.3 . However, a flash response should still follow

that equation, although the factor @ would be affected by the adaptation level of the

photoreceptor.

Intensity coding

In insect photoreceptors, the intensity-response relationship obtained with flashes
increases more slowly than Eq. 1.3 predicts. The mechanism underlying this
discrepancy is one of the main topics of this dissertation. The intensity-response curve

determined experimentally can be fitted with a modification of Eq. 1.3:

y = Eax’ (L4)
G +ax®

where O<n=<1 . The values of n providing the best fit to the experimental data

depend on the species (Laughlin, 1981). For instance, # is equal to 0.5 for locusts
(Laughlin and Lillywhite, 1982), to 0.66 for the fly Calliphora (Laughlin and Hardie,
1978), and to 0.6 for the fruitfly Drosophila (Wu and Pak, 1978). The fit provided by
Eq. 1.4 is accurate only for moderately low stimulus intensities, producing responses
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less than half of E (Matic and Laughlin, 1981).

The relationship between light stimulation and voltage response is known as
intensity coding, since the voltage response can be considered as a code for a certain
value of the light intensity. A photoreceptor which codes intensity according to Eq. 1.4
operates a sublinear summation of responses, because the response to m photons
is less than m times the response to a single photon. The difference between the
linear prediction and the actual response will be referred to as response depression
in the following chapters. A positive value of this depression will be taken to indicate
that the linear prediction is larger than the actual response. There is reason to
believe that sublinear summation is of functional relevance to the operation of the
visual system and that the response depression is generated by a specific physiological
mechanism. This mechanism will be defined as gain control mechanism.

Sublinear summation is known to occur only in insects. Vertebrate photoreceptor
responses follow Eq. 1.3 (turtle cones: Baylor and Fuortes, 1970; skate rods: Dowling
and Ripps, 1972; gecko rods: Kleinschmidt and Dowling, 1975), except when the
"flash" is actually more than one second in duration, long enough to be affected by
the adaptation that it causes (salamander rods and cones: Normann and Werblin,
1974). Crayfish photoreceptors also follow Eq. 1.3 (Glantz, 1972). To our knowledge,
no such measurements have been reported for Limulus, but at low flash intensities
the response has been shown to be linear both in lateral eye photoreceptors
(Borsellino and Fuortes, 1968) and under voltage clamp in ventral eye photoreceptors

(Lisman and Brown, 1975; Fein and Charlton, 1977), although an earlier publication

19



reported different results (Srebro and Behbehani, 1974). Linearity at low flash
intensities is compatible with Eq. 1.3 but not with Eq. L4. Squid photoreceptors
(Hagins, 1965) and rat rods (Penn and Hagins, 1972) also respond linearly to small

intensities.

1.4. System analysis

This section will provide a brief and not very rigorous overview of the
mathematical techniques employed in Chapter III. A more extensive treatment can
be found in Marmarelis and Marmarelis (1978), Schetzen (1980), or Bendat and
Piersol (1986).

A system is said to be linear if the sum of two inputs x,(¢) and x,(¢) produces a
response V., (f) equal to the sum of the responses vy(f) and v,(¢) to the individual
inputs. A linear system is completely characterized by its impulse response, which in
the case of a photoreceptor is the response to a flash. Any input to the system can
be decomposed into a train of closely spaced impulses, which generate additive
impulse responses.

Since the responses that will be discussed show a sublinear summation, we must
employ nonlinear system analysis. By analogy to the linear impulse response, a
"second-order impulse response" can be defined as the extra response which is

generated by the interaction between 2 impulses, as compared to the sum of
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responses to the individual flashes. In the case of sublinear summation, the extra
response has a reversed polarity compared to the linear response.

The linear impulse response is a function of time after the impuise. Similarly, the
"second-order impulse response", or second-order Volterra kernel, is a function of 2
time variables, the time after the first impulse and the time after the second impulse.

A kernel of order i is generally represented as:

hi(fl,‘tz,...,‘r,) (1.5)

and is a function of i time variables (given in milliseconds in this dissertation).
Volterra and Wiener kernels differ in the methods by which they are calculated (see
section II1.2) as well as in the methods in which they must be used for calculating the

system output. In the case of Volterra kernels, the system output is given by:

V(t) = ho +j: hl(‘l'l)X(t—tl) dtl +
* .I:,I;. hy(t,,T)x(t-T ) x(t-t,) dr,dt, +...

(1.6)

Where v(¢) is the system output and x(f) is the system input, as functions of time.
If the system is not linear, its response to an impulse is not equal to its linear
(first-order) Volterra kernel, since even a single impulse interacts with itself to
generate second- and higher- order responses. Because of this limitation, Wiener
kernels are favoured over Volterra kernels for system analysis. Wiener kernels are

calculated by cross-correlation between the input and the output of the system. If the
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input signal x(¢) is random (more specifically, if it is a Gaussian white noise signal),

the first-order Wiener kernel can be defined as:

o

hye) = = [“Wse-c)de an

Where 0,2 is the power level of the input signal (the square of the RMS power level).

Similar, but more complex, formulas apply for Wiener kernels of second or higher

order.

In the case of linear or second-order systems, the Wiener and Volterra kernels are
identical. However, if nonlinearities of higher order are present, first- and second-
order Wiener kernels can be computed from responses to white noise without prior
xnowledge of these nonlinearities, while Volterra kernels cannot be computed from
responses to single and paired impulses in such a case. On the other hand, Wiener
kernels do not have the intuitive physical interpretation that Volterra kernels have.

Volterra and Wiener kernels are synthetic representations of the input-output
relationship of a system. This relationship can be explained by various underlying
mechanisms. However, a mechanism that predicts a relationship different from that
determined by system analysis techniques can be ruled out by comparison between

the predicted and experimental kernels.
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1.5. Organization of the following chapters

The question that will be addressed in chapter II is related to the origin of
variability of single photon responses. The experiments described in that chapter
provide support for the hypothesis that this variability is intrinsic to the mechanism
of phototransduction. Apart for the implications of these findings for models of the
mechanism itself, the study was a preliminary investigation employing localized stimuli
in a superfused eye preparation. This technique was later used for some of the
experiments described in Chapter IV. Knowledge of the characteristics of elementary
responses at different sites in the photoreceptor was helpful in investigating nonlinear
interactions between localized stimuli.

The main problem investigated in this dissertation is the biophysical mechanism
of the sublinear summation described in section 1.3. Chapter III presents results
obtained by system analysis techniques. The kernels obtained by two different
techniques proved to be similar, suggesting that common mechanisms of transduction
and gain control were operating in the two different stimulus conditions. However,
the kernels did not provide conclusive evidence as to what these mechanisms could
be.

Chapter IV describes results indicating that the gain control mechanism is a
voltage-activated conductance. The experiments described in that chapter were aimed
at identifying the nature of the mechanism, rather than providing a complete

characterization of the hypothetical membrane conductance. Further work along
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these lines would seem indicated.

Finally, Chapter V provides a quantitative, although preliminary, model of the gain
control mechanism, based on the results of the previous chapters. This model makes
some specific predictions about voltage-activated channels in the photoreceptor
membrane, as well as about the input-output relationship of the photoreceptor. These
predictions should be tested by further research. Chapter V also contains a brief
review of voltage-activated conductances in photoreceptors and a summary of the

main conclusions of this dissertation.
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I1. SINGLE PHOTON RESPONSES:

EFFECTS OF STIMULUS LOCATION ON AMPLITUDE AND TIME COURSE'

I1.1. Introduction

Dark-adapted photoreceptors of several invertebrates have been found to generate
discrete membrane potential responses, called quantum bumps, when exposed to low
levels of illumination. There is strong evidence that each bump is triggered by a single
photon absorption, although in some species bumps are also generated at a constant
rate independently of illumination. Quantum bumps may be viewed as products of
the elementary processes of phototransduction (for reviews, see Fein and Szuts, 1982;
Stieve, 1986) and a model for the generation of bumps is therefore an essential
component to understanding the phototransduction mechanism. Quantum bumps are
very variable in latency, amplitude, and time course. It is generally assumed that this
variability arises from statistical fluctuations in the chemical reactions involved
(Borsellino and Fuortes, 1968), but an alternative possibility is that the variability
arises at least in part from differences in the sensitivity and speed of response at
different locations in the photoreceptor. In Limulus ventral photoreceptors, a single

bump originates from a conductance change which is limited to a small region of the

1 A version of this chapter has been published: Pece AEC, French AS (1989)
Journal of Comparative Physiology A 164:365-375.
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photoreceptor with a radius of about 2 um (Brown and Coles, 1979). This mechanism

would allow regional dishomogeneity to contribute to the variability of bumps.

Brown et al. (1979) found that Limulus ventral photoreceptors are nearly
isopotential, even when subjected to saturating illumination, and Payne (1982)
estimated the length constant of locust photoreceptors to be greater than the length
of the cell. These resuits demonstrate that variable attenuation due to passive cable
conduction of bumps originating at random sites within the photoreceptor cannot
account for the variability of the bumps. However, if the average amplitudes and/or
time courses of bumps originating at different locations were different because of
regional variations in the transduction mechanism, then randomness in the photon
absorption site would contribute to bump variability.

During natural stimulation of photoreceptors, photons are absorbed at random
positions within the cell, so that bump variability could result from both intrinsic
factors, such as chemical fluctuations, and regional factors. One way to reduce or
eliminate the variability due to regional factors would be to restrict the light stimulus
| to a small region of the photoreceptive structure (rhabdomere). Using this technique
in Limulus ventral photoreceptors, Spiegler and Yeandle (1974) found no significant
differences in bump latency distributions, but significant differences in bump
amplitude distributions with stimulation at 2 different positions in the cell. However,
intrinsic amplitude variability was still present at each site of stimulation.

This chapter describes the results of a similar investigation of quantum bumps in

locust photoreceptors. This preparation allowed localized optical stimulation, at
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locations which were reproducible in different animals. This is because the locust
photoreceptor is a thin, elongated structure, in which a light stimulus only needs to
be restricted along the long axis, and the position of the stimulus along this axis can
easily be measured (see Wilson et al., 1978, for a description of the photoreceptor
structure). By contrast, in Limulus the photoreceptor is more spherical and the
rhabdomere varies in shape and location between cells. Other advantages of the
locust are that spontaneous bumps do not affect the statistics (Lillywhite, 1977) and
that the spread of bump latencies is smaller than it is in Limulus (Howard, 1983).
The statistical analysis was based on the parameters of the log-normal model for
the time-course of phototransduction (Payne and Howard, 1981; see Methods). This
model had the advantage of using only 3 parameters, each of which, after suitable
transformation, had similarly-shaped distributions for all cells and locations of
stimulation. We investigated whether the parameters of the log-normal model were
statistically affected by the position within the photoreceptor where quantum bumps

are generated.

I1.2. Methods

Preparation
Adult locusts (Locusta migratoria) from a laboratory colony were maintained under

a 12 h light, 12 h dark photocycle. In order to allow optical stimulation of different
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regions of the photoreceptor, we used a modification of the preparation developed
by Payne (1980). The head of the locust was first divided into 2 parts by a horizontal
cut, separating the mandibles from the upper part of the head. The upper part was
then divided again by a transverse cut going across both compound eyes (see
Fig. IL.1). The anterior part was pinned to a layer of Sylgard on the bottom of the
perfusion chamber, with the cut surface of the eyes facing upwards. The perfusion
saline was the same as that used by Payne (1980) and contained 200 mM NaCl, 3.4
mM KCl, 0.5 mM CaCl,, 10 mM HEPES and 90 mM glucose. The pH was between
7.0 and 7.4. The saline was saturated with O, and pumped into and out of the
perfusion chamber by a peristaltic pump. The perfusion rate was 4 ml/min. and the
volume of saline in the chamber was about 1.5 ml. The photoreceptors were

dark-adapted for at least one hour before the experiment.

Stimulation

The optical stimulus was generated by a Xenon flash tube and transmitted to the

preparation through a fiber-optic light guide to a slit 25 pm wide in the focal plane

of the phototube of a Wild M5A microscope. The flash tube was controlled by a
PDP-11 digital computer using aligital-to-analog converter. The image of the slit was
focused on the preparation and oriented perpendicularly to the long axis of the

photoreceptors. The width of the image of the slit was 15 pm or in some experiments
30 um, depending on the setting of the magnification in the microscope. A
micromanipulator screw holding the end of the light guide in the phototiibe was used
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Fig. IL1. Upper left: Diagram of the cuts fade through the locust head to expose

a section of the eye for recordings.

Upper right: Voltage recording of a single bump in cell #1 versus time after the

flash (dots) together with the computer fit to the log-normal model of Eq. IL.1

(continuous line). The best fit was obtained with parameters v, = 1.33 mV,

t, = 75 ms, w = 0.19.

Lower: Diagram of a photoreceptor with superimposed bars representing the 3

positions of the light stimuli that were used. The recording electrode was inserted

immediately distal to the central stimulus position.
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to move the image of the slit on the preparation. The time course and the intensity
of the flash were measured with a phototransistor (Motorola MRD 3050) and were
found to be very consistent. The duration of the flash was less than 0.15 ms. Each

flash delivered a maximum of about 700 photons/um? on the preparation. The flash

intensity was adjusted by an iris diaphragm on the phototube, and with neutral

density filters, for each position within each cell so that less than half of the flashes

gave rise to bumps.

Recordings

Intracellular recordings from retinular cells were performed with standard glass
intracellular microelectrodes filled with 3 M potassium acetate and having resistances

ranging between 60 and 100 MQ. Electrodes were lowered onto the preparation

while trying to keep the electrode tip immediately distal to the central stimulus site
(see Fig. IL.1). The reference Ag-AgCl electrode was kept in the superfusion bath.
Resting potentials were in the range 40-80 mV.

Intracellular potentials were amplified by a Getting model 5 microelectrode
amplifier and sampled at 2.5 ms intervals by a 12-bit analog-to-digital converter
connected to the computer. Each flash response was stored separately on a magnetic
disc as a set of data points representing intracellular voltage samples at 2.5 ms
intervals for a total time of 250 ms after the flash. Individual responses were only
stored if the intracellular voltage rose above a threshold criterion during this time

interval. The threshold was 5.0 times the standard deviation of the recorded voltage
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noise in the dark. Flashes were generated every 0.5 s until a response rising above
threshold was recorded; this response was stored and flashes resumed after a 21s
interval, to avoid adaptation effects. In order to minimize the occurrence of multiple
bumps, the stimulus intensity was adjusted to produce a response rising above
threshoid for not more than 50% of the flashes. The protocol was somewhat different
for the first three cells in the tables: the total duration of the individual flash
responses was 225 ms, the threshold criterion was 5.6 times the standard deviation
of the noise in the dark, and flashes were regularly generated every 1.5 s but only the
responses of amplitude above threshold were stored.

Records of bumps obtained in this way were recorded together in computer data
files. Each data file contained bumps resulting from stimulation at a single location,
and one or more data files were obtained for each location within each cell. This
procedurs probably introduced artefactual differences between positions within each
cell, since the recording could not be expected to be perfectly stable. However, the

order in which each location was stimulated was different in different cells.

Bump parameter calculation

Each individual flash response was fitted with the equation:

V= vp°exp{-[ln(t/tp)]2/2w2} (IL1)

where v is the membrane voltage in mV, ¢ is the time after an instantaneous flash of

light, v, is the peak response amplitude in mV, £, is the time to peak (time between
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flash and peak voltage response) in ms, and w is a dimensionless width parameter.
We shall refer to w as ’relative width’ since w is proportional within 1% to the ratio
of half-amplitude width to time-to-peak, the proportionality factor being 2.35
(Howard ef al, 1984). Eq. IL1 represents the log-normal model of the time-course
of photoreceptor potentials (Payne and Howard, 1981). An example of a bump,
together with its computer-generated fitting curve, is shown in Fig. IL.1 (upper right).
The log-normal model has not been applied previously to the analysis of single
bumps, but we found that it can describe bumps quite well and its parameters have
advantages for the statistical analyses that were carried out, as will be evident below.

All responses which could not be approximated by the log-normal fit were
discarded. About one quarter of the responses above threshold had to be discarded,
usually because more than one peak (and hence more than one bump) was present,
or because of a drift in the baseline, or an excess of external noise. The selection was
carried out in two phases: The first phase by the fitting program, which eliminated
responses that were too wide to allow a measure of the baseline (presumably because
more than one bump was present) and responses in which two separate peaks above
threshold were present. In the first three cells, responses for which the final fit was
significantly different from the experimental response, as measured by a square error
criterion, were discarded as well. Since this last criterion resulted in very few
responses being discarded, it was omitted for the other cells. The remaining responses
were then displayed with the fit superimposed, inspected by eye, and discarded when

distinct secondary peaks below threshold were present or when the record showed
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clear trends away from the best fit in some particular period of the response. The
selection was required only because estimates of any parameter would have been
much more difficult in the discarded responses.

The correlations between the square error of the fit of each individual bump and
several bump parameters were calculated for cells 1 and 2. The correlations between
the error and the delay, time-to-peak, width parameter, or half-amplitude width were
not significant, the largest being 0.03. Therefore, our selection criterion, for bumps
which could be well fitted by the log-normal model, did not select bumps on the basis
of their time-course parameters. There was a correlation equal to 0.26 (p<0.01)
between bump amplitude and square error of the fit. The reason for this correlation
probably was that the systematic deviation of the response from the log-normal model
was proportionally larger when the response itself was larger. In any case, even in the
largest responses the log-normal model seemed to provide a good approximation of
the amplitude, width, and time-to-peak of the bumps. As pointed out above, there
was no need to select responses on the basis of the square crror of the fit if the

bumps were acceptable by all the other criteria, such as no muktiple peaks etc.

Statistical analysis

Two of the three parameters of the log-normal model were transformed, the
amplitude v, to In(v,) and the time to peak #, to 1/, as these transformed
parameters had distributions with equal variance for all cells and all positions of the

stimulus.
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The significance of differences between the average parameters of bumps
originating at different locations or from different cells was estimated by a two-way
analysis of variance with interactions (Searle, 1971). The transformations of amplitude
to log-amplitude and time to peak to inverse time to peak were required to ensure
validity of the analysis of variance.

Within the context of our analysis, the set of all responses to stimulation at one
position within one cell is called a ‘subclass’ of responses. When a two-way analysis
of variance is performed on data with unequal, non-proportional subclass sample
sizes, a problem of interpretation arises because part of the variance will be
attributed to one or the other factor, cells or positions in our case, depending on
which factor is analyzed first (Searle, 1971). We therefore performed both sequences
of analysis, and the results from both will be presented.

Note that statistics of average, standard deviation, and correlation coefficients of
cell effects (Table IL.5) were performed after the least-square fits for the cell effects
were transformed back to amplitudes and times to peak, as in the rightmost column
of Tables I1.2, 113, and I.4. This procedure simplified the interpretation of the
statistics for cell effects but might generate confusion with the corresponding statistics

for individual bumps within a single subclass (Table 11.6).
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I1.3. Results

The data presented here are based on recordings from 10 cells which were
maintained long enough to store bumps due to stimulation at 3 sites in the
photoreceptor: distal, central, and proximal. A total of 1617 bumps were analyzed,
distributed approximately equally between the 3 locations. However, each of the 30
subclasses contained a different number of bumps. The central stimulus was placed
approximately halfway between the distal and proximal ends of the photoreceptor.

The other two stimuli were placed 120 um proximally or distally to the central
stimulus. The length of the rhabdomere in these cells is about 300 um (Wilson et al.,

1978). The locations of the stimuli are shown in Fig. IL1.

Analysis of variance allowed the sum of squares of differences from the mean to
be partitioned into components due to differences between cells, differences between
locations, interactions between cells and locations (when the cells component and the
positions component are not simply additive in producing the subclass means), and
intrinsic variability or ‘error’. As will be seen in the tables below, all values of F were
significant at least at the p<0.01 level and in this respect there were no differences
between the results of the two different sequences of analyses (see Methods). We
hypothesize that the significant interaction effects were caused by slow random
fluctuations of cell parameters during each experiment. These fluctuations probably
did not affect the least-squares fits to a great extent (see Discussion), except possibly

for the width parameter.
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Fig. I1.2 shows the least-squares fits of position effects compared to the standard
deviations of the intrinsic variability for the 3 parameters.
Note that log-amplitude and inverse time to peak have been transformed back to
amplitude (normalized to the amplitude of an average bump originating at the center

of the cell) and time to peak.

Frequency of responses

Light intensity had to be increased by a factor of between 1.0 and 1.5 log units in
order to obtain a bump frequency, i.e. fraction of flashes eliciting a response, at the
distal location comparable to that at the proximal and central locations. Moving the
stimulus between the latter two locations required only minor adjustments of light
intensity. The light intensities used for different cells were very similar within each
location. Frequencies of responses interpreted as single bumps are listed in
Table II.1. These frequencies can be compared with the frequencies predicted for
Poisson distributions. The averages of the distributions were calculated from the
number of flashes resulting in no response above threshold. The predicted
frequencies of single bump responses are in Table I1.1, second column. They are in
close agreement with the actual frequencies for all subclasses, as would be expected
if the responses interpreted as single bumps were indeed single-photon events. The

%% value was 10.53 (p > 0.9 for 30 degrees of freedom).
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Table IL1. Numbers of responses expected to contain a single bump, of responses
interpreted as single-bump events, and of presumed single-bump events which could

be fitted by Eq. IL1.

Cell # Position Numbers of bumps
predicted observed analyzed
1 Distal 119.9 108 108
Central 61.0 56 55
Proximal 58.8 54 54
2 Distal 59.9 63 63
Central 67.1 73 68
Proximal 65.9 64 64
3 Distal 62.7 61 59
Central 771 76 72
Proximal 72.9 80 80
4 Distal 119.5 118 103
Central 76.1 81 58
Proximal 107.7 107 80
5 Distal 56.5 53 39
Central 66.9 62 58
Proximal 68.8 59 53
6 Distal 52.5 54 44
Central 85.6 92 66
Proximal 78.1 86 60
7 Distal 719 79 68
Central 60.8 64 54
Proximal 90.8 92 66
8 Distal 8.8 9 8
Central 38.4 36 26
Proximal 38.5 37 32
9 Distal 82.8 95 37
Central 101.5 105 51
Proximal 28.4 27 15
10 Distal 21.7 22 18
Central 28.1 31 25
Proximal 43.3 42 33
Total 1972.0 1986 1617
of which: Distal 547
Central 533
Proximal 537
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Fig. I1.2. Bump parameters as functions of position along the photoreceptor. Filled
circles were obtained from the least-squares fits of position effects from analysis of
variance (Tables I1.2, I1.3, and I1.4) and bars are intervals of one standard deviation
of intrinsic variability on each side of the best fit. For the top 2 graphs, least-squares
fits and intervals are transformed back from log-amplitude to amplitude (normalized
to average amplitude of bumps generated centrally) and from inverse time-to-peak
to time-to-peak. Continuous lines correspond to Eq. ILS (amplitude), a linear
regression fit (time to peak), and the hypothesis of invariance over position (relative
width).
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Light scatter

The light stimulus produced a sharply focused slit on the upper surface of the
preparation, but since the cells we recorded from were generally not in the top layer
of the slice, we tried to measure the extent by which the overlying layers of cells

make the stimulus less sharply localized by light scattering. We oriented a slit (7 pm
wide, 75 um long) parallel to the long axes of the photoreceptor cells and shone a

steady light through it. We moved the slit perpendicularly to its axis, so that the
stimulus would fall on a series of different cells, and measured bump frequencies in
a single cell during stimulation at different slit positions. We found that the sensitivity

(as measured by bump frequency) decreased to half the maximum over about 20 um.

In a few cells, the sensitivity decreased at this rate only down to about 15% or 20%

of the maximum, and then much more slowly, so that it was still above 10% at 120

um from the peak. We have no explanation for this occasional finding. However,
there was no evidence for significant scatter at similarly large distances in the

longitudinal direction, since in all our experiments moving the slit by 120 um from the

central to the distal position resulted in a change of sensitivity of more than one

order of magnitude, as mentioned above.

Bump amplitude
Distributions of bump amplitudes (parameter v, in Eq. IL1) for the 3 locations are
shown in Fig. 113 for cell #1 from our tables. The distributions at different locations

were similar, but if distributions from different cells were compared, it was found that
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the variance and the mean amplitude increased together. However, we found that the
natural logarithm of the amplitude in mV had a similar distribution for all cells and
positions. Therefore, we used this transformed parameter, which we call

log-amplitude, for all analyses.

Table IL.2 contains s *- - ~zans and least-squares fits of cell and position
effects, together with tl.e . 1 « 2alysis of variance for log-amplitude. The cell
and position effects .::: w - ,::iude were calculated with the constraint that the

central position effect be null, ir accordance with the hypothesis that position effects
are caused by attenuation of the bumps arising distally and proximally, but not of the
bumps originating centrally (see Discussion). Therefore, in Table I1.2 the cell effects
can be interpreted as the average bump amplitudes in mV and the position effects
as the attenuation of this amplitude caused by the electrotonic distance between the
stimulation and the recording sites.

As can be seen in the column of the sums of squares, the position effects gave a
far smaller contribution to the total variability when compared to intrinsic or cell
effects. Log-amplitude was approximately the same at proximal and distal locations,
but was larger at the central location (Fig. I1.2). However, the difference
corresponded to only 5% of the average bump amplitude and was small when
compared to the intrinsic variability, shown by error bars in the same figure. The fit
in Fig. I.2 was based on estimates of cable attenuation of constant-current bumps
originating at different locations within the photoreceptor and recorded at the center

of the cell (see Discussion).
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Fig. I1.3. Distributions of bump amplitudes at the 3 locations in cell #1.

47



Table I1.2.

A. Subclass averages and least-squares fits of cell and position effects on bump
log-amplitude after transformation back to amplitude in mV. Position effect values
were normalized relative to the central value, as in Fig. I1.2.

Cell # Distal Central Proximal Cell effect
1 0.92 1.00 0.94 0.98
2 1.20 1.26 1.24 1.28
3 1.04 1.23 1.19 1.20
4 0.63 0.67 0.60 0.66
5 0.81 1.00 0.94 0.96
6 0.64 0.67 0.64 0.67
7 0.92 0.77 0.81 0.87
8 0.94 0.72 0.82 0.81
9 1.30 1.35 1.36 1.37

10 0.78 1.00 0.73 0.85

Position 0.94 1.00 0.95

effect

B. Analysis of variance table for log-amplitude.

Source Sums of squares df. F
Intrinsic (error) 86.08 1587

Cells 100.84 9 206.56
Cells after positions 99.16 9 203.11
Positions 2.66 2 24.48
Positions after cells 0.97 2 8.94
Interaction 5.00 18 5.13

All values of F were significant at the p<0.001 level.



Between cells, amplitude was the most variable parameter, as measured by the
coefficients of variation (vatios of standard deviations to averages) for least-square
fits of cell means (Table ILS). The cell effects and the intrinsic variability gave
comparable contributions to the total variability, as can be seen in the column of the

sums of squares.

Bump time to peak

Fig. IL4 shows the distributions of times to peak for cell #1. Following a
procedure similar to that used for the bump amplitude, we found that, although
distributions of the time to peak (parameter ¢, in Eq. I.1) were different in each cell
and position, the inverse of the time to peak had a fairly regular distribution.

Subclass means, least-squares fits of cell and position effects, and results of the
analysis of variance are given in Table IL3. The least-squares fits for cell effects
shown on the table were calculated by setting the constraint that the sum of cell
effects be null. Similarly, the fits for position effects on the table were calculated with
the constraint that the sum of position effects be null.

Within the limitation that only three points were measured, average time to peak
seemed to decrease almost linearly from proximai to distal position (Fig. I1.2). For
a typical cell, the average time to peak was 80 ms (see Table I1.5) and the difference
in time to peak measured at the two most distant sii~s in our experinients was about

8 ms, resulting in a slope of about 0.033 ms/um.
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Fig. 11.4. Distributions of times to peak of bumps at the 3 locations in cell #1.
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Table

I13.

_A. Subclass averages and least-squares fits of cell and position effects of inverse
" time to peak of bumps after transformation back to time to peak (in ms).

Cell # Distal Central Proximal
i 62.54 7,28 66.42
2 71.72 72.74 77.52
3 §2.52 74.56 81.11
4 i&.23 87.45 91.03
5 92.70 94.80 101.08
6 §2.51 75.94 79.49
7 74.74 68.00 76.95
8 79.84 83.52 74.60
9 97.71 93.84 108.73

10 79.47 104.11 102.07

Position 76.33 79.94 84.37

effect

Cell effect

65.28
73.88
72.54
84.71
95.83
78.46
73.42
77.17
98.48
95.08

B. Analysis of variance table for inverse time to peak (s™

Source Sums of squares df. F
Intrinsic (error) 6779.78 1587

Cells 4142.66 9 107.74
Cells after positions 3979.83 9 103.51
Positions 570.97 2 66.82
Positions after cells 408.14 2 47.11
Interactions 628.47 18 8.17

Al values of F were significant at the p<0.001 level.
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Intrinsic variability was relatively lowest for time to peak, and this made the position
effect more evident, but even for this parameter standard deviations within each
position are clearly greater than the observed differences between positions
(Fig. 11.2).

Variability between cells was lower for time to peak than for amplitude, again as

indicated by the coefficients of veriations in Table ILS.

Relative width of bumps

Fig. IL.5 shows the distributions of relative widths for cell #1. The relative width
(w in Eq. IL1) was found to have a similar distribution for all cells and positions, so
that no transformations were needed. Table IL.4 contains the results of the analysis
of variance, together with subclass means and least-squares fits of cell and position
effects. As in Table IL3, we have calculated the cell effects with the constraint that
the sum of position effects be null, and vice versa.

Relative width decreased from proximal to distal positions in a manner similar to
time to peak, but to a smaller extent (Fig. IL.2). Although, as shown in Table 114, the
differences between positions were significant, the ratio of the values of F for position
effects and for interaction suggests that this difference was within the error due to
slow fluctuations of cell parameters. This ratio can be interpreted as a new value of
F with 2 and 18 degrees of freedom which compares the position effect to the error

due to fluctuations, as discussed at the beginning of the Results section.
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Table I14.

A. Subclass averages and least-squares fits of celi and position effects of rslative
width of bumps.

Cell # Distal Central Proximal Cell effect
1 0.184 0.161 0.202 0.184
2 0.251 0.226 0.266 0.247
3 0.218 0.277 0,277 0.260
4 0.221 0.213 0.216 0.218
5 0.176 0.205 0.205 0.197
6 0.224 0.245 0.230 0.234
7 0.184 0.192 0.194 0.190
8 0.173 0.227 0.246 0.227
9 0.283 0.309 0.283 0.297

10 0.230 0.235 0.174 0.206

Position 0.218 0.228 0.232

effect

B. Analysis nf variance table for relative width.

Source Sums of squares d.f. F
Intrinsic (error) 6.887 1587

Cells 1.671 9 42.78
Cells after positions 1.627 9 41.65
Positions 0.092 2 10.61
Positions after cells 0.048 2 5.55**
Interacion 0.362 18 4.63

All values of F were?i@iﬁficant at the p<0.001 level, except for Positions after
cells (**), which was significant at the p<0.01 level.

54



The values of F calculated in this way for the relative width are 2.29 if position
effects are fitted before cell effects, and 1.20 for the opposite sequence of analysis.
Since both values are associated with p>0.05, the differences between position means
for the relative width were probably within the error of the measurement.

Variability between cells was fairly low for relative width, comparable to that
found for time to peak (Table I.5). On the other hand, intrinsic variability of relative
width was rather large, so that intrinsic factors accounted for most of the sum of

squares for this parameter.

Correlations between average cell parameters

The statistical significance of all correlation coefficients was estimated by means
of a two-tailed Student’s ¢ test (Spiegel, 1975). " he correlations between the average
parameters for the cells are given in Table IL5; as pointed out at the end of the
Methods section, correlations were computed using standard formulas on the average
cell parameters, transformed back where necessary. Oniy the correlation between
amplitude and relative width was significant. This means that cells with larger bumps
on average tended to have wider bumps. However, it should be kept in mind that the
probability of finding at least 1 correlation coefficient out of 3 with a nominal
probability of 0.05 is actually close to 0.14. Therefore, the measured correlation might

very well be accidental and will not be discussed further.
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Correlations of paramelers within each cell and position

Since most of the variability of cell parameters withir each cell was intrinsic, it
seemed worthwhile to determine whether parameter variations were correlated as
reported by Howard (1983) for bumps recorded in intact animals. Such correlations
would arise if common factors influenced more than one of the parameters. In our
preparation, the small contributions due to position effects could be eliminated from
the correlations. The correlation coefficients within subclasses, given in Table IL6,

were calculated for the intrinsic variability of the transformed parameters. We used

the usual formula:

re,p) = —=28 _ a2)

y La? Xp2

(see eg Spiegel, 1975) where @ and B are two transformed parameters of an
individual bump after subtraction of their subclass average and r(a)j) is their

correlation coefficient. Subtraction of the subclass average allowed a single
correlation coefficient to be calculated for each pair of parameters, instead of
calculating one such coefficient for each of the 30 subclasses. The strongest
correlations were found between inverse time to peak and relative width, in all cells
and locations, and were always positive. Correlations between log-amplitude and
eithar of the other two parameters were positive and significant, but less strong, This
pattern means that, within a given cell and position, wider bumps tended to occur

earlier and have larger amplitude.
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Table I1.S.
Statistics of cell effects from Tables 11.2, 113, and I1.4. Statistics for amplitude and

time to peak were computed on the actual values given in the tables, rather than on

the transformed parameters.

A. Averages and standard deviations.

Amplitude (v,) : 0.96+0.25 mV (a/u = 0.26)
Time to peak (t,) : 8148+1147ms  (o/u = 0.14)
Relative width (w) : 0.226+0.035 (o/s = 0.15)

B. Correlation coefficients.

tp w
a 0.07 0.63*
t 0.27

*Significant at the p<0.05 level.
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Table IL.6.

Correlation coefficients of intrinsic variability of bump parameters, computed by

means of Eq. I1.2.

A. Transformed parameters with normal distributions.

1/tp s
In(v,) 0.05* 0.18**
1/t 0.49**

B. Parameters as in Howard (1983).

Delay Half-width
Amplitude -0.14** 0.18**
Delay -0.40**

*Significant at the p<0.05 level **Significant at the p<0.01 level
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This is qualitatively the same pattern found by Howard (1983). In his analyses,
Howard used different parameters for the time course of bumps: latency and
half-amplitude width instead of time to peak and relative width. Since the latter two
parameters might be expected to be correlated simply by the definition of relative
width, we calculated correlations using Howard’s parameters (and Eq. I1.2) for
purposes of comparison. Latency and half-width were calculated from the fitted
values of time-to-peak and relative width, using Eq. II.1. Howard’s criterion was used
to calculate the latency, ie. the intercept between the baseline and a linear
extrapolation between the points at which the response reaches 25% and 75% of its
full amplitude. The results are also shown in Table I1.6. While the correlations
between amplitude and either of the other parameters were similar to those found
by Howard, the correlation between latency and half-width was much stronger in our
experiments. The scattergram of Fig. I1.6 shows the joint distributions of time to peak
and relative width. It would seezn that at least part of the correlation is caused by
bumps in the upper left corner f the diagram, having a time to peak greater than
average and a relative width smaller than average. By contrast, bumps with large
relative width, at the rightmost end of the diagram, tended to have a time to peak
only slightly smaller than average. A subjective impression that there was a relatively
small, but noticeable, number of narrcw bumps with a long delay was borne out by

visual inspection of the bumps even before statistical analysis.
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Fig. I1.6. Scattergram including all the bumps which were analyzed. Each point
represents a single bump and has coordinates equal to the relative width and time
to peak of the bump, after subtraction of its subclass average. Therefore, half of the
points lie to each side of the vertical axis corresponding to zero relative width, and

half of the points lie to each side of the horizontal axis for zero time to peak.
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I1.4. Discussion

The wide difference in the fraction of photons transduced depending on the
position of the stimulus indicates that scatter of light was limited. Scatter was
probably similar in the longitudinal direction to that measured in the transverse

direction, which had a 40 pm half-width. Bader et al. (1982) estimated light scatter

along the long axis of the drone photoreceptor in a similar preparation out using a
different method. Their results were similar to ours and no significant scatter was
evident at large distances from the maximum. Note that even a faifly large amount
of scatter would not qualitatively affect the results of the analysis of variance or our
conclusions, as long as the light stimulus was partially localized. The cause of the
lower frequency of photon transduction in the distal region of the photoreceptor was
probably the local concentration of pigment granules (Wilson et al., 1978), together
with the fact that the cell being recorded from was usually not the first cell
penetrated in the microelectrode track, so that pigment granules from overlaying cells
would contribute to the screening of light.

For each cell, the noise amplitude was measured at various times during the
experiment. The noise level set a lower limit to the size of the bumps which were
recorded, so that many small bumps were not included in our statistics. As a
consequence, the mean bump amplitude was overestimated and the frequency of
bumps was underestimated. However, the highest recorded noise amplitude was used

to set a threshold for bump discrimination at all locations for that particular cell, so
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that the comparisons between the 3 sites of stimulation were not affected by
differences in threshold. The range of times to peak that could be measured was
limited by the duration of the recording after the flash, but very few bumps (less than
one in 50 for most subclasses) had to be discarded because the recording was over
before the falling phase of the bump, as can be inferred from the distributions in
Fig. 11.4.

The fact that the observed bump frequencies could be closely fitted by Poisson
distributions (Table II.1), while some bumps were not detected because of their small
amplitude, suggests that some of the responses that were analyzed contained multiple
overlapping bumps. This problem is inevitably linked to the fact that locust bumps
niave an average width that is not negligible compared to the average latency. Howard
(1983) estimated that about 10% of the responses that he analyzed as bumps were
responses tc more than one photon.

The significance of the interaction terms in the analysis of variance might suggest
that different cells have different profiles of regional phototransduction properties.
However, cells did not seem to cluster into well-defined classes on the basis of these
profiles. Alternatively, the interaction terms might be due to slow changes in the
average properties of bumps due to less than ideally stable recordings. These
fluctuations would seem to be randomly different for each cell. Therefore, they
should tend to cancel out when several cells are pooled together for fitting mean
position effects.

The agreement of the bump time courses with the fits of the log-normal model
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was very convenient for our analysis, but it is unlikely to indicate that the parameters
of the model have a simple biophysical interpretation. The dynamics of the receptor
potential is determined by rather complex mechanisms, as will be evident from the

following Chapters.

Bump amplitudes

Lillywhite (1978) suggested that locust photoreceptors are electrically coupled to
explain his observations of two different classes of bump sizes. Subsequently Howard
(1983) could record bumps of the larger class only and suggested that smaller bumps
arise because of artefactual coupling. In our preparation, bumps of a smeller class
would not rise above the background noise asd, if originating in neighbouring
photoreceptors, would still be generated in the same region of the cell (proximal,
central, or distal) as the larger bumps which we analyzed. Therefore, we do not think
that this would be a potential problem in the interpretation of our resuits.

Average bump amplitudes were considerably smaller than reported for locust
photorecepitors by Howard (1983). However, that investigation was concerned with
the absolute values of the parameters, rather than with the comparison between
different sites. Therefore, very stringent criteria were set for the cells to be included
in the statistics, one of which was a high signal-to-noise ratio of the bumps. Only four
cells out of more than 100 met those criteria. It might be possitiz to obtain larger
bumps more consistently by optimizing the settings of a Brown-Flaming type

microelectrode puller (Brown and Flaming, 1977; see also Smakman and Stavenga,
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1987). The average delays and half-widths that we measured (about 53 ms and 44 ms
respectively) were close t0 Howard’s observations.

It has been shown that mean bump amplitude is independent of wavelength in
locust photoreceptors (Lillywhite, 1978). Since different wavelength:s have different
absorption profiles along the photoreceptes axis, this provided indirect evidence that
the absorption site does not affect bump amplitude to an extent which could be
measured by that method. Our method allowed more control in the location of the
stimulus so that small position effects could be detected.

These small differences in mean amplitut.s are most likely to be due to cable
attenuation between the stimulation site and the recording site. The voltage bump
recorded by a microelectrode placed centrally will be the product of the: nderlying
currer bump, the input resistance of the cell at the site of bump generation, and the
cab* crement from the site of generation to the site of recording. In our

experiments, we tried to place the microelectrode within about 50 um distally from

the center of the ommatidia, but, since the extreme tip of the microelectrode was not
visible, it was not possible to quantify the distances between recording and stimulating
sites. Centrally-generated bumps should have been least attenuated by passive cable
conduction to the recording site, and this was indeed the case. Distal bumps might
be expected to be less attenuated than proximal bumps, because the photoreceptor
has a larger cross-section (and therefore a larger length constant) in its distal part
(Wilson et ai., 1978). However, a larger cross-section also implies a lower input

resistance, and this might more than comjsensate for the smailer electrotonic distance
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from the recording site.

In Grder to knc» what value of membrane length constant might account for the
size of decreme: - - was measured, we assumed that the microelectrode was
recording the membranc potential at the center of the cell and that the membrane
time consiar -~ “he cell is negligible compared to the time course of a bump (Payne,
1982, estimated a membrane time constant of less than 15 ms for locust
photoreceptors), so that steady-state cable equations covld be used. We also assumed
that all bumps arise exactly from where the stimulus was jocated (i.e. 3 very thin slit
and no light scattering). The cell was approximatcd as a uniform cable, open-circuited
at both ends (see e.g. Jack et al., 1983). In such a system, the input resistance as a
function of distance, d, from the closer end of the cell is the paralle) combination of
the input resistances of the two finite open-circuited half-cables of lengths d and L4,
where L is the length of the cell, and cable attenuation (ratio of voltage at site of
recording to voltage at site of current injection) can be expressed by two independent
equations for the two half-cables. Using Eq. 4.11 of Jack et al. (1983) for each of the

half-cables, the input resistance is:

p A coth[d/A] coth{(L-d)/A] (1L.3)
coth[dfA] +cothl(L-d)jA]

R@) =

where p is the axiai intracellular resistance per unit length and 4 is the length

constant. The attenuation factor for steady-state voltage is given by Eq. 4.10 of Jack

et al. (1983), with appropriate modifications:



A(d) = cosh{L{23)/ cosbl(L-d)/A] (L4)

Assuming that the average current generated by a single successful photon absorption
is the same at any location in the cell, the ratio of voltage amplitudes recorded

centrally for bumps geagrated at distance d to bumps generated at the center is:

Rdi@) _ 2 cosigfad s hlIfA] (IL5)
Rz  sinb[(L-d)fi}icothicfA} +. oth[(L-d)/A]}

The be-: fit of this funiction to the data was obtained with 4 =~ 450 um (see Fig. 11.3),
which is fairly close io the value of 390 pm estimated by Payre (1982), on the basis

of measurements of cell input resistancs and geomietrical parameters of the cefi,
together with a reasonable value of intracellular resistivity. The only assumption
com:mon to Pavne’s estimate and our own is wat the cell can be approximated as a
uniform cable :n-circuited at both ends. Light scatteriag would decrease detected
differences between different stimulus locations. Assuming that the measured
differences between stimulus sites are only half of the real differences, the calculated

length constant would beccme about 300 pm.

The small variation of bump amplitude with position, and the fact that even this
small variation can be explained by the expected cable decrement, provide evidence
for the vaiidity of our methods. In particular, they indicate that fluctuations of cell

parameters were random and so tended to cance! out when data from several cells
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were pooled together, and that the number of responses consisting of multiple bumps
and erronenusly interpreted as single bizmps wa: Zither negligible or siniiiar for each

of the three stimulation sites.

Regional vs, intrinsic variability

The precise extent to which regional dishomogeneities contribute to the total
variability of bump parameters cannot be estimated from our data alone. Knowledge
of the exact distribution of bump parameters at all points in iite cell and the fraction
of bumps arising from each point would be requircd. However, it is possible to
calculate the variability which would be due to a gradient of time to peak by making
two simple assumptions: (1) naturally-occurring bumps are spread evenly over the
length of the rhabdomere; (2) time to peak decreases linearly from the most proximal
to the most distal part of the rhabdomere, as svggested by our measurements
(Fig. I1.2). Suppose that all bumps had a time to peak equal to the average for their

location. In this case, the variability would be given by the formula:

o = [t,(L)-£,(0)1*/12 (1L6)

which gives the variance of a rectangular distribution with a width equal to the
difference between the average preximal time to peak #,(L) and the average distal
time to peak £,(0) (Bendat and Piersol, 1986, page 51). Extrapolating linearly from

our measurements, £,(0) = 75 ms, £,(L) = 85 ms, and ¢® = 84 ms? (0 = 2.9 ms). The

intrinsic variance that we measured was about 20 times larger than this value: The
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error bars in Fig. 11.2 show the size of the intrinsic standard deviation.

This estimate should be given with 2 qualifications, pointing in opposite directions.
First, if the real differences between average times to peak were twice as large as the
measured differences, due to light scattering, the above calculations wouid give

o = 33.3 ms?, one fifth of the size of the intrinsic variance. Second, self-screening of

the photopigment and screening by pig:ment granules reduce the relative frequency
of bumps arising at more proximal locations with natural stimulation, so that the
distribution of times to peak would be better approximated by an exponential or
muitiple exponential; however, the varic::ce of a rectangular distribution is higher
ifsan the variance of a truncated exponential distribution with the same range, so the
above values for the cases of no light scatter and Jimited light scatter are upper lim;.:
to the expected variability. Therefore we conclude that regional differences give a
minor contribution to the normally-observed variance, eves for this parameter which
is the most sensitive to the location of the stimulus and the least intrinsically variable.

Temperature and light adaptation both affect the time to peak of photoreceptor
responses, leaving the relative width apparently unchanged (Payne and Howard, 1981;
Howard et al., 1984). The time scaie of the phototransduction mechanism of insects
can therefore be changed in a continuous fashion by several factors, while the shape
of the response remains unaffected. However, both temperature and light adaptation
alsc atiect the amplitude of the response, while it would seem that stimulation site
does not by itself affect the amplitude of the transduction current in locust

photoreceptors.



These results contrast with the finding in Limulus that amplitude but not latency
is affected by stimulus position {Spiegler and Yeandle, 1974). It seems possible that
several parameters can be independently affected by local differences in “he

transduction mechanism.

Interpretations of parameters correlations

The correlation between half-width and latency that we measured is much larger
than the correlation found by Howard (1983). This is in part due to the fact that
Howard could not factor out the correlation due to the site of generation of the
bumps. We calcalated the ~useelation between delay and half-amplitude width with

Eq. 11.2 in which @ and g are parameters of ind:viiual bumps after the subtraction

of their cell mean, instead of subclass mean, so that the correlation due to position
was not factored out. The resulting correlation was -0.35, which is still greater than
the correlations given by Howard, but somewhat closer. In Limulus ventral
photoreceptors, Keiper et al. (1984) found no correlation between the delay and
either the rise time or the decay time constant of bumps.

Howard suggested that the correlations he found were due to mis-scoring of
overlapping multiple bumps as single bumps, since multiple bumps, compared to
single bumps, would have a latency smaller than average (since it is the latency of the
first bump) ard a width and amplitude larger than average. This interpretation would
imply that the number of mis-scorings was slightly higher in our analysis. The

agreement between the expected and observed frequencies, shown in Table IL1,
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could be accidental. However, from the scattergram of Fig. IL6 it would seem that
it is not an excess of early, wide bumps that causes the correlation, but rather an
excess of late, narrow bumps.

One hypothetical explanation for this finding might be that the initiation and
terisunation of each bump are controlled by independent or partially independent
processes. Bumps beginning relatively late after the flash would then be terminated
relatively earlier because of the independent time course of the terminating
mechanism. Correlations of amplitude with the above parameters wouid be in

seement with this hypothcsis, since bumps with a smaller width and relatively
earlier termination might not develop a full amplitude. In the following chapters,
evidence for a feedback mechanism operating at very low response levels will be
presented. The evidence for a distinct feedforward mechanism is limited to the above

correlations between bump parameters, for which alternative explanations are

possible.
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III. PHENOMENOLOGY OF GAIN CONTROL:
A COMPARISON OF WHITE-NOISE AND IMPULSE RESPCNSES?

II1.1. Introduction

Early studies of insect photoreceptors employing white-noise stimuli demonstrated
that the photoreceptor response is very linear, althcugis a small second-order
component is present (Eckert and Bishop, 1974; Gemperlein and McCann, 1974).
Subsequently, the first-order Wiener *=rnel of the photorcciitor response has been
shown to be affected by backgrcund light intensity (Kuster an:* French, 1985), an
effect which can only be explained by nonlinear mechanisms. Since this nonlinear
effect depends on background intensity, it is possible that it develops in a time scale
substantially slower than that of the photoresponse.

By contrast, with flash stimuli clear nonlinearities have been demonstrated when
as few as two photons are transduced at the same time (Lillywhite and Laugh’in,
1982; French and Kuster, 1985). Grzywacz and Hillman (1985) argued on statistical
grounds that even ihe response to a single photon is nonlinear in locust

photoreceptors.

2 A version of this chapter has been published. Pece AEC, French AS, Korenberg
MJ, Kuster JE (1990) Biophysical Journal 57:733-743.
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Predictions of cascade models

The responses of vertebrate photoreceptors to light have been shown to be
mediated by a biochemical cascade between photon absorption by rhodopsin and the
modulation of ion channels (for a review, see e.g. Lamb, 1986). There is reason to
believe that the responses of invertebrate photoreceptors are mediated by similar
mechanisms (Fein, 1986). Linear analysis of the response of Limulus photorecepters
to light provided evidence for such a cascade mode! of phototransduction before any
chemical component of this system had been identified (Fuortes and Hodgkin, 1964).
When the light intensity is low enough to prevent saturation at any stage, a simple
cascade of first-order reactions would result in a linear telationship between light
stimulus and photoreceptor response. If the voltage response of photoreceptors is
recorded, instead of its current response under voltage clamp, then the membrane
time constant phenomenologically appears as a further stage in the cascade.

While the response linearity observed with white-noise stimuli at a fixed
background intensity is in agreement with such a model of phototransduction, other
experimental observations, and particularly the sublinear summation of elerentary
responses to flashes (reviewed by Laughlin, 1981, pages 202 and following) cannot be
explained by a linear model. Moreover, the frecquency response of fly (French, 1980)
and locust (Kuster and French, 1985) photoreceptors contains second-order poles,
which, although linear, are not compatible with a simple cascade mechanism.
However, all of these observations are still compatible with cascade models of slightly

greater sophistication.
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Organization of the chapter

In this chapter, the responses of locust photoreceptors to flashes and to white
noise are compared to each other and to the predictions of some simple models,
which include no specific biochemical reaction but which can be interpreted as
models of biochemical cascades. In section II1.3, the system kernels obtained with the
two experimental methods are con.pared and shown to be similar. Furthermore, the
response depression quantified by the second-order kernels is shown to be to a large
extent reducible to the product of iwo functions, one being the linear component of
the photoreceptor response as a function of time after the flush and the other the
peak response depression as a function of inter-flash interval. Physically, this would
mez - “hat at all times the depression is a constant proportion of the response to the
second flash.

This feature of the second-order kernel suggested some block-diagram models of
the transduction and gain control processes. These models would have some
implications for the biophysical mechanisms involved because they imply that the gain
control lies at an early stage in the biochemical cascade of photoiransduction. In
section IIL.4, the predictive power of these models is tested by simulations of the
experimental responses. The simulations did not provide conclusive evidence for or
against any of the models, but demorstrated that the proposed mechanisms alone
cannot account for the change of the photoreceptor gain observed when the
photoreceptor is light-adapted to different levels of steady background light. One or

more other mechanisms must act to reduce the gain of phototransduction depending
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on the background light intensity averaged over a longer time scale.

The gain control process which is the main subject of this and the following
chapters occurs within the time scale of the transduction process. We believe that this
process underlies the sublinear summation of responses found in photoreceptors of
several different species (Laughlin, 1981), on the basis of the similerities between
response depressions obtained with flashes and with white noise. Other factors
regulate the gain ci @ totransduction at time scales which are orders of magnitude
slower (see for ir:ta=c2 ClaBen-Linke and Stieve, 1986). We will refer to these latter
processes as adaptation and to the fast gain control process which we investigated
simply as gain control for brevity. Furthermdre, the term "response depression” will
indicates the depression of membrane potentiai caused by the fast gain control
mechanism, unless otherwise specified. As mentioned above, the effects of adaptation
became evidé it when kernels obtained at different background levels were compared.

The research describec in this chapter is speculative to different degrees. In
section IIL.3, the Volterra and Wiener kernels were measured experimentally and the
validity of the analysis is based on only one assumption, namely, that nonlinearities

of order higher than the second were negligible; the separable kernels which were

compared with the experimental kernels can be considered as tentative
approximations to the experimental data. The separable models in section I11.4 are
somewhat more speculative: they are compatible with separable kernels but
alternative models are possible. Finally, a biophysical interpretation is not implicit in

the separable models, although one is cerainly suggested by the knowledge that
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phototransduction is mediated by a biochemical cascade.

I11.2. Methods

Preparation

Locusts, Locusta migratoria, were from the same laboratory colony as in
Chapter II. They were dark adapted for at least 1 hour before the experiment. The
wings and legs were removed and the animal was immobilized with dental wax. Care
was taken to avoid obstructing any of the respiratory spiracles. Experiments were

performed at room temperature.

Stimulation

Light stimulation was provided by a high-intensity LED (light-emitting diode) with
a peak emission wavelength of 565 nm (HPHLMP 3950; Hewlett-Packard Co., Palo
Alto, CA) held by a Cardan arm at a distance of 5 cm from the eye.

The stimulation procedure used for the double-flash experiment was similar to that
described previously by French and Kuster (1985). Single flashes and pairs of flashes
with varying inter-flash intervals were delivered with the LED, cach flash having a
duration of 0.1 ms. One major difference with respect to the methods of French and
Kuster was that the single flashes did not result in a single photon being transduced

on average, but had an intensity of about 8 ep, estimated by comparison between the
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amplitude of the single-photon response and of the single-flash response. Another
modification of the methods was that flashes with a nominal inter-flash interval of
0 ms were not flashes of double intensity but pairs of flashes with an actual interval
of 0.2 ms. The latter modification ensured that no artefact could arise from the
nonlinearity of the LED.

For the white noise experiments, the stimulus was generated by a 33-bit shift
register clocked at 1KHz (Marmarelis and Marmarelis, 1978) to give a
pseudo-random binary sequence, which was then filtered by a nine-pole active
low-pass filter (corner frequency: 50 Hz) and a single-pole high-pass filter (corner
frequency: 0.05 Hz). A DC component was then added to the signal. The DC level
and power level of the signal were adjusted independently. The signal was used to
drive the LED via a constant current circuit. For each DC level, the power level was
set as high as possible while maintaining the LED forward-polarized. Conversion
from LED current to LED light intensity was done off-line for each sample point by
a program using a calibration curve obtained by means of a phototransistor (MRD
3050; Motorola Inc., Schaumberg, IL). Instantaneous light intensities could be
converted to effective photons per second (ep/s, i.e. photons effectively transduced)
by counting the frequency of single photon responses at a low steady level of
illumination (producing 5-10 ep/s) and then extrapolating to higher light intensities.
This calibration was only approximate because it was often difficult to distinguish
single photon responses from random noise in the voltaée trace on the oscilloscope.

Of course, any error in the calibration would affect all background level
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measurements by the same factor, leaving the relative levels unchanged.

Recordings
Glass microelectrodes filled with 3 M potassium acetate and having a resistance

of 50-100 MQ were used. They were lowered through a hole, made by means of a

fragment of a razor blade in the cornea of the right eye, to penetrate retinular cells.
The reference silver electrode was placed in the left eye. Intracellular voltage was
measured by a conventional amplifier (Getting Inc., Los Altos, CA, model S) and
high-pass filtered at 0.05 Hz by a single-pole filter.

In the double-flash experiments, responses after the single flash, or after the
second flash in a pair, were sampled at 2 ms intervals for a total of 200 ms and
stored on-line in a digital computer. Afier the analysis, adjacent voltage samples were
averaged together to produce kernels with an effective sampling interval of 4 ms.

In the white noise experiments, the response was further low-pass filtered at
100 Hz by a single-pole filter. The LED current and the intracellular voltage were
sampled at 10 ms intervals and stored on-line in the computer. The photoreceptor
response contains very little signal above a frequency of 50 Hz (the Nyquist frequency
for a sampling interval of 10 ms). Low-pass filtering was used only to limit the

random noise of the recordings.

Computational methods

Volterra kernels were computed from single- and double-flash responses by the
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method first introduced by Schetzen (1965). The methed can be briefly described as
follows: If we assume that all higher-order nonlinearities are negligible at the stimulus

intensities that were used, the response to a single flash will be:

V(%) = hy(®) + hy(7%) (IIL1)

where 7 is the time after the flash, h, the first-order Volterra kernel, and &, the

second-order Volterra kernel. An equivalent second-order kernel p, can be defined:

Do(t0) = 2-hy(v,,75) (111.2)

Where t© = 7, and é = 7,-7,. Eq. IIL.1 now becomes:

v(7) = hy(@) + (12)p,(v.0) (1IL3)

The response to a double flash will be:

vy(m.0) = hy(®) + (12)p,(5.0) + hy(v+6) + (1/2)py(v+6,0) + po(v,9)

= v,(7) + vy(v+0) + p,(v.0) ' (I1L4)

d is equal to the time interval between the first and the second flash, and 7 is the
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time after the second flash. p,(7,0) was calculated from v,(v) and v,(z,0), using
Eq. I11.4 . Then, h,(r) was calculated from v,(r) and p,(z,0) using Eq. IIL3. To
calculate p,(r,0,) over a square region with equal spacing between samples along
both the 7 and d axes, one alternative is to record responses to pairs of flashes with

inter-flash intervals varying between 0 and 200 ms in steps of 2 ms. However, we used
responses obtained with inter-flash intervals of 0, 2, §, 10, 20, and 40 ms. The missing
intervals below 80 ms were obtained by Hermite interpolation and the values for
intervals above 80 ms were set to zero.

Wiener kernels were computed from white-noise experiments using the fast
orthogonal algorithm. This method was described previously by Korenberg (1988),
and one of its first applications to a biological system by Korenberg et al. (1988). For
our experiments, we found that reliable second-order kernels could only be extracted
from records of at least 40,000 data pairs. Records of even greater length were
required if extraneous noise (especially photon noise at low background levels) was
present. The second-order kernels obtained with the fast orthogonal algorithm are

symmetrical in 7, and 7,. They were converted to triangular format by eliminating all

values above the diagonal and doubling all values below the diagonal. The kernels

Do(t:0) could then be obtained by a simple coordinate transformation.

We were interested in reducing the second-order kernel p,(7,0), function of two
time variables, to the product of two first-order kernels k(v) and f(d), according to
the equations:
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po(e0) = - fOX(¥) (1ILS5)

hy(x) = k(z)

Each kernel p, was stored in computer memory as a square matrix; in order to

extract the delta response f(0) (which is a one-dimensional array) the 3 rows which
correspond to the highest values of h,(r) were averaged, Le. if the time to peak of
hy(z) was t,, we averaged p,(04,-1), P(0t;), and p,(8,f,+1) to obtain -f(0). Once f

was calculated, the 3 columns of p, corresponding to the highest values of f were
averaged to obtain an estimate of k which we call k, and which we expect to be
identical to . If the second-order kernel is said to be separable, it is understood that

it is separable in the sense of Eqgs. IILS5.

The variable 6 in the above equations, being the difference between the 2 time
variables 7, and 7, is also known in the systems analysis literature as Ar. This

notation is slightly more cumbersome but can be helpful to keep in mind the

experimental meaning of the second-order kernel obtained in the double-flash

experiments, in which Az, Le. J, is the inter-flash interval.

Simulations of the models analyzed in section IIl.4 were done by explicitly
computing the values of all the signals in the corresponding diagram of Fig. IILS5 at
10 ms intervals. The outputs of the linear components were obtained by convolution
and the output of the static nonlinear component by simple algebra. The estimate of

k which we used in our simulations was 5, because the first-order component of the
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plhiotoreceptor output is larger than the second-order component and therefore its
estimate is likely to be more accurate. Unless otherwise specified, for our simulations
k and f were scaled by finding scaling factors for each of them which would minimize
the mean-square error between the experimental output and the simulated output
over a record segment of 3000 data pairs. The scaling factors were found by an
iterative procedure. Similar scaling factors were obtained for all models if the input
to the simulated models was only the AC white-noise component of the experimental
stimulus. The kernels shown in Figs. IIL.3 and IIl.4 were scaled under these

conditions.

IT1.3. Experimental results

Flash experiments

The experiments described in this chapter differ from the flash experiments
presented in the original publication (Pece ef al., 1990) in both stimulus intensity and
inter-flash intervals. The flash intensity was estimated from the single-bump response
amplitude of about 2 mV (observed with a dim steady background light) and the
amplitude of the response to the single flash used in the experiments, which was
5.65 mV. Assuming a square-root relationship between flash intensity and response
amplitude (see chapter V), the single-flash intensity was approximately 8 ep.

The response of a system to even a single impulse contains all the nonlinearities
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of any order present in the system. However, for small stimuli, it is often possible to
ignore nonlinearities above a certain order. In this case, we are interested in
extracting first- and second-order Volterra kernels from single- and double-flash
responses. In these experiments, the flash intensity was adjusted so that each flash
resulted in about one photon being transduced on average. A total of 100 flash
responses for each delay between flashes were averaged. The second-order kernel
shown in Fig. IIL.2 contains the depression (thick contour lines) analyzed by French
and Kuster (1985). The first-order kernel 4, is shown in Fig. IIL.1 and is not very
different from the system impulse response.

The question is whether the second-order kernel is separable. To answer this, the

delta responses f{0) and k(v) were extracted as described in the previous section.
The results of this procedure are shown in Fig. IIL.1, where k(z) appears to be very
similar to k,(z), as predicted.

French and Kuster also described a relatively small facilitation for v smaller than
t, and 4 close to zero. This facilitation is not resolved in Fig. II1.2, but it can be seen

in the kernel k, in Fig. IIL.1 (arrow). As was discussed in the previous section, this
kernel is a slice through the contour map of Fig. IIL.2. A more significant difference

with the results of French and Kuster is that f(6) has almost the same value for
& = 0 ms as for 8 = 5 ms. This might be due to the different stimulus used in the

present investigation (see section IIL.2): it is difficult to obtain a flash of exactly

double intensity with the LED at low current levels, and if the effective intensity is
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Fig. IL1. First-order Volterra kernel h, obtained from flash experiments and delta
responses k, and f extracted from the corresponding second-order kernel. Units of
h, and k, are given in mV/ep, while units of f are given in ep’. Arrow indicates
facilitation (i.e. negative depression).
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Fig. I11.2. Upper: Second-order kernel p,as defined by Eq. IIL.2. Lower: Synthesized
kernel p,(r,0) obtained by multiplication of the linear kernels k (v) and f() shown

in Fig. IIL.1. For both kernels, 7 is the time after the second flash and d is the
inter-flash interval. Units on both contour maps are given in pV/ep® Contour lines
are separated from each other by 12.5 uV/ep?
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slightly more than double, then the depression will be partially compensated by the
stronger stimulus. The results presented in chapter IV also indicate that the

depression is about as strong for 4 = 0 ms as for any value of 4.
A further check for separability is the synthesis of p,(z,6) from the kernels f{d)
and k(7). Fig. I1L.2 shows the experimental and synthesized p, kernels. The main

difference between the two kernels was the skewness of the contour lines in the
experimental kernel. This skewness indicates that the value of the time after the

second flash 7 for which p, is lowest decreases for increasing inter-flash interval 4, as

shown already by French and Kuster (1985). This feature might be due to a distortion

introduced by the early facilitation for low values of 4. An alternative interpretation

is discussed in section IILS .

White-noise experiments

First- and second-order Wiener kernels were measured at a range of background
intensities from 500 to 15,000 ep/s. The noise power level of the input signal was
always made as high as possible without clipping the LED output, so the ratio of
mean background amplitude to noise power level was always approximately the same.
As shown in Fig. IIL3, the first-order kernel became faster when the background was
increased from 500 to 2300 ep/s, but further increases only affected the gain and not
the time course of the first-order kernel. The noise of the responses limited

considerably the accuracy of the second-order kernels measured at less than 500 ep/s,



Fig. ITL3. Linear kernels obtained from white-noise experiments at the background
levels indicated along the top of the figure. Kemels are shown normalized to the
same size for purposes of comparison. Absolute amplitudes were affected by the

stability of the recordings, but the relative sizes of hy, k,, and f were fairly constant,

except at the lowest background level.
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Fig. II1.4. Second-order kernels p, obtained with white-noise stimulation at the
background levels indicated along the top of the figure. Upper: from h, by coordinate
transformation. Lower: synthesized from k, and f. Contour lines are separated by
80 nV/ep? (500 ep/s), 10 nV/ep® (2300 epfs), 2 nV/ep? (6800 ep/s), 0.3 nV/ep?

(15000 ep/s).
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but the first-order kernel appeared to become even slower at lower background

levels.

All the kernels in Figs. 1.3 and IIL.4 were obtained from the same cell. It can be

seen that the k (v) kernel extracted from Po(%,8) was very similar to the first-order
Wiener kernel at every background level. Both k(7) and f(d) changed in amplitude

with changing background and changed in time course only at the lowest background
levels, in the same manner as the first-order kernel.

Fig. II1.4 shows the experimental kernels p,(z,0) and the synthesized p,(7,6) from
ky(v) and f(6) for the same background levels as in Fig. II.3. The main features of
the experimental kernels are a small facilitation low on the 7 axis, resolved only at
500 ep/s, a slightly delayed inhibition further up on the 7 axis, and a later (upper)

faciliation, with the inhibition being much stronger than either facilitatory
component, as in the double-flash experiments. When the background level was
increased, the early facilitation became negligible. At all background levels, especially

above 500 ep/s, the experimental p,(7,6) kernel could be synthesized fairly accurately

from f and k,, apart for the skewness of the inhibitory component already observed

in the double-flash experiment.
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IIL.4. Model simulations

Volterra and Wiener kernels obtained from a system with a single input are
symmetrical by convention, Le. h(7,,7;)=h,(7,,7,) for every 7; and 7,. However, for
simplicity in this section we shall use triangular second-order kernels, i.e. kernels

which are identically zero unless 0<7,<7,. This convention is equivalent to defining
7, as the time after the second flash and 7, as the time after the first flash in the

double-flash experiments.

Feedforward Gain Control

Four different models which are compatible with Egs. III.5 were analyzed. Each
of these models includes two distinct processes, a linear transduction process K and
a linear gain control process F, and these two processes interact nonlinearly. The four
models differ in structure (feedforward or feedback) and in the nature of the
nonlinear interaction between the processes, as explained in detail below. A simple
feedforward gain control scheme is shown in Fig. IIL.5a. The rectangular boxes are

dynamic linear filters with delta responses f(3) and k(z), while the static nonlinear

element N performs the operation:

2() = x(){13()} (IIL6)
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Fig. IIL.5. Minimum separable models of gain control. a: feedforward model; b:
feedback model. The elements F and K are dynamic linear, while the element N is
static nonlinear. The operation performed by this latter element can be a
multiplication as in Eq. IIL6 or a division as in Eq. IIL.14. The upturned triangles
highlight the branching point of the gain control process from the transduction

process.
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where ¢ is time, x(f) is the input signal, and the other signals are as labelled in

Fig. lll.5a. Eq. IIL.6 may be expanded as follows:

2(f) = x(f) - § fOW()(t-0)dd (IIL7)

and therefore:

v(e) = [ k(xx(t-r)dr - S k(e)f(0)xe(t-c)x(t-6-v)dddz (11L.8)

Substituting 7, =6+, and assuming that f(6)=0 for 4<0:

v(e) = [ k(x)x(t-r)dr - ff k(@)f(r -ox(t-c)x(t-, )dr dr (111.9)

Approximating the system by a Volterra series, or functional expansion:

V() = hy + [ hy(zx(t-v))dey+ [f hy(zye de(t-v )x(t-z,)de,dr, + ... (111.10)

Then by comparison of Egs. IIL.9 and IIL.10 the Volterra kernels of the system are
givenby: hy = 0, hy(7)) = k(t,), hy(7,,7;) = - f(z,7,)k(r,),and allhigher-orderkernels

are identically zero. Here we have again followed the convention that the

second-order kernel is tri'angular. With the usual convention, the symmetrical
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second-order kernel would be h,(t,,7,) = - (1/2)f(z,-¥)k(r), where 7, = max(z,,7;)

and 7 = min(z,,7,).

Feedback Gain Control

A simple feedback gain control system is shown in Fig. IIL5b, with similar linear
and nonlinear elements to those of Fig. IIL.5a. The nonlinear element again performs

the operation given by Eq. IIL.6 so that its dutput, 2(t), may be expressed as follows:

z(£) = x(¢) - S fO(r)z(e-0)dd (IlL.11)

Eq. IIL.11 is a Fredholm integral equation of the second kind (Davis, 1962) and can
not be solved analytically. A series approximation to Eq. III.11 may be developed by
successively expanding the term in z(f) within the convolution integral, introducing

new time variables where necessary, and assuming that the functions f(6) and k(r) are

zero at negative times. After the first such expansion, Eq. IIL.12 becomes:

2(f) = x(t) - § FOR(ER(-0){1- f f(B)2(r-5-6)d0}dé (IIL12)

The output of the system, v(f), may then be obtained from convolution of z(¢) with

the final linear element, k(z):
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v(t) = [ k@@y(t-2)dr - ff k@O (E-T)(-0-v)dddr + ... (1IL13)

If the system output is again approximated by a Volterra series, as in Eq. IIL.10, then

the Volterra kernels in triangular format become: h, =0, h,(r,) = k(r,),

hy(7,T5) = = f(X1-0)Kk(73), ha(T4T2%3) = f(71-T)(T,T)k(T,), etc. These kernels are

identically zero unless 0s7,<7,<7, .

Gain control by a ratio nonlinearity

If the equation describing the nonlinear elements N in Fig. IIL5 is:
2(0) = x(e)/{1+y()} (111.14)
instead of Eq. II1.6, we have a system which is more difficult to describe by Volterra
kernels, but which might be biologically more realistic, as we will discuss in

section IIL.5. With Eq. III.14 as the nonlinear operation, the output of the system in

Fig. I1l.5a becomes:

v(e) = [ k@EEo)1+ § fOW(e-c-0)dd} dr (IIL15)

while the output of the system in Fig. IIL.5b becomes:
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v(t) = [ k@Ex@Es){1+ f f(O)(t-s-0)dd} dv (IIL16)

By expanding the fraction in Eq. IIL.14 into a MacLaurin series, it can be shown
that the first and second terms of the series are identical to the right-hand side of
Eq. I1L6. Therefore, the first- and second-order Volterra kernels will be identical for
systems containing the product (Eq. I11.6) or ratio (Eq. IIL 14) nonlinearities. This can
also be shown by expanding Eqs. I11.15 and IIL 16 into MacLaurin series: in this case,
the first- and second-order terms of the series become identical to those in Egs. IIL8

and II1.12. However, the four systems produce different outputs because they differ

in their higher-order kernels.

Separability of the second-order kernel
Eqs. I1L.8 and II1.13 both predict that the second-order Volterra kernel, h,(7;,7;)

should be separable into two functions, f(d) and k(v), if it is first re-arranged to give

'a new second-order kernel as in Eq. I11.2. However, Eq. IIL8 predicts that a complete

description of the system output can be obtained from h,(r) and p,(v,8), while

Eq. I11.13 indicates that even a simple feedback nonlinear system requires an infinite
series to represent the system behavior. Both equations also predict that the

first-order kernel, A,(r), should be identical to the delta response of the linear system

K which is in series with the nonlinear component N.

From our analysis in the previous section it follows that Egs. IIL5 are still valid if
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the nonlinearity is of the form of Eq. IIl.14. However, in this case even a feedforward
system requires an infinite series of Volterra kernels. We will refer to the models of

Fig. IILS as separable models, irrespective of the kind of nonlinearity.

Simulation results

In order to test the predictive power of the different models described above, we
tried to reproduce the responses of photoreceptors by computer programs that
simulated such models. At low power levels, the first- and second-order Wiener
kernels of any system can be approximated by their Volterra equivalents (the
relationship between Volterra and Wiener kernels is given by Marmarelis and
Marmarelis, 1978, page 150). This approximation depends on the assumption that
higher-order nonlinearities are negligible. Under this assumption, two kinds of
simulations were carried out. First, we tried to reproduce the photoreceptor output
by simulating a first-order Volterra system with the first-order kernel 4, or a
second-order Volterra system with the kernels 4, and h,. In the second kind of
simulation, the kernels A, and f of Fig. II1.3 were used as the delta responses of the
linear components K and F of the models of Fig. IIL5; the models were simulated
with both kinds of nonlinear element (product, Eq. IIL6 and ratio, Eq. I11.14). The
Volterra simulations and the model simulations are compared with the actual
experimental output in Fig. IIL6.

The mean-square error between the linear simulation and the experimental

response was about 17% of the output power of the experimental response, ie. the
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first-order kernel accounted for about 83% of the response. The exact values of these
percentages varied in different sections of the records. Linear simulations are, of
course, unaffected (except for a DC offset) by any background superimposed on the
white noise. Second-order Volterra simulations as well as simulations of any of the
models could be done using either the actual input (background plus white noise) or
its AC component (white noise only). The Wiener kernels were extracted from the
AC component of the input after subtraction of the background level. The resulting
Wiener kernels approximate Volterra kernels for negative or positive stimuli
supérimposcd on this background level. For this reason, the simulations too were
performed using the AC component of the input only Significantly worse results were
obtained in both the kernel extraction and/or the simulations when the background
level was not subtracted from the input before either computation. The mean-square
error of the model simulations was about 16% of the output power, ie. the nonlinear
component of the model responses accounted for an additional 1% of the response.
The penultimate trace shows the response of the second-order Volterra system. The
error of this simulation was about 15% of the output power. The significance of a
nonlinear mechanism which apparently contributes so little to the photoreceptor
response will be discussed in section IILS.

Simulations of responses obtained at a high background level were also attempted
using kernels obtained at a lower background level. In this case, the DC component

of the input was not completely subtracted, but adjusted relative to the level at which
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Fig. IIL6. First trace: simulated linear component of the photoreceptor potential
response to white-noise stimulation at a background level of 6800 ep/s. The other
traces represent differences from this trace, at a different scale, of the simulations of
the output produced using separable models (traces 2 to 5) or a Volterra
second-order model (trace 6), or of the experimental trace (lowest trace), as
indicated. The kernels used for the simulations were obtained from a larger record
including the segment shown here. For these simulations, the background was
subtracted from the input signal (not shown). The mean-square error of the linear
model simulation was about 17 % of the output power; the mean-square errors of the
separable model simulations were about 16 %; the mean-square error of the
second-order model simulation was about 15%.
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the kernels were obtained (e.g if the kernels were obtained at a background level of
2300 ep/s, this latter value was subtracted from the real input being used in the
experiment, leaving a smaller but considerable DC component). Most of these
simulations produced responses which were either larger in amplitude than the
experimental responses, or very different in shape, or even inverted in polarity. This
discrepancy is likely to be due to an adaptation phenomenon at some point in the
phototransduction pathway which decreases the signal amplitude in proportion to the
background level. This adaptation process, rather than the intrinsic dependence of
Wiener kernels on the input background level, would then be responsible for the
differences between the kernels in Figs. IIL.3 and III.4. As can be seen from these

figures, adaptation seems to affect the gain and time course of the kernels f and k in

similar ways.

I11.5. Discussion

Comparisons between the kemels obtained by the two methods

The main conclusion of this investigation was that the first- and second- order
kernels obtained with both methods were very similar in time course. The differences
of gain that were observed were most likely due to slow adaptation processes which

could not be analyzed because both the Volterra and Wiener kernels were evaluated

over 200 ms only.
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When the components of the second-order Wiener kernels, £ and f, were
compared, the relative amplitudes of these components were seen to be unchanged
by changes of background level. However, analysis of the second-order Volterra
kernel produced relatively larger values for f compared to . In fact, the second-order
depression observed in the responses to double flashes was about 30% of the linear
prediction (Le. 60% of the response to a single flash), wkile the second-order
component of the responses to white noise gave only a 2% improvement in the
square error of the simulations. Gemperlein and McCann (1975) and Eckert and
Bishop (1975), using white noise stimuli, obtained comparable results (improvements
of 2.3% and of 0.3% respectively). With such a small nonlinear contribution, it would
seem impossible to select any model by comparing simulated and experimental
responses. Those earlier investigations reported mean square errors of 6.8% and
8.4% respectively for the linear simulations. This discrepancy might be due to the
amplitude of the photon noise. In fly photoreceptors, Howard et al. (1987) found that
the standard deviation of photon noise is maximal for background light intensities
between 10° and 10° ep/s, while, for signals with constant contrast, the signal-to-noise
ratio increases monotonically with background intensity. Unfortunately Gemperlein
and McCann (1975) and Eckert and Bishop (1975) do not report the stimulus
intensity that was used.

The above observations would seem to imply that the second-order component
measured with white noise is of little, if any, biological relevance. Indeed, the

underlying gain control mechanism probably evolved to regulate responses to
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excursions of light intensity much larger than can be obtained in a white noise
experiment. A flash stimulus provides such an excursion if the flash intensity is much
larger than the background intensity, as was the case in our experiments. By contrast,
white noise superimposed on a background X is limited to fluctuations of intensity x
in the range 0 <x < 2x.

The above ideas can be formulated somewhat more technically. When comparing
responses at different background levels X in a system capable of adaptation, what

matters is not the RMS power level g,, but rather the ratio ¢,/ X, which constitutes
the "effective” RMS power level. For equal ¥, the value of o, of a symmetric binary

stimulus is much higher than that of pseudo-random white noise (Larkin et al., 1979).
The double-flash stimulus is an asymmetric binary stimulus, in which X is kept low by

using a very short duty cycle and therefore g,/ X is even higher than for a symmetric

binary stimulus. Since the nonlinear components of the response are relatively larger

at higher g,/ ¥ (the linear component is proportional to the RMS power level, while

the second-order component is proportional to the square of the RMS power level),
the double-flash experiments should pfoduce relatively much larger nonlinear
components of the response, as indeed was the case.

The Wiener kernels were affected only in amplitude, not in time course, at
background levels above 2300 ep/s. This finding is in agreement with the results
obtained by Howard (1981) with flashes superimposed on a background level.

Howard found that the flash responses became faster with increasing background
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levels up to about 1000 ep/s, while there was little change of time course above this
level.

The Wiener kernels obtained by Larkin et al (1979) from human ERG
(electroretinographic) responses are similar in some respects to those we obtained
because the ERG kernels also seem to be separable, except for the skewness of the
response. Furthermore, the response time courses become faster with increased
background levels both in the human ERG and in the locust receptor potential. We
were motivated to investigate separable models primarily by S. Klein’s analyses of the
ERG responses (in preparation for publication).

An important question is whether these models only describe the input-output
relationship of the system or whether they contain important features of the
underlying biophysical mechanisms. Whatever the nature of this mechanism, it
probably underlies both the noticeable nonlinearities observed with flash stimuli and

the barely detectable nonlinearities in the responses to white noise.

Separability of the second-order kernel

There are two issues relating to the separability of the second-order kernel. One
is how well two linear kernels f and k can approximate p, as in Egs. IIL5 . The other
is whether there is a relationship between first- and second-order kernels in the sense
that h, is approximately equal to k. The first question is whether all the information
contained in the second-order kernel can be recovered from two perpendicular slices

through it, so that the matrix of voltage measurements of size n? can be reduced to
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two vectors of size n; the second question is whether we really need to calculate only
one of these vectors from p,, since k is identical to h,. Physically, this would imply
that in the double-flash experiments the response to the second flash is decreased at

all times by a constant factor, this factor being a function of the inter-flash interval .

As a consequence, a separable second-order kernel predicts a change of amplitude,
and not of time ¢ourse in the double flash responses.

In both respects, Eqgs. IILS provided a good approximation to the measured
kernels. The main discrepancies between the separable and the experimental kernels
were the early facilitation and the skewness of the negative contours in Figs. IIL.2 and
IIL4, both implying a change of the response time course. The early facilitation is
very difficult to investigate, since it is not only small, but also variable between cells.
French and Kuster (1985) already pointed out that the facilitation is small compared
to the depression, and they might have overestimated it because of the problems
related to the nonlinearity of the LED current-to-light relationship. A facilitation
during the rising phase of the response is also observed in Limulus ventral eye
photoreceptors (Fein and Charlton, 1977; Payne and Fein, 1986; Grzywacz et al,
1988), but not at very low light intensities.

There might be a partial overlap between facilitation and depression, leading to
a partial cancellation of the two effects. In this case, the skewness observed in the
contour maps might be a distortion arising from this partial overlap. Since the
facilitation and the depression presumably are caused by separate mechanisms, the

second-order kernel would be composed of a large separable negative component
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(the depression) and a smaller positive component (the facilitation), which is not
separable and is responsible for any change in the response time course.

An alternative interpretation for the skewness is based on the dynamics of the gain
control process. More specifically, if the depression is due to a shunting conductance,
as suggested by the results discussed in chapter IV, then it will take some time for
this conductance to be activated after the response to the first flash depolarizes the
membrane. After the activation, there will be a further delay due to the membrane
time constant before the shunting conductance results in a depression of the
membrane voltage. Therefore, the more the first flash response precedes the second,
the sooner the depression will be observed relative to the second response. According
to this second interpretation, although p, can be approximated as a separable kernel,
the small changes of response time course that were observed are an essential result

of the gain control mechanism.

Validity of the separable models

While the separability of p, would not imply the validity of the separable models
of Fig. IIL5, the reverse is not true, ie. separable models imply a separable second-
order kernel. As we discussed in the previous paragraph, the experimental kernels
are open to different interpretations. The model simulations were not conclusive
either, due to the linearity of the response, as discussed above. Therefore, separable
models are neither excluded nor strongly supported by the experimental findings.

The biochemical equivalent of a separable model is a cascade with a control point
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for the gain placed before any of the rate-limiting steps. If this nonlinear gain control
is accomplished by inhibition of an enzyme, Eq. IIL.14 might be a reasonable
mathematical approximation of the nonlinear element (Grzywacz and Hiliman, 1988).
This equation arises from the assumption that the gain at stage N is proportional to
the fraction of enzyme which is not bound to its inhibitor. We point out that,
although a feedback mechanism is generally less stable than a feedforward
mechanism, a ratio nonlinearity increases the stability of the system as compared to
a multiplicative nonlinearity, since dividing the input by some positive factor never
changes the input’s polarity.

In Chapter IV, more direct evidence will be presented in favour of a different
model which will be analyzed in some detail in Chapter V. In this new model the gain
control point is not located before the time-limiting steps of phototransduction, but
after all of them except for the membrane time constant. Furthermore, the
mechanism that reduces the gain should also decrease this time constant by
decreasing the total membrane resistance, and therefore it cannot be reduced to a
block diagram with only a static nonlinearity. However, if the effect on the time
constant can be neglected (as it might happen if the time constant becomes much
smaller than the time course of phototransduction), then the nonlinearity of the new
model will be seen to be a ratio between the input signal and the feedback signal,
although this nonlinearity is due to a biophysical mechanism different from enzyme

inhibition.
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IV. PHYSIOLOGICAL DISSECTION OF THE GAIN CONTROL MECHANISM®

IV.1. Introduction

Gain control in photoreceptors has been shown to take place in time courses
varying from milliseconds to several hours (see e.g. Autrum, 1981; Fein and Szuts,
1982; ClaBen-Linke and Stieve, 1986), the term adaptation being generally reserved
for processes taking place with time courses substantially slower than the time course
of the photoresponse itself. In this study, we concentrate on a process taking place
in the same time scale as the photoresponse. This gain control process can be
described as an inhibition or depression of the light response resulting in a sub-linear
relationship between light stimulus and response. The time scale of this process can
be measured by stimulating the photoreceptor with pairs of flashes and measuring
how the inter-flash interval affects the inhibitory effect of the first flash on the
response to the second (French and Kuster, 1985). Such a fast process has only been
demonstrated in insect photoreceptors (review: Laughlin, 1981).

In Limulus, crayfish, and vertebrate photoreceptors, the amplitude of a flash
response is a simple function of the flash intensity, being described by Eq. L.3. This

relationship between stimulus and response is predicted by the self-shunting of the

3 A version of this chapter has been submitted for publication. Pece AEC, French
AS, Biophysical Journal.
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photocurrent through the light-activated (or inactivated) membrane conductance. In
locust photoreceptors, with the reversal potential for the light-activated current about
50 mV above the resting potential (Payne, 1982), self-shunting would predict a
response amplitude of about 5.66 mV when a flash producing a peak response v = 3
mYV is doubled in amplitude (see Chapter V). This corresponds to a response

depression Av = 0.34 mV with respect to the linear prediction, or a normalized
depression of Av/y = 0.11, which is much less than the normalized depressions of

about 0.6 which are described below. Furthermore, the normalized depression
induced by self-shunting should be very sensitive to the response amplitude, while the

measurements presented in this paper show that Av/v is about 0.6 for a range of v of

at least 1.5 mV to 4 mV. It has been found that the amplitude of flash responses of
insect photoreceptors can be phenomenologically described by a modified self-
shunting equation in which stimulus intensity is reduced by a fractional power
(Eq. 1.4; see also Laughlin, 1981). However, this equation leaves open the question
of which biophysical mechanism might reduce the effective stimulus intensity. It
should be pointed out here that a similar fractional power transformation is observed
in vertebrate photoreceptors when the stimulus lasts for a few seconds, which is long
enough to start adaptation processes (Normann and Werblin, 1974).

Broadly, we can distinguish 3 levels at which the gain could be regulated: before
photon absorption, by regulating the amount of light available to the rhodopsin or the
amount of rhodopsin ready to be isomerized; between photon absorption and channel

opening, by regulating the gain of the biochemical cascade which links these two
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events; or after channel opening, by shunting the photocurrent generated by channel
opening. It should be kept in mind that the gain of one stage could also be regulated
by the level of activation of another stage. For instance, the gain of the vertebrate
phototransduction cascade is regulated by the level of intracellular calcium (Pugh and
Altman, 1988), which is affected by calcium influx through the light-dependent
channels. In principle, it is fairly straightforward to determine at which level the gain
is regulated: a change of the gain involving membrane shunting would not be
observed under voltage-clamp, and a change in the number of rhodopsin molecules
being isomerized is the only mechanism which would affect the frequency but not the
amplitude of single-photon responses (quantum bumps).

It has been proposed that the fast gain control process observed in insect
photoreceptors is operating mostly at the level of the biochemical phototransduction
cascade (French and Kuster, 1985). A reduction in the number of rhodopsin
isomerizations was fuled out by the fast time scale and the small number of
isomerizations required for the process, while a shunting conductance mechanism was
thought to be unlikely because the process is manifest at very low levels of light-
induced depolarization. Insect photoreceptors have not been voltage-clamped until
very recently, and even now only in darkness or at very low light levels (Weckstrom
et al, 1990). Preliminary experiments under current-clamp suggested that
depolarization due to current injection was not affected by depolarization due to
phototransduction, and vice versa (French and Kuster, 1985).

On the strength of these earlier investigations, we showed in a previous publication
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(Pece et al., 1990; see also Chapter IIT) that the gain control process measured under
flash and white noise stimulation is compatible with a mechanism in which the site
of gain control is located at an early stage of the biochemical cascade, soon after
rhodopsin isomerization and removed from ion channel opening by several rate-
limiting steps. However, that investigation could not exclude the possibility of
alternative mechanisms.

This chapter presents the results of new experiments which suggest that the
biochemical inhibition hypothesis should be replaced by a model in which gain control
is mediated by voltage-activated membrane conductances. First, we show that a
localized optical stimulus produces a homogeneous reduction of gain within the
photoreceptor without any detectable delay, which can be explained by the cable
properties of the cell but not by realistic estimates of the diffusion speed of a
biochemical inhibitor. Secord, a more accurate measurement of the interaction
between current injection and light responses produced results very different from
earlier observations. We found that a flash stimulus and an electrical stimulus
interacted in the same way as pairs of flashes. This suggests that the inhibitory effect
is caused by membrane depolarization, irrespective of its source, and does not reduce
the gain of the transduction cascade but rather shunts light-induced as well as
artificially induced membrane currents.

Weckstrom et al. (1990) have recently described 2 potassium conductances in fly
photoreceptors that could account for the phenomena under investigation. However,

we show that the gain control mechanism that we investigated is not as sensitive to
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intracellular tetracthylammonium (TEA) as the conductances found in fly

photoreceptors.

Throughout this paper, we shall refer to the first in time of two stimuli as the
adapting stimulus and the second as the test stimulus, even though in most

experiments the effect of the first stimulus is not adaptation, but rather the fast gain

control process.

IV.2. Methods

Locusts, Locusta migratoria, were from the same laboratory colony as in Chapters
II and III. They were used at least 1 week after their imaginal moult and dark
adapted for at least 1 hour before the experiment. Experiments were performed at
room temperature. Intracellular voltage was measured with glass microelectrodes

having a resistance of about 80 MQ2 when filled with 3 M potassium acetate. In some

experiments 0.5 M tetraethylammonium chloride (TEA) in 2.5 M potassium acetate
was used instead of 3 M potassium acetate. Intracellular voltage was measured by a
conventional amplifier (Getting Inc., Los Altos, CA, model 5) and high-pass filtered
at 0.05 Hz by a single-pole filter. The intracellular voltage was sampled at 2 ms
intervals by a 12-bit analog-to-digital converter and stored on-line in a digital
computer. In the step response experiments, the responses were not high-pass

filtered, but instead low-pass filtered at a cut-off frequency of 1 KHz and sampled at
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4 ms intervals. The photoreceptor response contains very little signal above a
frequency of 50 Hz (the Nyquist frequency for a sampling interval of 10 ms). Average
responses were stored instead of individual responses, except for the local adaptation
and step response experiments. No attempt was made to determine the average
number of photons being transduced for each flash, but that number must have been
small for 2 reasons: (1) the average amplitudes of the single-flash responses were
smaller than 5 mV in all data files and the cells were dark-adapted; (2) the individual
responses were variable in amplitude and occasionally a flash resulted in no
detectable response. In most TEA injection experiments, measurements of
interactions between two flashes (Fig. IV.7) followed measurements of the step
response to light (Fig. IV.8) and therefore the photoreceptor was not completely

dark-adapted.

In vitro experiments

For the in vitro experiments, we used the technique developed by Payne (1980,
1982) and described in Chapter II. Briefly, the head was isolated, then the lower part
of the head was cut off and the upper part was split with a sharp razor blade across
both eyes, so that in each eye an array of photoreceptors were exposed across their
length. The frontal segment of the head was superfused with oxygenated saline,
flowing at a rate of about 4.5 ml/min in a 1.5 ml chamber. The light sources were 2
Xenon strobe lamps or, in the local adaptation experiments, a Lucida 150 light guide

source. The light was transmitted through light guides to the image plane of the
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phototube of a Wild dissection microscope. The ends of the light guides were masked
so that only a slit of light was focused by the microscope onto the photoreceptors in

the object plane. The slits were 30 um wide in the object plane. The strobe lights

were triggered under computer control. The light energy of the flash at the level of

the preparation, as measured by the phototransistor, was about 5-10* J/cm? The

irradiance of the steady light used for localized adaptation was about 2000 W/em?,
The actual values at the level of the photoreceptor being recorded from must have
been much lower, since the cells which were used in the experiments were not
located at the surface of the preparation, but at a variable depth. Overlaying cells

therefore provided an unknown and variable amount of screening.

In vivo experiments

The methods used for the experiments employing current injection and TEA
jontophoresis were similar to those described in Chapter III. The wings and legs were
removed and the animal, particularly its mandibles and antennae, was immobilized
with dental wax. Usually the ventral nerve chord was cut at the level of the neck or,
more effectively, the thoracic ganglia were destroyed, to minimize movements of the
animal. The microelectrodes were lowered through a hole in the cornea of the right
eye to penetrate retinular cells. The reference silver electrode was placed in the left
eye. High-vacuum silicone grease was used to seal all cuts in the eyes and in the
thorax or neck. No attempt was made to determine for how long the preparation

remained suitable for experiments, but in our experience it remained stable for at
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least 24 hours when the neck was cut and 12 hours when the thoracic ganglia were
destroyed.

Light stimulation was provided by the green LED held by a Cardan arm at a
distance of 5 cm from the eye. The stimulus was placed at the angular position which
gave the strongest intracellular response from the photoreceptor. The LED was
controlled by the digital computer via a constant current circuit. The LED light
intensity was kept constant for each flash within each experiment, so that any
nonlinear relationship between LED current and light intensity could not affect our
results. Pairs of flashes with a nominal inter-flash interval of 0 ms had an actual
separation of 0.2 ms. The light energy of the flashes, as measured with the

phototransistor, was about 7-10® J/cm? but was adjusted to produce responses of

amplitude between 2.5 mV and 4 mV. In the step response experiments, the

irradiance during the stepwise illumination was 1.5-10° W/cm?

Current clamping

Current was injected by conventional bridge-balancing techniques; care was taken
to ensure that the electrode resistance was not changed at the end of the experiment.
Slow, rhythmic changes of both electrode and cell resistance, probably due to
respiratory movements of the animal, were sometimes observed when the thoracic
ganglia were not destroyed; measurements were not done in these cases unless a
slight change in the position of the electrode stabilized the observed resistances. The

current injection was also controlled by the digital computer via a 12-bit digital-to-
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analog converter.

The electrode time constant was about 0.8 ms (0.1 ms for each 10 MQ of

electrode resistance) and could be reduced to 0.1 ms by capacitance compensation.
However, after capacitance compensation a slower component was observed in the
electrode voltage relaxation following a step change in applied current. This
component decayed to half its peak value in about 1 ms and accounted for about

20 MQ of the 80 MQ of total electrode resistance. Experiments were only performed

in cells in which the membrane time constant was larger than 5 ms. Even under these
conditions, it was not possible to distinguish by eye between the slow component of
electrode voltage relaxation and the membrane voltage relaxation during stepwise
stimulation with current. With this qualification, the measured membrane resistance

was about 30 MQ and the membrane time constant about 10 ms, but both were very

variable. Since the uncompensated component of the electrode resistance was

probably somewhat less than 20 MQ (depending on how well the electrode voltage

relaxation could be distinguished from the voltage relaxation of the cell membrane),
the voltage responses were probably about half their measured values. After the
resistance cancellation was set, the capacitance compensation was slightly reduced to

lower the voltage noise resulting from the positive feedback through the

compensation circuit.
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IV3. Results

Interactions between localized stimuli
Pairs of flashes with different inter-flash intervals were delivered to the

photoreceptors in the slice preparation, each flash being localized to a 30 um slit

perpendicular to the photoreceptor main axis, as shown in Fig. IV.1. The 2 flashes
in each pair were delivered through 2 different slits and the distances between the

slits was set to either 0 or 120 um. In each data file stored on the computer, the

responses to the individual flashes and to pairs of flashes with different time intervals
were recorded in a mixed sequence. However, the distance between the slits was
constant within each data file, and not all cells yielded measurements for both slit
separations.

The responses to single flashes were subtracted from the responses to pairs of
flashes with the appropriate time shift, corresponding to the inter-flash interval. The
difference trace obtained in this way always had a single minimum, as shown in
Fig. IV.1 and in French and Kuster (1985) and in Chapter III. The peak depression
was therefore taken as a measure of the interaction between the two stimuli, as in
French and Kuster (1985). The difference between the time-to-peak of the depression
and the time-to-peak of the test flash response was taken as a measure of the time
course of the depression. A positive value for this time-to-peak difference indicates
that the peak depression occurred later than the expected peak response to the test

flash.
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Fig. IV.1. Diagram of the experimental arrangement to measure the effect of stimulus
distance on the interaction between stimuli. Transversal bars indicate the sites of light
stimulation, 30 pm wide. Stimuli were separated in time as well as distance, by a

variable inter-flash interval At. The responses to the single flashes were subtracted
from the response to the combination of two flashes, resulting in the difference trace
shown at the bottom right.
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The measured depression must be normalized by taking into account the size of
the stimuli. Empirically, we found that, when the single-flash response amplitudes
were between 1.5 and 5 mV, the value of the normalized depression was independent
of stimulus intensity if the normalization factor was the geometric average of the peak
responses to the two stimuli (the square root of the product of the two peak
responses). Although we can offer only an empirical justification for this procedure,
its effectiveness is consistent with the square-root relationship between flash intensity
and depolarization described by Laughlin and Lillywhite (1982) and with a model of
the nonlinear depression which will be discussed in Chapter V. In Chapter III, the
responses were normalized by dividing them by the peak amplitude of the response
to a single flash. The two interacting stimuli were always of the same size in those
experiments, so that there was no need for geometric averaging. The units for the
normalized depression used in Chapter III were inverse effective photons (ep?),
obtained by dividing the depression in mV/ep? by the single-flash response in mV/ep.
Since the results presented here indicate that the depression is related primarily to
depolarization and only indirectly to flash intensity, we shall simply divide the
depression in mV by the single-flash response in mV, resulting in a normalized
depression which is dimensionless.

As can be seen from Figs. IV.2 and IV.3, the observed interaction between the
flashes was apparently unaffected in either amplitude or time course by the distance
between the slits. For every inter-flash interval, the average normalized depressions

observed with the two different slit distances were within 2 standard deviations of
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Fig. IV.2. Normalized depressions caused by interactions between flashes separated
by different distances, for different response amplitudes. Empty symbols: overlapping

slits; full symbols: slits separated by 120 um. Squares: responses between 3.59 and

2.49 mV; Diamonds: responses between 2.40 and 1.76 mV; Circles: responses
between 1.51 and 0.94 mV. Each symbol represents 4 or 5 measurements including
between 137 and 210 responses from between 2 and 5 cells. For each inter-flash
interval, all the symbols represent a total of 508 responses from 8 cells for

overlapping slits and 450 responses from 8 cells for slits separated by 120 um. The

error bar is twice the (average) standard deviation of the measurements.
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Fig. IV3. Difference between the time-to-peak of the depression and the time-to-
peak of the test flash when the latter is presented in isolation. Empty circles:

overlapping slits (508 responses from 8 cells); full circles: slits separated by 120 um

(450 responses from 8 cells); crosses: in vivo measurements after TEA injection (239
responses from 3 cells). The standard deviation of the latter measurements is about
3 times smaller, most likely because of larger average response amplitudes and a

larger number of responses averaged in each measurement.
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each other. The normalized depression was equal to the average value of about 0.6
measured by French and Kuster (1985) if the single-flash response amplitude was
greater than 1.7 mV. This value of 0.6 is suggestive of a certain class of feedback
mechanisms, as will be discussed in Chapter V. If the response amplitudes were less
than 1.5 mV, the relative depression was smaller, but even then it was not
significantly affected by the distance between the stimuli.

The principal observation from this experiment is that there is a significant
interaction between two stimuli even when they are separated by a distance of more

than 100 um and a time interval of less than 100 ms (the smallest interval between

the adapting flash and the peak response to the test flash). If this interaction were
mediated by an intracellular messenger with a realistic diffusion coefficient of

1 pm?/ms (see eg Hille, 1984, page 157), then after 100 ms the transmitter would
have diffused within about 10 pm. At a distance of 120 pm, its concentration would

be much lower than at the site of the adapting stimulus and would still be increasing

for several seconds (unless it were rapidly inactivated).

Localized adaptation

One possible explanation of the results shown in Figs. IV.2 and IV.3 is that the
stimuli were not localized because light scattering made the effective stimuli uniform
in intensity over the length of the photoreceptor. Several pieces of evidence
presented in Chapter II indicated that the stimulus was localized inAthe in vivo

preparation. However, since light scattering could seriously compromise the validity
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of the above experiment, we tried to obtain more evidence of stimulus localization.
Our control experiment was similar to previous experiments in squid (Hagins et al.,
1962), Limulus (Fein and Charlton, 1975), frog (Jagger, 1979), toad (McNaughton et
al., 1980), drone bee (Bader er al., 1983), and fly (Minke and Payne, 1990). After

measuring average responses to test flashes at two sites separated by 120 um, one of

these sites (the central site, closer to the recording electrode, as in Fig. IV.1) was
light-adapted by shining an intense steady light for 30 s through the same optical
system as used for the test flashes. Five seconds after termination of the adapting
stimulus, test flashes were resumed with 1s inter-flash intervals, alternating
stimulation at the two sites, so that each site was stimulated every 2 s. Responses
after adaptation were averaged in groups of 5 and the amplitude of this average was
obtained by fitting the log-normal model (Eq. IL.1). The relative response amplitude
was calculated as {ay(f)/Ae} / {a150(t)/A12}, where A, is the response before
adaptation at distance d from the adapting light stimulus and a,(¢) is the response at
distance d at time ¢ after adaptation.

Fig. IV.4 shows that responses from both sites were reduced in amplitude
immediately after termination of the adapting stimulus. However, at the site of the
adapting stimulus the response was reduced much more. Furthermore, while the
distal site recovered very quickly (within 10-20 s in most experiments - not shown),
the sensitivity of the stimulation site remained depressed for over 1 minute. The post-
stimulus histogram shows that at all times after the adapting stimulus the proximal

site was more adapted than the distal site.
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Fig. IV.4. Different levels of adaptation at the site of localized stimulation and at a
distance of 120 pm. Top, a representative cell. Bottom, histogram of relative

adaptation levels in 13 cells (mean=s.d.). For each cell, 5 responses from each site

were averaged for each bin of the histogram. The relative response amplitude is
defined as the ratio of response amplitudes at the two sites divided by the same ratio
measured before localized adaptation.
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This experiment indicates that steady prolonged illumination induces a depression
of the response which is different not only in time course, but also in biophysical
mechanism, from the interaction between two dim flashes described above. Notice
that, in this experiment, there is sufficient time for a transmitter to diffuse from the
proximal to the distal site, assuming that there are no restrictions to diffusion. Also,
part of the adaptation, especially the earlier part, could be due to a membrane
mechanism such as the opening of calcium-activated potassium channels. Even
excluding these two possible explanations for the partial adaptation of the distal site,
this experiment still indicates that most of the adapting light was absorbed locally,
and therefore that light scattering is not sufficient to produce uniform light absorption

within the photoreceptor in our system.

Interaction between current injection and light
It has been pointed out that a chemical transmitter cannot diffuse sufficiently fast
to account for the results of Figs.IV.2 and IV.3. By contrast, membrane

depolarization spreads very fast, since the cell length constant is about 400 um

(Payne, 1982; see also Chapter II, section I1.4) and its time constant about 10 ms.
Depolarization could mediate the observed depression in several different ways. The
light-activated conductance itself produces some self-shunting, but this is not sufficient
to account for the observed depression, as was pointed out in section IV.1. However,
other conductances with reversal potentials close to the resting potential could be

activated either directly by the phototransduction cascade or by the light-induced
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depolarization. In either case, the membrane resistance would be decreased and a
superimposed depolarization induced by current injection would be reduced in size
in the same way as a second flash response. Alternatively, the light-activated
conductance might be inactivated by depolarization, in which case current injection
would produce a reduction of the flash response.

The results of an experiment on the interaction between light and current injection
are shown in Fig. IV.5 . This and all subsequent experiments were performed on the
in vivo preparation, as described in the Methods. The top three traces are responses
of a photoreceptor to a flash, to current injection, and to a combination of the two
stimuli. The waveform of the injected current was the same as that of the average
flash response, so that the voltage response to current injection mimicked the flash
response in time course, except for the cable properties of the cell and the possible
effect of voltage-activated conductances. An approximate coincidence between the
peak response to the flash and the peak response to current injection was obtained
by delaying the flash appropriately (16 ms in this experiment). The current intensity
was adjusted to yield approximately the same depolarization as the flash response.
The bottom trace is the difference obtained from the responses to individual and
combined stimuli in the same way as in the double-flash experiments. An interaction
between the two stimuli is evident. The relative depression, measured in the same
way as in Fig. IV.2, is only 0.31 in this experiment. However, a quantitative
comparison of the relative depressions obtained in the two experiments cannot be

meaningful because of the problems encountered with the resistance cancellation.
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Fig. IV.5. Sub-linear summation of responses to light and to current injection. Note
how the depression (bottom trace, expanded scale) follows the time course of the
resporises but with different polarity. All traces are averages of 100 responses from

a single cell, the same cell represented by the squares in Fig. IV.6.
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This experiment cannot exclude contributions from other mechanisms, but it
constitutes good evidence for the involvement of membrane depolarization in the
interactions that we observed.

A simple modification of this experiment can address the question of whether it
is the flash that produces shunting of the response to the current, the current-induced
depolarization that inactivates the flash response, or whether both stimuli produce
a depression in each other’s response. This modification consists of varying the timing
of the two stimuli so that the peak current response does not always coincide with the
peak flash response. The normalized depressions obtained with this method from
three cells are shown in Fig. IV.6 . The scattering of the points along the horizontal
axis is due to the fact that the values of the time to peak for the responses to the two
stimuli could not be predicted exactly when the delays between the stimuli were set,
so that the values of the differences between the times to peak had to be measured
for each data file after the experiment (each data file included average responses to
the two stimuli alone and with nine inter-stimulus intervals). The peak depressions
and time-to-peak differences were the same within the error of the measurements for
equal inter-stimulus intervals, irrespective of which stimulus was delivered first,
suggesting that the influence of each stimulus on the response to the other was equal.
A perfect symmetry in the measurements of Fig. IV.6 cannot be expected because
the limited accuracy of the resistance cancellation implies that the amplitude of the
response to current injection was probably substantially smaller than the amplitude

of the flash response. However, the response depression was still detectable with
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Fig. IV.6. Upper, normalized depressions of the voltage responses to a combination
of a flash plus current injection, as a function of time interval between the peak
response to a flash and the peak response to current injection. Lower, difference
between the time-to-peak of the depression and the time-to-peak of the response to
the test stimulus. Negative values of the abscissa indicate that the peak response to
the fiash occurred later and therefore the flash was defined as the test stimulus. Data
from 3 cells: dots, 58.5 responses on average (each dot representing between 10 and
132 responses) with mean response amplitudes of 3.56 mV (to current) and 3.71 mV
(to light); squares, 100 responses (mean response amplitudes: 2.22 mV to current and
2.15 mV to light}; diamonds, 20 responses (mean response amplitudes: 3.11 mV to

current and 2.47 mV to light).
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intervals between the peak responses larger than 40 ms, whatever stimulus was
delivered first. Besides, the peak depression occurred statistically at about the same
time as the peak response to the test stimulus, whether the test stimulus was a flash

or current injection.

Effects of intracellular TEA

Most shunting conductances are mediated by potassium permeant channels, and
most of these can be blocked by TEA applied on either side of the membrane,
although the required concentration of TEA varies by orders of magnitude between
the two sides of the membrane and from one channel to another. Potassium
conductances have recently been found in fly photoreceptors which could account for
the response depressions which we observed (Weckstrom et al., 1990). Since the fly
photoreceptor conductances are very sensitive to intracellular TEA, the depression
should be reduced or abolished by TEA injection if it is mediated by the same
channel types. The following experiments were performed on intact animals to allow
direct comparison with the results of Weckstrom et al (1990) and of
Tsukahara (1980).

As sliown in Fig. IV.7, no reduction of the normalized depression was observed
after iontophoresis of TEA for at least 3 s with a current of 2 nA. The relative time-
to-peak of the depression was also unaffected, as shown in Fig. IV.3 (crosses). Using
Hittorf’s law (Purves, 1981, page 93), the total TEA efflux can be calculated as

1.8-10"® mol. With a cell volume of approximately 10™! 1 (Payne, 1982), the final
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Fig. IV.7. Normalized depressions observed in 3 cells after intracellular injection of
TEA for at least 3 min at 2 nA. Circles represent averages of 100 responses from cell
1 (average single-flash response: 3.9 mV). Squares represent 79 responses from cell
2 (average single-flash response: 2.4 mV). Diamonds represent 60 responses from cell

3 (average single-flash response: 4.3 mV).
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intracellular TEA concentration should be about 18 mM. This figure was calculated
assuming that the contribution of TEA to the current through the pipette tip is equal
to its contribution to the current through the pipette shank, which can be calculated
from the electric mobilities of potassium, acetate, TEA, and chloride ions (Hille,
1984, page 157) and their concentrations inside the pipette (see Methods). It is
probably an underestimate, since chloride and acetate are removed from the
electrode tip when current is flowing out of the tip.

TEA had some evident effects on the electrical properties of the photoreceptors.

The main effect was an increase in the measured cell input resistance from 28+17
MQ (meanzs.d., 13 cells) to 4922 MQ (6 cells). The above values include the

contribution from the uncompensated electrode resistance, so that the actual increase

was more likely to be from about 15 to 35 MQ. The membrane time constant seemed

to change from about 10 to 20 ms, but these measurements too must have been
affected by the partially uncompensated electrode resistance. No clear effect of TEA
on the resting membrane potential could be detected, since the potential could only
be measured reliably after withdrawal of the microelectrode.

TEA had a drastic effect on the response to a square-wave light stimulus, as shown
in Fig. IV.8. The response to this stimulus showed a typical decline from a transient
to a steady-state value before TEA injection. This feature almost disappeared after
injection. We routinely used a 500 ms light-500 ms dark stimulus for testing the
effectiveness of TEA injection and the figure shows the steady-state response to this

stimulus. Larger transients could usually be seen in the response to the first pulse of
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Fig. IV.8. Effect of TEA injection (3 min, 2 nA) on a photoreceptor’s step response
to light. Responses were from cell 1 (circles) of Fig. IV.7. Traces are averages of 10

responses. The stimulus had a 50% duty cycle.
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light, both before and after TEA injection. However, the size of these transients was
dependent on the duration of the previous dark-adaptation and could not be used as

a measure of the effects of TEA injection.

IV.4. Discussion

The results described above suggest that deviations from linearity in light
responses at very low intensities are due to a voltage-activated shunting conductance.
French and Kuster (1985) previously presented indirect evidence that interactions
between pairs of dim flashes occur when the two sites of photon absorption are
statistically too far from each other for chemical diffusion to occur between the sites.
The experiments of Figs. IV.2 and IV.3 provide direct evidence for the fast spread
of interaction between two flashes. Given the long electrotonic length constant of a

locust photoreceptor (about 400 um, according to Payne, 1982, and to the

calculations in Chapter II, section IL.4), light-induced depolarization is almost uniform
(within 5% between the two sites that were stimulated - see Chapter II) and
therefore voltage-activated conductances are activated uniformly within the cell. Even
if these conductances were to be activated locally, the long length constant would
again ensure that they would provide an effective shunt for light responses occurring
anywhere within the photoreceptor.

The earlier investigation mentioned above (French and Kuster, 1985) seemed to
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rule out a shunting mechanism for the observed depression on the basis of current-
injection experiments similar to those reported here. The contrast between those
earlier findings and our own is puzzling. However, it should be kept in mind that a
nonlinear effect can almost disappear if the electrode resistance is not cancelled
accurately, because what appears to be a membrane depolarization might then be
mostly a voltage drop across the electrode resistance, which is several times larger
than the membrane resistance. Such a voltage drop would not activate any shunting
conductance. On the other hand, it is difficult to see how an error in the bridge
balance could produce an artefactual depression, since any additional voltage drop
would simply add linearly to the actual trans-membrane voltage. Even the absolute
value of the depression should remain unaffected by an error in the balance. Only its
relative value could be affected, since the size of the current-induced depolarization
might be under- or over-estimated. It should also be pointed out that it is easier to
underestimate than to overestimate the electrode resistance in our preparation, since
when the cancellation is excessive the recorded current response becomes biphasic,
due to the delay between current and depolarization caused by the membrane time
constant. Any small hyperpolarization preceding the depolarization is a sign that the
electrode resistance has been over-cancelled.

Two other factors could, in principle, flaw a comparison between a double-flash
response and a response to a flash plus current injection: (1) in the flash plus current
experiments the carrent always has the same amplitude, while in the double-flash

experiments both stimuli are variable in size, due to the random character of photon
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absorption and to the variability of single-photon responses; (2) in the double-flash
experiments, both stimuli activate the light-activated conductance, while in the flash
plus current experiments the current only acts on voltage-sensitive conductances.
However, as will be discussed in Chapter V, both of these factors are likely to give
only very small contributions to the normalized depression if the single flash results
in at least 6 photons being transduced on average and depolarize the cell by not
much more than 3 mV. The randomness of the flash responses should actually
decrease the normalized depression observed with a double flash relatively to that
observed with flash plus current stimulation, in which one of the two stimuli has a
fixed intensity.

In Chapter III we suggested that the nonlinear depression observed with a pseudo-
random stimulus has the same mechanism as the depression observed with pairs of
flashes. Models for this mechanism, in which the depression is due to enzyme
inhibition within the phototransduction cascade, were analyzed. On the basis of the
findings reported above, we believe that those models should be rejected, while the
first hypothesis remains valid. Indeed, if the depression observed with white noise is
due to a shunting conductance, that would explain why the changes in amplitude and
time course of the depression follow so closely the analogous changes in the voitage
responses of the photoreceptor at different levels of adaptation: the smaller and
faster voltage response to each photon results in a smaller and faster shunting
conductance activation (see also Chapter V, Egs. V.12-V.15).

The shunting conductance responsible for the nonlinear response depression would
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seem to differ from the conductances observed by Weckstrom et al. (1990) in having
a lower sensitivity to intracellular TEA. However, as we shall discuss more fully in
Chapter V, the value of about 0.6 for the normalized depression might not be very
sensitive to a small reduction of the shunting conductance, especially when the resting
membrane conductance is decrease:? = ~+s1. Of course, a total block would still be
detected.

The mechanism responsiti= - .~ ..jression seems to be distinct from the
slower calcium-activated potassium concuctance whici; is thought to cause the decline
in the step responsé to light from transient to steady-state (Muijser, 1979; Tsukahara,
1980). The same cells still showed a normal depression when the decline in the step
response had been blocked by TEA. It was pointed out in Chapter III that the fast
depression process must be distinguished from the slower adaptation, since the two
processes alter the gain of phototransduction in very different time scales. We can
now add that the slower changes of gain must be further distinguished into at least
two components, one of which takes place in a time scale of 100 ms to 1s and the
other in a time scale of several seconds. The first can be blocked by TEA and,
following Tsukahara (1980), we believe it is due to a calcium-activated potassium
conductance. The second is at least partially localized in nature and can be
demonstrated by the local adaptation experiment.

Bader et al. (1982) observed localized and unlocalized adaptation in drone bee
photoreceptors. Since they only observed localized adaptation with a wavelength

which is known to shift the balance between rhodopsin and metarhodopsin in drone
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photoreceptors, they suggested that the localized process is due to local depletion of
rhodopsin. A similar experiment cannot be repeated in our preparation at present,
since the absorption curves of rhodopsin and metarhodopsin have not been
determined in locust photoreceptors. However, it would seem likely that under
different stimulus conditions a slow biochemical process of gain control could be
shown to act together with the moderately fast TEA-inactivated shunting mechanism
and the very fast shunting mechanism which is the main focus of this paper. Such
slow processes are known to occur in Limulus photoreceptors (Payne et al., 1990) and
vertebrate photoreceptors (Pugh and Altman, 1988) and are caused by rhodopsin

bleaching to only a small extent.
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V. GENERAL DISCUSSION:
GAIN CONTROL AT THE MEMBRANE LEVEL

This chapter i divided intc iiiree sections. Section V.1 will present a quantitative
interpretation of the results presented in Chapter IV. Section V.2 will briefly review
relevant research on voltage-activated conductances in photoreceptors. Section V.3
will summarize the conclusions of this dissertation and suggest future lines of

research.

V.1. Modelling of the gain control process

The role of self-shunting

By making some simplifying assumptions, it is possible to demonstrate that the
shunting conductance should have a relatively sinall role when the single-flash
response has a peak amplitude v; = 3 mV. This demonstration is fairly general, but
depends on the following assi: nptions: (1) the dynamics of the phototransduction
process, membrane time constant, and activation or inactivation of conductances can
be neglected; (2) all the voltage-activated conductances have a reversal potential
equal to the resting potential; (3) the reversal potential of the light-activated

conductance is 50 1V above resting potential; (4) the light-activated conductance is
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linearly related to the number of photons being transduced. Since the time-to-peak
of the resronse to a single flash is almost equal to the time-to-peak of the depression,
assumption (1) should be a good approximation at the time-to-peak of the response.
Assumption (3) is actually lower than the estimate of the reversal potential for the
light-activated conductance given by Payne (1982); a higher estimate would lead to
less self-shunting, but the exact value might change from one cell to the other
depending on the damage to the cell membrane by the microelectrode, which might
affect the resting potential. Assumption (4) is supported by the two-slit expetiment
described in Chapter IV, whicl: indicates that any nonlinear interaction between two
stimuli is mediated by membrane processes.

If the total light-insensitive membrane conductance G(v) is a non-decreasing
function of instantanecus niembrane potential v, then the peak flash response will be:

axE, AL
G(v) +ax '

where v is the depolarization above resting potential in mV, x is the number of
photons being transduced or effective photons (ep), a is a gain factor relating photon
absorption to the change in light-activated conductance in nS/ep, E, is the reversal
potential of the light-activated conductance, which we assume is equal to 50 mV, and
G(v) is the total light-insensitive membrane conductance in nS, which is a function
of depolarization. G(v) must be nion-decreasing for increasing v, otherwise the light

response would increase superlinearly with increasing light intensity. On the right-
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hand side, the numerator is the light-activated current and the denominator is the

total membrane conductance. Eq. V.1 is equivalent to the Naka-Rushton curve

(Eq. 1.3). From Eq. V.1:

G() = ax(E,-V)]v V2)

So that if v =3 mV, G() = 15.67 ax. Let us analyze three different sets of
constraints:
(i) There are no voltage-activated conductances, i.e. G(v) = G, (a constant for all v).
In this case, for v, = 3 mV, G, = 15.67 ax. Doubling the flash intensity will result in
a response:

2axE
Vv, = ———— = 5.66mV (V3)
(15.67 +2)ax

The normalized depression would be equal to 0.11.

(i) The normalized depression has the experimentally determined value of 0.6 . The
response to a flash of intensity 2x will be v, = 42 mV and. from Eq. V.2,
G(v,) = 10.9a(2x) = 1.39 G(v,). A 39% increase of the light-insensitive membrane
conductance, caused by a depolarization of 1.2 mV (from v; =3 mV to v, = 4.2
mV), would be necessary to cause the depression that was measured.

(iii) Current I is injected through the electrode and causes a depolarization v, = 3

mV. The current required would be I = v, - G(v,). If the current is injected during the

response to a flash producing an identical depolarization, then Eq. V.1 must be
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modified:

y, = ZET v4)
G(v) +ax

By approximating G(v.) = G(v,) and setting the latter equal to 1.39 G(v,),asrequired

for a normalized depression of 0.6, then v. = 4.26 mV. Since this value is slightly

larger than v,, it follows that G(v) 2 G(v,) and therefore4.2 < v. < 4.26.Inany case,

the normalized depression would have decreased only from 0.6 to 0.58. This is
significantly larger than the depression observed in the flash plus current experiments

(section IV.3).

A quantitative model of the observed depression

The value Av/v = 0.6 for the peak voltage depression Av normalized by the

voltage response v to the single flash, given in Chapter IV, can be expected for a
general ¢lass of feedback gain control processes in a certain range of response
amplitudes. To justify this statement, we shall derive an expression for the peak
voltage response v for a cell in which depolarization linearly increases a shunting
conductance with reversal potential E, relative to the resting potential (E,, being close
to zero, and in prac.ice most likely negative). We shall maintain assumptions (1) and

(4) above. Substituting G(v) in Eq. V.1, we gbtain:
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Fig. V.1. A schematic model of the photoreceptor i nt-to-voltage transduction
mechanism. C,, is the membrane capacitance. For the other symbols, see text. Box
A includes the biochemical transduction cascade and can be approximated as a chain
of first-order reactions. Box B includes the kinetics of the voltage-activated shunting
conductance, which we also assume to be Jinear. The nonlinear properties of the

model are due to the interactions at the membrane level.
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_ SE +BE, (vV.5)
G, +ax +bv

v
where G, is the resting membrane conductance and b is a factor with the dimensions
of nS/mV relating the voltage-activated conductance to the depolarization. Fig. V.1
is a schematic diagram representing the model cell which we shall analyze. A similar
equation can be written for other feedback systems, including a stage of a
biochemical cascade with feedback inhibition (Grzywacz and Hillman, 1988).
Therefore the following demonstration does not support & specific hypothesis about
the nature of the depression mechanism. However, for concreteness, we shail discuss
only the case of a membrane shunting mechanism, on the basis of the evidence
presented in Chapter IV.

Eq. V.S can be rearranged:

bv?+(G,+ax)v-Hx = 0 (V.6)

where we substituted H = a-E, and G, = G,-b - E,,. Solving the quadratic equation

for v:

v < -(G(,+aJc)+J(Go+ax)2 +4bHx V.7
2b

Eq. V.7 can be simplified if there is a range of stimulus intensities for which the

153



shunting conductance is the largest component of total membrane conductance, so

that 4bHx » (G,+ax)’ . In this range, we have:

v = JHxjb (V.8)

so tha: the depolarization depends on light intensity raised to the power of 0.5, as
experimentally measured by Matic and Laughlin (1981) and Laughlin and Lillywhite
(1982) for smail flash intensities. A stimulus of twice the intensity will generate a

voltage response:

v, = y H2x/b v.9)

and the measured depression will be Av = (v2-2) v;. Normalizing the response
depression by the amplitude of the single flash response we obtain Avfy, = v2-2,

which is very close to the values given in Chapter IV and by French and
Kuster (1985).

The assumptions that the shunting conductance is linearly proportional to the
instantaneous depolarization when the flash response reaches its peak and that there
is a range of stimulus intensities in which 4bAx » (G,+ax)? could be put to direct

experimental test by means of voltage clamp methods.
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Possible sources of error

The above analysis neglects the intrinsic variability of the responses and the
asymmetry between the responses in the two-slit experiments and light plus current
experiments. The responses to both the single flash and the double flash are not
deterministic, but have a skewed distribution with a long tail of large responses and
2 minimum response amplitude of zero (see Chapter II). The large responses in the
long tail are going to be "clippe: " by the shunting conductance more than the small
responses for both the single flash and the double flash. Let us approximate this
variability as an equivalent input noise with a probability density function pxx) fer
an input amplitude x when ¥ is the average flash intensity. If each individual response
follows Eq. V.8, then the average flash response can be found by a weighted average

of the response amplitudes:

v = VHb fo "V plx,x)dx (V-10)

Eq. V.10 can easily be integrated numerically by assuming that the probability density
function p(x.X) is a discrete Poisson distribution. This assumption would be strictly
correct if all single-photon responses had the same amplitude and only the number
of photons being absorbed were variable, which is not the case. However, the
additional fluctuations in the responses to the individual photons will not extend the
tail of the distribution, which already goes to infinity, but only smear the probability

density function so that p(xX) is non-zero for non-integer values of x. Integration
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shows that Av/y = 0.36 forX = 1. As X'is increased, Av/v becomes closer to 2-v2. For
¥ = 6, Avjv is already 97% of 2-v2.

With regard to the differences between the two single response amplitudes,
assume the two intensities for the single flashes are x, and x,, with x, > x,. Eq. V.8

must now be changed to a more complex formula:

Av = BB from; i) (v.11)

Normalizing the above equation by the geometric average of v, and v, would result

in a value less than 3% lower than 2-v2 as long as x, < 2.25 x, or equivalently
Vo = 1.5 v,. This was always the case in the experiments presented in Chapter IV,

except in the flash plus current experiments, where the exact current response could

not be measured. In the non-deterministic case (Eq. V.10), Av/v would be at least
94% of 2-v2 if x=6 and v, < 1.5 v,.

Laughlin and Lillywhite (1982) examined another effect of the randomness of
responses to few photons: due to the variability of times to peak of bumps, individual
responses containing two bumps have statistically smaller peak amplitudes than
single-bump responses, because the peaks of the individual bumps do not coincide.
However, this effect is negligible when the peak response amplitudes are measured
from the averages of several traces, since in this case each average contains bumps

with different times to peals This was the procedure adopted in chapters III and IV.
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Responses to white noise

At high light intensities the self-shunting of the light-activated conductance can
contribute significantly to the relative depression which would then become greater

than 0.58. In the limit, as the response saturates, ¥(2x) = v(x) and Avjy = 1.

By contrast, in conditions where the background membrane conductance G, is
much greater than the light-activated or voltage-activated conductances, the relative
depression becomes vanishingly small. When a background light is present, the
effective background conductance includes not only the conductance in the dark, but
also contributions from the light-activated, voltage-activated, and calcium-activated
conductances. Matic and Y aughlin (1981) found that the parameter » in Eq. L4
gradually changes from about 0.5 to 1 with increasing background light intensity,
which is in agreement with the prediction of the model in Fig. V.1. Under white-noise
stimulation, a background light is present and self-shunting is negligible because of
the small modulation depth. The dynamics of the elements A and B and of the
membrane electrical analog in Fig. V.1 cannot be neglected under these conditions.
However, for illustrative purposes, let us assume that Eq. V.7 still applies, in which

case it can be approximated as:

-G+ G2 +4bH
- m/ o +4bHx (V.12)

2b

since the self-shunting conductance ax is negligible compared to G,. Expanding
Eq. V.12 into a MacLaurin series, we obtain:

157



v = (HIG)x-2(H*bGR)x* +... (V.13)

The first term on the right-hand side is the linear term in the relationship between
light and depolarization and becomes predominant in the white-noise experiments.
The second term gives a much smaller contribution to the response but can be
detected by white-noise analysis (see chapter 1M1 and Eckert and Bishop, 1975;
Gemperlein and McCann, 1975). Higher-order terms can be neglected. The

depression of the response is dominated by the second-order negative response:

Av = = -QH*bGy)x* (V.19)

Since the response is dominated by its linear component, the depression is also

approximately proportional to the square of the single-flash response:

-CH*HGy)x
(HYGHx?

2

-2b(G, (V.15)

Avfy

~Ascan be seen, at low modulation depths Av is proportional to v,% instead of v, and

proportionality factor is not a mathematical constant as in Eq. V.8, but is related to
the parameters of the model. These two qualitative conclusions would still apply if
the dynamics of the model had not been neglected, since higher-drder nonlinearities
are negligible in the white-noise experiments, and therefore the depression can be
approximated as a second-order nonlinearity. In Chapter III the value of f(0), which
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is approximately equivalent to Av/v, was shown to be proportional to h(¢,) over a 30-
fold range of background light intensities, so that Av/v,%'was approximately constant.

In conclusion, the model presented in Fig. V.1 is compatible with all the
experimental findings, except the fact that the normalized depression is smaller in the
flash plus current experiments than it is in the double-flash experiments. This
discrepancy might be due to an additional contribution to the depression at the level
of the transduction cascade. However, this hypothesis would be incompatible with the
finding that there is no delay associated with the spread of the depression effect when

the two stimuli are separated by a distance of 120 um. Some additional experiments

which  vld falsify the model of Fig. V.1 have been mentioned, e.g. voltage-clamp
experiments could test whether the light-activated and voltage-activated conductances

are linearly dependent on light and voltage respectively.

V.2. Voltage-activated conductances in photoreceptors

Apart from the light-activated conductance, all photoreceptors have at least one
other conductance, ie. a voltage-activated calcium conductance at the synaptic
terminal which allows the visual signal to be transmitted to the nervous system. This
section will review voltage-activated conductances responsible for the shaping of the
response to light, rather than for the synaptic transmission of this response. This

section will also concentrate on arthropod photoreceptors, although vertebrate
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phceoreceptors will be briefly discussed.

Flies

Muijser (1979) reported that the decline from peak to plateau responses in fly
photoreceptors was accompanied by a change of reversal potential with respect to the
plateau and an increase of membrane conductance. Furthermore, intracellular
injection of EGTA could almost completely abolish this decline. He inferred the
presence of a calcium-activated conductance, presumably a potassium conductance,
which is activated with a delay of tens of milliseconds after the rising phase of the
light response.

More recently, two voltage-activated potassium conductances with different kinetics
have been extensively investigated in fly photoreceptors of the R1-6 class, which
includes 6 of the 8 photoreceptors of each ommatidium (Weckstrom et al, 1990).
These conductances have been characterized by single-electrode voltage clamp.
Patch-clamp recordings have revealed two classes of potassium channels, both having
a single-channe} conductance of 20 pS but differing in activation kinetics. Both
channels seemed to activate and inactivate with a single exponential time constant,
rather than with a sigmoidal tinze course. The time constant of the {faster channel was
found to be about 5 ms at resting potential, while that of the slower channel was
substantially larger. Both channels were insensitive to calcium. They could be

different states of the same type of channel.
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Locusts

Tsukahara (1980) reported that the stép response of locust (Valanga irregularis)
photoreceptors to light changed shape after both EGTA and TEA injection. The
change was similar to ¢hat illustrated in Fig. IV.8: The response became ras.ophasic,
losing the decline from peak to plateau. Tsukahara inferred that the decline to
plateau is caused by a calcium-activated pctassinm conductance.

Payne (1980,1982) found two further pieces of evidence for shunting conductances
in locust photoreccptors: a rectifying currer. voltage relationship and a
hyperpolarization which followed strong light responses and had a reversal potential
beiow resting potential. Payne suggested that the hyperpolarization is caused & “ae
same calcium-activated conductance which underlies the decline from transien: to
steady-siate “csponse (Tsukahara, 1980). The rectification was attributed to a
differer:. : ter conductance.

" he current-voltage rurve shows no evidence of rectification below -50 mV. From
this curve, Payne calculated the effect that this conductance would have on responses
to flashes of light. The curve predicts a somewhat more linear relationship between
stimulus and response than that obtained experimentaily by Liilywhite and Laughlin
(1979, and an almost linear relationship for responses below 5-10 mV, which is
contrary to the findings reported in Chapters III and IV as well as the previous
findings by French and Kuster (1985). Since Payne’s current-voltage curve was
obtained with current steps lasting mcre than 20 ms, it is possible that the level of

activation of the shunting conductance was different from that generated by a smooth
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but transient depolarization, as in a flash response.

Voltage-activated pr- - .. conductances in locust photoreceptors are now being
invesiigated by W< ckstron: . . - jonal communication). Preliminary results indicate the
presence of conductances similar to those found in fly photoreceptors, but with

different kinetics.

Bees

Strong stimuli, either luminous or electrical, can trigger action pntentials in drone
bee ar 1worker bee photoreceptors (Coles and Schne:ider-Picard, 1989). These action
notentials are sodium-dependent and can be blocked by TTX (Baumann, 1974). An
hyperpolarization after the action potential suggests that a potassium conductance is
also present (Coles and Schneider-Picard, 1989). In uatural conditions, it is unlikely
that a spike would be triggered. The function of the TTX-sensitive current seems to
be to ¢::hance the amplitude of smail fluctuations of membrane potentia! scround the
level of about -40 mV. This is the level reached with a background light intensity
comparable to that of skylight. Therefore, the membrane properties would seem to
be optimized to enhance small voltage fluctuations around the natural level of

depolarization (Coles and Schneider-Picard, 1989).

Limulus
Ventral photoreceptors of Limulus have at least ihree voltage-sensitive

conductances, all activated by depolarization (Fain and Lisman, 1981). An early
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inward current is carried by sodium and potassium, while two outward potassium
currents have properties similar to those of A-currents and delayed rectifier currents
(Hille, 1984). The inward current can actually generate an action potential during the
rising phase of a strong depolarization. A" these currents require a rather large
depolarization to be activated. The delayed rectifier current is slowly inactivated by
light; during steady illuminatior, this slow process se=ms 5 eniarbalance the effect
of light adaptation, which reduces the light-activated conduetz 1ce. The net effect is
that the same depolarization is maintained with a lower metaboetlic exenditure, due

to lower levels ~f membrane currents.

Bamnacle

The response of barnacle photoreceptors to stepwise illumination shows an initial
transient followed by a dip, which in turn is followed !+ : rteady-state depolarization.
This response is simi’ - to that observed in insects. Hanani and Shaw (1977)
preseated various lines of evidence indicating that the dip is due to a calcium-
activated potassium conductance. The dip appears with a latency of tens of
milliseconds after the rising phase of the response. Subsequent research with voltage-
clamp methods provided further evidence for a calcium-activated potassium
conductance (Bolsover, 1981). A voltage-activated calcium conductance has also been
investigated (Edgington and Stuart, 1979) and there is evidence for a voltage-

activated potassium conductance (Ross and Stuart, 1978; Bolsover, 1981).
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Lower vertebrates

Several conductances have been identified in sa.:uander rods and cones by
voltage clamping and pharmacological blocking (review: Attwell, 1986). The resulting
currents can be divided into two classes: outward currents activated by depolarization
(either directly or indirectly by calcium influx) and inward currents activated by
hyperpolarization. Both types of currents counteract, with a delay, the change of
membrane potential by which they were generated and therefore their effect can be
described as high-pass filtering. However, since the two groups of currents are
activated in different voltage ranges, the total membrane conductance changes less
with voltage than it would if only one type of current were present. Therefore, the
nonlinear shunting effect of the conductances would seem to be less important than
the linear high-pass filtering effect.

Actually, the dynamics of the system is considerably more complex. To mention
just two complications, the high-pass filtering properties of the membrane are more
pronounced at lower membrane potentials, and electrical coupling between
photoreceptors causes interactions between the spatial and temporal filtering

properties of the photoreceptor network.

General principles
Although only a relatively small rumber of specics have been investigated, at least
one characteristic has been found in all photoreceptor membranes which have been

investigated: negative feedback caused by the activation of currents which counteract
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the light response. This negative feedback operates as a high-pass filter and gain
control mechanism and therefore removes some of the redundancy of the visual
signal (Barlow, 1961).

However, it is also clear that there is much diversity between species. Limulus and
the drone bee hi- a positive feedback mechanism, which erihances low-intensity
signals. This positive feedback is not necessarily in conflict with the negative
feedback: since the sodium conductance is activated transiently, it enhances the
response to high-frequency signals and therefore it contributes to the high-pass
prowestias of the photoreceptor. Insects differ from both Limuius and vertebrates in
having a clearly sublinear response ‘¢ ever ‘hie lowest intensity stimuli. If this
mechanism has evoived with the purpose of expanding the operating range of the
photoreceptor, it would seem that vertebrates might not need it: The electrical
coupling of photoreceptors means that any single photoreceptor can hardly be
saturated by any localized natural stimulus, since the photocurrent is spread over the
rod network. Limulus might not need an extended operating range because of the
relatively simple task that its visual systera performs, namely, detecting potential
mates (Barlow, 1990). For this species, maximum sensitivity might be more relevant
than fine discrimination, so that a mechanism for depressing the response would be

a disadvantage, at least for weak, transient stimuli.

165



V3. Conclusions

Variabiliy of responses

Chapter II presented evidence in support of the hypotliesis that the variability of
single photon responses is intrinsic to the transduction process. In teims of the
scheme in Fig. V.1, this implies that the variability is generated within element A.
Some variability could be generated by fluctuations én the number of channels opened
at the output of E. However, with a single-channel conductance of 20 pS (Weckstrém
et al., 1990), about 1200 channels should be open to increase G, by 40%, if G, =

1/{17 MQ). Since this represents a :t:211 fraction of all available channels, the actual

number of channels being open should follow - Poisson distribution. As a
consequence, the variance should be equal to the mean and the standard deviation

of the number of open channels should be v1200 = 35. The number of open light-

activated channels should be comparable to the number of open voltage-activated
channels, but the variability of the former is larger, presumably because a much

smaller number of molecules are active further upstream in the transduction cascade.

Validity of the separable models

Formally, the model in Fig. V.1 differs from those in Fig. IIL5 in the location of
the gain control point not before the time-limitiiyg steps of phototransduction, but
after all of them except for the membrane time constant. Furthermore, the

mechanism that reduces the gair should also decrease this time constant by
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decreasing the total membrane resistance. However, two conclusions from Chapter
11 should still be valid: (1) the nonlinearities observed in double-flash experiments
and white-noise experiments are caused by the same mechanism; (2) other factors
affect the gain of phototransduction in a slower time scale. The presence of one such
factor, also a membrane conductance and only one or two orders of magnitude faster
than the fast gain control, is demonstrated (by its block) in Fig. IV.7.

Location of the gain control point at the first stages of the cascade would be

fo-- ¢ - useful because any stage located before the gain control point could be
», a high input levei. However, abruot changes of light intensity in a natural
seitiug are generally limited to a small range, while large changes are associated with
the daily rhythm and are siow. Presumably, abrupt changes in the locust visual
environment are not sufficient to saturate the transduction mechanism.

On the other hand, some slower adaptation mechanisms are probably located
further upstream and therefore prevent saturation of any biochemical stages, while
also reducing the metabolic cost of transduction by reducing the number of molecules
involved.

Although adaptation takes place with a slower time course and by different
mechanisms, it appears to be formally similar to fast gain control as a feedback
process. Fuortes and Hodgkin (1964) already found some evidence in favoﬁr of a
feedback mechanism in Limulus photoreceptors. More recently, Grzywacz and
Hillman (1988) have shown that only a negative feedback mechanism can account for

the observed sublinear relationship between steady-state light intensity and
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steady-state depolarization of Limuiis ventral photoreceptors. Eq. I11.8 of Grzywacz
and Hillman is very similar to Eq. V.8 in this chapter. Payn: ¢f al. (1990) provided
evidence for a feedback mechanism based on inhibition by .z:*racellular calcium of
additional calcium release. The current biochemical model of phototransduction in
vertebrates also includes a feedback pathway for adaptation (for a short revicw, see

Pugh and Altman, 1988).

The biophysical basis of gain control

The research described in Chapter IV aimed at understanding the biophysical
mechanism of the gain control pree:. { k= project was started under the assumption
that gain control takes piace at the levii of the intracellular transduction cascade.
This hypothesis was suggested by the finding of French and Kuster (1985) that
current does not have the same effect as a flash in producing a response depression,
as well as by the quantitative estimate by Payne (1982) of the likely effect that the
rectification properties which he measured. Subsequently, our working hypothesis was
changed by the observation that distance between stimulation sites does not affect the
depression of the responses, the measurement of a depression in the flash plus
current experiments, and the communication by Weckstrom et al. (1990) of their
findings of potassium channels activated by very small depolarizations from the
resting potential. These results led to the formulation of the model in Fig. V.1.

The evidence is not yet conclusive that the model is a guantitatively accurate

description of the gain control mechanism. In section V.1 we have begun an analysis
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of the model. This analysis led to some testable predictions, e.g. that the voltage-
activated conductance should increase approximately linearly with depolarization.
Testing these predictions will entail overcoming the limitatic- 3 of the current-injection
methods described in section IV.2. In any case, the evidence indicates that a shunting
conductance causes most if not all of the depression which is observed with smali
flash stimuli. The existence of a mechanism which generates this depression and is
distinct from the transduction cascade suggests that the depression is not an
epipiienomenon but plays an important role in encoding the voltage response of the
photoreceptor.

Tize inodel of Fig. V.1 is simple enough to allow prediction of the photoreceptor
c»tput for arbitrary input signals, provided that the transfer functions of the elements
A and B are determined. Such predictions are likely to be more accurate than those
obtained with models which have no obvious biophysical interpretaiicz, like the
modified Naka-Rushton curve (Eq. 1.4) or the log-normal model (Eq. IL.1). Notice
that the applications of these equations are more limited, since Eq. 1.4 only predicts
peak response amplitudes and Eq. IL1 only predicts responses in the linea” range.
The model of Fig. V.1 does not have these limitations.

The validity of other models in which the voltage response of the photoreceptor
is assumed to reflect the dynamics of the photc::ansduction cascade (as in French,
1980, and in section IIL.4 of this dissertation) must also be questioned after the

discovery of voltage-activated conductances sensitive to very small depolarizations.
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