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CHAPTER 1

INTRODUCTION TO THE THESIS



The photor '-eptors of the ventral eye of Limulus polyphemus have
been one of the most useful preparations for the study of
Hght-transductlon. One reason for this is their large size, which make
them convenient for electrophysiological studies. Another reason 1s the
arrangement of these photoreceptors 1n the ventral "eye"; unlike most
other photoreceptors, which are organized 1lnto networks and are
electrically coupled, the ventral photoreceptors have an apparently much
simpler organization and many Individual photoreceptors are not
electrically coupled. This characteristic is important for the study of

the electrophysiological properties of individual photoreceptors.

The absorption of light by rhodopsin leads to a change in membrane
conductance in the photoreceptor. This transduction process is
apparently mediated by a complex series of steps (Fuortes and Hodgkin,
1964; Dodge et al, 1968). Some of the later steps of this process
involve amplificaron (Goldring et al, 1983). Wong estimated that the
isomerization of a single rhodopsin molecule activates 103
light-actlvated 'channels' in the membrane of a dark adapted Limulus
ventral photoreceptor. To explain this gain it has been proposed that
this sequence of events Controls the concentration of an interna!
transmitter molecule in the cytoplasm of the photoreceptor (Cone, 1973).
The internal transmitter, which has not yet been identified, 1s thought
to interact with the membrane 'channels' underlying the light-activated

conductance.

The electrophysiological properties of ventral photoreceptors are
relatively well understood at the macroscopic level. By means of the

conventional 2-microelectrode voltage-clamp technique (Millecchia and



Mauro, 1969c, lisman and Brown, 1971a; Fain and lisman, 1981) various
lonic conductances have been characterized. The membrane of this
photoreceptor has a conductance that is activated by light as well as
various voltage-activated conductances. Nat+ influx through the
light-activated conductance causes the membrane to depolarize,
activating the voltage-dependent conductances. The light-induced
depolarization is composed of a fast spike followed by a transient
depolarizing phase, after which the potentlal decays to a lower,
maintained depolarizing level (Millecchia and Mauro, 1969b). An early
inward voltage-activated current carried by Na+ and Ca2+ is responsible
for the spike (Lisman et al, 1982). The transient phase is generated by
the light-activated ipward current (Millecchia and Mauro, 1969c).
Repolarization from the transient is due to a combination of factors
(Fain and Lisman, 1981): a decrease in the light-activated current due
to a Ca2+-mediated reduction in the light-activated conductance
(light-adaptation); the development of a fast, transient
voltage-dependent K+ outward current; and a contribution from a slower
K+-current associated with separate voltage-dependent K+-channels. This
latter K+-current is maintained and, in combination with a maintained

component of the light-activated current is responsible for the plateau

phase of the receptor potential.

From the macroscopic studies, much information has been obtained
about the properties of the conductances underlying the different
currents (Fain and Lisman, 1981). The selectivity of them has been
studied. Furthermore, study of the kinetics of the currents under
various conditions has provided information about the gating properties

of these conductances (Fain and and Lisman, 1981). The regulation of



the conductances by different factors has also been studied to some
extent (Lisman and Brown, 1972; Leonard and Lisman, 1981; Chinn and
Lisman, 1984). However, a question of fundamental importance that has
not been answered by macroscopic techniques concerns to the nature of
the unitary membrane constituent underlying the light-activated
conductance. The currents could be carried either by ionic channels or
carriers (Fain and Lisman, 1981). Noise analysis studies in the ventral
photoreceptor (Wong, 1978) suggest that ionic channels underlie the
light-activated conductance; however, no direct evidence for channels is

provided by such studies.

To address this question, a different approach is necessary.
Recently, the patch clamp technique for single-channel recording was
developed (Neher and Sackmann, 1976; Hamill et al, 1981). This
technique makes it possible to measure directly the current passing
through individual ionic channels. The method has been used to study
the membrane conductances at the molecular level in a number of
preparations and has revealed that ionic channels underlie most, if not
all conductances. However, in sensory neurons no direct evidence for
channels activated by the sensory stimulus has been previously obtained.
The major aim of this Thesis was to study this problem in the ventral
photoreceptor. By using the patch clamp technique, we sought to study
the light-activated conductance at the single-channel level. We found
that light activates ionic channels and we give evidence indicating that

these channels underlie the macroscopic light-activated conductance

(Chapter I11).



In order to study the Hght-activated channel at the
'slngle-channell level it was important to have a detalled understanding
of the structure of this cell. It 1s known that many photoreceptor
cells have a olear compartmentalization of thelr cell bodies into a
transducing and non-transduclng part and both are morphologically and
physiologically distinct (Fein and Szuts, 1982). Vertébrate
photoreceptors are subdivided into an inner and outer segment. The
outer segment is specialized in transduction; it contains the disks,
where most of the rhodopsin is located; also the light-sensitive Na+
current flows across the membrane of this region of the cell (Hagins et
al, 1962; Baylor et al, 1979b), suggesting that the light-sensitive
conductance 1s localized to the outer segment. The inner segment
contains the nucleus and all other organdies and apparently does not
directly participate in transduction. Similarly, in many invertebrate
photoreceptors a clear subdivision has been found in their cell bodies
(Fein and Szuts, 1982). They characteristically have micrivilli on part
of the plasma membrane, which is called the rhabdome. Rhodopsin is
localized to the rhabdome (Langer and Thorell, 1966; Goldsmith et al,
1968), and there is evidence suggesting that the transduction process
occurs in this region of the cell (Fein and Szuts, 1982). The cell body
of the ventral photoreceptor was also found to have a rhabdome (Clark et
al, 1969a), but no obvious compartmentalization of the rhabdom was found
in the membrane of this photoreceptor. However, after removing the
glial cells surrounding the photoreceptor, we found that the cell body
of the ventral photoreceptor is subdivided into lobes. A second major
goal of this Thesis was to examine whether these lobes were structurally

and functionally different. This study is described in Chapter II.



We found that the rhabdome is compartmentalized to one of the Tobes and
that this lobe is the light sensitive part of the ceTl. The

light-activated channels were found in the light-sensltlve lobe of the

photoreceptor.

The Identification of many of the various steps of the transduction
process is stiTT a distant goal. The work done in this Thesis is a
contribution to the understanding of the last of them: the properties

of the light-activated conductance.



CHAPTER I

Distinct Lobes of Limulus
Ventral Photoreceptors.
Functional and Anatomica! Properties of Lobes

Revealed by Removal of Glial Cells



SUMMARY

1) After mild pronase treatment, the glial cells surrounding the
photoreceptor were removed by means of a suction pipette.

2) Observation of such "denuded" cells under the light microscope

revedis two kinds of lobes. The "R-lobe" appears translucent whereas the
“A-lobe" 1s more opaque.

3) Scanning electrén microscopy of denuded photoreceptors reveais
that microvilli (rhabdome) are only present on the R- lobe.

4) Experiments 1n which the photoreceptor was illuminated with a
small spot of light indicate that the light sensitivity of the
photoreceptor is localized to the R-lobe.

5) The same kind of experiments shows that light-adaptation is also
initiated in the R-lobe of the photoreceptor.

6) It is concluded that the R-lobe is the light-sensitive part of
the photoreceptor.



METHODS

Male Limulus (carapace 15-25 cm) were obtalned from Marine
Biological Laboratory, Woods Hole, MA. Ventral nerves were removed from
the animal under bright white light. Photoreceptors on the ventral
nerve were individually denuded of their surrounding glia and connective
tissue by the procedure described in Results. The suction plpette used
to denude photoreceptors was fabricated as follows. Boralex
micropipettes (100 vL) were heated and pulled in a 2-stage
microelectrode puller 1n order to produce pipettes with a taper 3-6 mmn
in length. The tip was cut off by scoring the glass with sandpaper and
then breaking off the end. Alternatively, the tips could be melted
slightly by contact with a heated platinum filament. Opon cooling , the
filament withdrew, producing a clean break in the glass. The tip (at
this point 60 to 80 um in diameter) was then brought ciése to a heated
filament until it attained an inner tip diameter of approximately 20 um
The pipette was filled with artificial seawater (ASW) and placed in a
micromanipulator joystick or a with a sliding piate. Surface material
was removed from the cell, by applying suction to the back of the
pipette. During denuding cells were observed through a compound

microscope (150X magnification).

In preparation for scanning electron microscopy, denuded
photoreceptors were fixed for 1 hour in 2.5% glutaraldehyde. This
solution was made by diluting 25% biological grade glutaraldehyde
(Electron Microscopy Science, Fort Washington, PA) with concentrated ASW
such that the final osmolarity of the solution after dilution was

approximately 930 mosm. The preparation was then washed in distilled



water for several hours. In order to dehydrate the preparation it was
bathed for 5 minutes in each of the following alcohol Solutions: 25%,
50%, 75%, 90%, 95%, and 3 changes in 100% ethyl alcohol. The
preparation was then critical point dried from liquid CO2 in a Bafar
SPC-900/EX dryer following standard procedures. For viewing in the
scanning electrén microscope, specimens were attached to specimen mounts
using double-stick-Scotch tape. The specimens were sputter coated
(Technics, Hummer I1) with gold-palladium to give a coating thickness of
about 200A, and they were viewed with an AVR 1000A scanning electrén

microscope at 20KV.

To measure the responses of denuded cells to small spots of light,
cells were held by a suction pipette and impaled with a conventional
microelectrode. A spot was made by interposing a pinhole in a light
beam. The pinhole was mounted on an X-Y micropositioner so that the
spot could be moved. To position the spot without light-adapting the
cell, we illuminated the preparation with Infrared light and viewed the

cell with an infrared image-converter attached to the microscope.

10



RESULTS
A. Denuding the Ventral Photoreceptor

The appearance of two ventral photoreceptors before and after the
removal of glial cells and connective tissue is illustrated 1n Fig. 1.
Before denuding, the cells bodies have no obvious substructure (Fig.
la). After denuding, a subdivisién of the cell into lobes is clearly

apparent (Fig. le).

The method used for denuding cells is a follows: A ventral nerve
is desheathed and pinned to a Sylgard substrate. Pronase (Calbiochem,
La Jolla, CA; 20mg/ml) is applied at room temperature until the tissue
begins to show signs of loosening (appromixately 1 minute). The pronase
is removed and the tissue is then left undisturbed for an hour in ASW.
During this time some of the glial cells that surround the photoreceptor
become round. A suction electrode is then used to puli on the connective
tissue and glial cells in order to further loosen their connection with
the photoreceptor. Then, starting at the axon hillock regién, the glial
cells and associated connnective tissue are progressively peeled away.
For this procedure to be successful the photoreceptor must remain
anchored to the ventral nerve by its axon. |[If the pronase treatment is
too severe, the axon will easily detach from the ventral nerve and then
there is nothing to hold the photoreceptor in place when suction is
applied to the glial cells. If the denuding process has gone well, the
cells will be firm and resistant to deformation. If the photoreceptors
are soft and the cytoplasm appears to have liquified, gentler denuding
is required. There is significant variability between animais 1n the

ease of the denuding process.
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FIGURE 1. Appearance of ventral photoreceptors in the light-microscope
before and after removal of glia and connective tissue. a. Two
photoreceptors durlng a very early stage of denuding process. The cell
bodies have been pulled away from the ventral nerve (bottom) but are
still connected to it by their axons. The suction pipette used for
removal or glial and connective tissue is seen at the top of the
photograph. b. A cell after denuding. Note that there are two distinct
lobes. c¢. The cell in the right half of Fig. la after being denuded.

d. A denuded cell with the R-lobe lying to the side of the A-lobe of the
cell. The cell's axon, which is out of focus, is attached to the upper
left cérner of the A-lobe. Calibration bar is in £ is 50p and applies

to the whole figure.
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The denuded ventral photoreceptors shown 1n Fig Ib,c,d have two
clearly dlstinguishable Tobes. The lobe most distant from the axon
appears somewhat translucent and clear; such lobes are termed R-lobes.
The lobes connected to the axon have more texture, and are temed
A-lobes. This difference between R and A lobes is usually discernable
though it is sometimes less obvious than in Fig. Ib,c,d. The basis for
the choice of terminology R (rhabdomeric) and A (arhabdomeric) is given
in the companion paper (Calman and Chamberlain, 1982).

The number, shape and position of R-lobes varies considerably from
cell to cell, even within the same ventral nerve. Cells with one R-lobe
are more common along the ventral nerve than in the cluster of cells at
the distal end of the nerve (the end organ). Some cells have two well
defined R-lobes (see Fig. 4) and in the end organ, even more complex
cells are occasionally seen. In cells with one R-lobe, the R-lobe is
usually positioned opposite the axon (as in Fig. Ib,c,), but sometimes
the R-lobe lies to the side of the A-lobe (Fig. Id). Cells with two
R-lobes are rarely found as isolated cells but usually as the distal
member of a pair of closely opposed photoreceptors. The proximal
photoreceptor typically has a single R-lobe at its distal end which is
juxtaposed to one of the R-lobes of the distal cell. In pairs or
clusters of photoreceptors adjoining R-lobes are strongly attached to
each other. To isolate a single cell from a cluster of cells, the
neighboring cells must be killed by breaking their membranes. Quite
often what initially appears to be a single cell is revealed to be a

pair of cells after denuding.

In addition to the variability in the number and position of

R-lobes there is considerable variation in their shape. Some R-lobes

13



FIGURE 2. Appearance of cells in scanning electron microscope before
denuding. a. Photoreceptor embedded in the ventral nerve. Calibration

bar 100 u. b. Closeup of fibers that cover glial cells. Calibration

bar 1 tu
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are nearly spherical, as in Fig. le, some are cénica!, and still others
form long finger-like projections. There is also variation in cell
slze. The teasing apart of end-organs during the denuding process
revedis a population of small cells, 15 to 25um in diameter. As judged
by extracellular recordings uslng a suction electrode, at least some of
the small cells generate receptor potentials potentials (Stern,

unpublished).
B. Scanning Electron Hicroscopy of Ventral Photoreceptors

Cells were examined in the scanning electron microscope (SEM) using
the procedure described in Methods. Fig. 2 shows a cell which has not
been denuded. The cell is surrounded by a fibrous material; lobes are
not apparent. Fig. 3 shows a light micrograph of a denuded cell and a
scanning electrén micrograph of the same cell. The lobes visible in the
light microscope (Fig. 3a) are readily apparent In the scanning electron
microscope (Fig 3b) and the surface of the A and R-lobes have a very
different appearance. At higher magnification (Fig. 3c) it can be seen
that the surface of the R-lobe is covered with microvllli but none are

seen on the A-lobe surface.

We have examined 12 denuded cells in the scanning electrén
microscope. In 6 cells, microvilU were clearly visible. In one such
cell there were two R-lobes, both covered with microvilU (Fig. 4). In
6 cells, lobes were clearly distinguishable but microvilU were not
observed. It is possible that the lack of microvilU was caused by the
denuding process or by the preparation for microscopy. There is often a
well defined cleft between R and A-lobes (Fig. 4d) that forms the

boundary between the microvillar R-lobe and the smooth surface of the

15



FIGURE 3. Appearance of denuded cell in the scanning electrén
microscope. a. Light mlcrograph of a denuded cell having one R-lobe and
one A-lobe Calibration bar 25 b. The same cell seen 1n the scanning
electron microscope. Note that after being denuded the Isolated cell
(seen in a} was placed on the surface of the ventral nerve. c. Closeup

of the R-lobe showing microvilli. Calibration bar 1y.
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FIGURE 4. Scanning electron micrograph of a ventral photoreceptor
having two R-lobes and one A-lobe. The two R-lobes are located at the
sides of the A-lobe. The smooth bleb seen on the right R-lobe was
observed in the light microscope prior to fixation and probably results
from local damage. b. Close-up of the junction between the left R-lobe
and the A-lobe, showing the invaginations of the membrane in this
region, c. Close-up of the left R-lobe showing the microvilli. d.
Close-up of the left R-lobe. A calibration bar is shown in b and

represents 48um in a, 5u in b, 2.2u in c¢ and d.
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A-lobe. Another Interesting feature 1s the dlmpling of the R-lobe

surface (Fig. 3b) which may be sites of membrane 1nfoldlngs.
C. Sensitivity of the- R-lobe and the A-lobe to light

Fig. 5 illustrates an experiment 1n which we investigated the light
sensitivity of the A and R-lobes using a small spot of light (nominal
diameter, 10 ym). The photograph shows a denuded photoreceptor held by
a suction pipette and impaled by a microelectrode to record membrane
potential. In all such experiments the A-lobe was impaled. Since the
inslde of ventral photoreceptors is isopotential (Brown, Harary, and
Waggoner, 1979), the potential recorded by the microelectrode is the
same regardless of its location. The records show quantum bumps
obtalned under condltions of illumlInation which are indicated at the
side of each trace. The dark rate is shown in the uppermost trace.
When the A-lobe was llluminated by a dim spot (designated "log intensity
3“in Fig. 5), the quantum bump rate was comparable to the dark rate:
when the same spot was placed on the R-lobe 1t caused a dramatic
increase in the quantum bump rate. Similarly, over a wide range of
intensities, the response was greater when the spot was placed on the

R-lobe than when 1t was placed on the A-lobe.

In order to quantify the difference in sensitivity between the two
lobes, the rate of light-evoked quantum bumps was determined by
substracting the spontaneous rate from the total bump rate during
illumlnation. Conditions were selected so that the bump rate was low
enough to allow accurate Identification of individual bumps. Since the
light-evoked quantum bump rate is linearly related to light intensity

(Fuortes and Yeandle, 1964), the relative sensitivity (the relative

18



FIGURE 5. Differential sensitivity to light of the A-lobe and R-lobe,
1nset shows denuded cell held by suction pipette and Impaled by a
microelectrode. The upper star marks position of the small spot of light
used to stimulate the R-lobe. Similarly, a spot at the lower star was
used to stimulate the A-lobe. The calibration bar is 25ym. The traces
show the changes of membrane voltage recorded by the microelectrode.
The uppermost trace has three upward deflections, each of which is a
guantum bump. The record indicates that this cell had a low rate of
quantum bumps in the dark. The remainder of the traces show the
response to light for steady spots placed on the A-lobe (left) or R-lobe
(right). The intensity of the spot was increased in 10-fold steps from
top to bottom (log relative intensity is given by each trace; absolute

intensity was not measure).
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probabllity of an incident photon evoking a quantum bump) could be
directly computed from such measurements. For the cell 1n Fig. 5 the
light sensitlvity of the R-lobe was 940 times higher than the A-lobe.
In 3 other cells the ratios in Hght sensltivity between the R and
A-iobe were 510, 200, and 87. The true difference in sensitivity
between lobes should be higher than what we have measured since
responses produced by illumimation of the A-lobe are at least in part
due to light scattered into the R-lobe by the optical System and by the
cell itself. We investigated scattering by placing the spot so that it
did not fall on the photoreceptor; it was placed the same distance from
the R-lobe as previously used to stimulate the A-lobe but in the
opposite direction. Light scattered from the spot was measured as an
increase in quantum bunp rate. The rates measured in this way were of
the same order as those seen when directly illuminating the A-lobe with
the same spot. Therefore, light scatter into the R-lobe can

significantly contribute to the apparent A-lobe sensitivity.
D. Light adaptation is initiated at the R-lobe

In order to determine whether light adaptation is initiated
primarily in the R-lobe, an adapting spot was used to stimulate either
the A-lobe or the R-lobe selectively (see Fig. 6). Subsequent changes
in sensitivity were measured using a dim test spot incident on the
A-lobe. Reduction 1n quantum bump ampUtude serves as a measure of the
extent of light adaptation (Dodge, Knight, and Toyoda, 1968). After an
adapting spot was focused onto the R-lobe there was a much larger
reduction of quantum bump amplitude (Fig. 6c¢) than after placing it on
the A-lobe (Fig.6b). Thus, 1like excitation, light adaptation is
initiated primarily in the R-lobe.
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FIGURE 6. Effect of position of adapting spot on subsequent sensitivity
to light. a. Oark-adapted response to test stimulus spot on A-lobe. b.
Response to same test stimulus after adapting light was placed on
A-lobe. There was little adaptatlon. c. Response to same test stimulus
after adapting spot was placed on R-lobe. The greatly reduced quantum

bump amplitude indicates that substantial light-adaptation occurred.
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DISCUSSION

As illustrated in Figs. 1, 3 and 4, Limulus ventral photoreceptors
are subdivided into anatomically dlstinct lobes. In living preparations
these lobes are obvlous only after removing the glia that surround the
photoreceptors and this helps to explain why the lobes were not
previously recognized. The lobes seen in denuded cells are not an
artifact created by the denuding procedure since they can be readily

identified in sections of intact ventral photoreceptors (Calman and

Chamberiain, 1982).

We have shown by scanning electron microscopy that only R-lobes
have microvilli on their outer surface. This has been confirmed by
Calman and Chamberlain (1982) who have identified microvilli on the
outer surface of R-lobes of ventral photoreceptors fixed in vivo for
transmission electron microscopy. They further showed that all
microvilli are restricted to the R-lobe surface and to deep
invaginations of the R-lobe. These invaginations may begin as the

dimples seen on the R-lobes (Fig. 3b).

Two features of the microvilli as seen in the scanning electron
microscope are unexpected: first, the microvilli appear to be loosely
packed, as opposed to the tight packing typical of invertebrate rhabdom
and of ventral photoreceptors before denuding (Calman and Chamberlain,
1982); second, the microvilli are sometimes gnarled and fused.
Structures of this kind have not been seen in the transmission electrén
microscope and may be artifacts due to the denuding or fixation

processes.



The R and A-lobes are physiologically different. The R-lobe is at
least two to three orders of magnitude more sensitlve to Hght than the
A-lobe. Microvilli are restricted to the surface of the R-lobe and 1ts
infoldings (Calman and Chamberlaln, 1982). Since the presence of
microvilli greatly increases the membrane area, the high relative
sensitivity of the R-lobe to light is expected, even if rhodopsin is
uniformly distributed within the membrane. Recent immunological
evidence suggests that rhodopsin is present through both the rhabdomeric
and non-rhabdomeric membrane of squid photoreceptors (Wong, et al,
1982). Assuming that the A-lobe in Limulus does contain a small amount
of rhodopsin, it would be interesting to know whether such rhodopsin can
initiate excitation or whether it is silent because it lacks some
component associated with the microvillar structure that is necessary
for transduction. Unfortunately, technical problems in our experiments
make it unclear whether the low but finite sensitivity of the A-lobe is
real or whether 1ts apparent sensitivity is an artifact due to light

scattered into the R-lobe.

The Initiation of light-adaptation also occurs primarily in the
R-lobe (Fig. 6). Since light-adaptation in Limulus appears to be
mediated by a rise in intracellular free Ca2+ (Lisman and Brown, 1972;
Lisman and Brown 1975) and since Ca2+ cannot readily diffuse. through
cytoplasm (Fein and Lisman, 1975), a reasonable expectation would be
that the light-induced rise in Ca2+ would be largest in the R-lobes.
Harary and Brown (1981) have shown that the rise in Ca2+ produced by
uniform illumination is spatially nonuniform within ventral
photoreceptors, but it is not yet known whether the regions where the

increase is large correspond to R-lobes.
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Similarly, we do not yet know how excitatlon processes spread from
thelr site of 1nltlation 1n the R-lobe. Presumably a diffusable
internal transmitter couples the isomerization of rhodopsin to the
light-activated channels. From previous work it is clear that the
transmitter cannot spread uniformaly around the cell: Fein and Charlton
(1975) showed that two small spots of Hght placed at distant regions of
a cell produced independent conductance changes that were localized, at
least grossly, to the region of illumination. What remains unclear is
how far excitation can spread and whether the light-activated channels

are in the A-lobe, the R-lobe or both.
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CHAPTER 111

PROPERTIES OF LIGHT-ACTIVATED CHANNELS

IN LIMULUS VENTRAL PHOTORECEPTORS



SUMMARY

1) The light-activated conductance of Limulus ventral
photoreceptors was studied by means of the patch clamp technique for
recording single-channel currents.

2) In order to be able to apply the patch clamp technique to this
preparation, ventral photoreceptors were denuded from glial cells and
mlldly sonicated, a procedure that did not alter the physiological
properties of the cells.

3) Light activated inward single-channel currents that were absent
in the dark.

4) This activity was not induced by depolarization 1n the dark;
therefore, the activation of the channels was not a secondary result of
the light-induced depolarization.

5) The single channels activated by light have a conductance of
41pS and a mean open time of 4.1ms.

6) Injection of EGTA into the photoreceptors enhanced the
light-induced channel activity. Slnce EGTA prevenis the normal rise in
intracellular Ca2+ normally produced by light, this observation
indicates that activation of the channels is not mediated by Ca2+.

7) The single-channel conductance is independent of voltage.
However, the mean open time and the frequency of opening of the channel
depended on voltage, in a manner consistent with the voltage-dependence
of the macroscopic light-activated conductance.

8) The reversal potential of the single-channel currents was
“t-I0OmV, in the same range of the reversal potential of the macroscopic
light-activated current.

9) Single-channel activity was graded with light intensity, in a
way qualitatively similar to the macroscopic light-activated
conductance.

10) When a maintained light stimulus was applied, the single-channel
activity was initially high and then decayed to a lower and maintained
level. This time course qualitatively resembled the waveform of the
macroscopic light-activated current.

11) The single-channel activity adapts to light in a qualitatively
similar manner as the macroscopic response to Hght.

12) The evidence indicates that light activates ionic channels in

the ventral photoreceptors and that these channels are those which
underlie the macroscopic light-activated conductance.
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METHODS

The Preparation

Horseshoecrabs (Limulus polyphemus) were obtalned from the Marine
Biological Laboratories, Woods Hole, MA. Ventral nerves were dissected
out of the animdis, desheathed and pinned down onto the sylgard bottom
of the experimental chamber. The nerves were then treated with 2%
Pronase (Calbiochem, La Jolla, CA) for approximately 1 min. In order to
provide access of the patch clamp pipette to the photoreceptor plasma
membrane, the glial cells surrounding the Individual photoreceptor were
removed by teasing the glia away with a suction pipette of 20um tip
diameter, as described in Stern et al (1982). To be able to orient the
cell optimally for recording it was necessary to separate several

millimeters of the photoreceptor axon from the ventral nerve.

The cell body of the ventral photoreceptor is subdivided into lobes
that are distinct in structure and function (Bacigalupo et al, 1981,
Stern et al, 1982). The R-lobe is the light-sensitive part of the cell.
It has microvilli on its surface, some of which are on the su’*ace
(external microvilli) and others are located in clefts of the plasma
membrane (Internal microvilli; see Calman and Chamberlain, 1982). The
A-lobe has a smooth surface with no microvilli on it and does not appear
to be sensitive to light (Stern et al, 1982). We were easlly able to
obtain patch-clamp current recordings from the A-lobe. However, none of
the channels in the A-lobe were directly affected by light. It was
therefore desirable to record from the R-lobe of the cell. Using the
same approach successfully applied to the A-lobe, we obtained sedis on

the R-lobe but only after applying considerable suction. The currents
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measured from these patches contained a sporadlc noise that was
independent of light and voltage and was probably due to damage to the
patch membrane caused by the high suction. In order to obtain better
sedis on the R-lobe, further methods of treating the cells were
explored. We found that mild sonlcation of the preparation enabled us
to obtain seais on the R-lobe with less suction and to make recordings
in which the sporadlc noise was usually absent. On the A-lobe, ~80% of
the attempts (N = 44) to obtain seais were successful (noise level
compatible with single-channel current recordings). No successful seais
were obtained on the R-lobe of non-sonicated cells (N = 28). On the
R-lobe of sonicated cells, 43% of the attempts (420) were succesful. Of

these patches, 16 contained light-activated channels.

To do the sonication, the chamber containlng the ventral nerve was
covered with a microscope slide and wrapped with parafilm to prevent
leakage of water from the sonicator into the chamber. The chamber was
then suspended into the sonicator (model G112SP1T, La. Supply Co. Inc.,
Hicksville, NY), which was set at 80V for 2 min. After sonication
photoreceptors were denuded as described above. The function of
photoreceptors was not markedly affected by the sonication. Their
resting potential was 48.2 + 14.7mV (N = 67), near the normal valué (-40
to -70mV; Fain and Lisman, 1981), they produced normal Hght responses
(Fig. 2a) and they maintained their abllity to respond to single photons
(Fig. 4). It 1s not certain how sonication affected our abillty to
obtain good seais but it probably altered the R-lobe surface so that
areas of it became appropiate for obtaining seais. Preliminary studies
of a few sonicated photoreceptors in the scanning electré6n microscope

indicate that the cells did not have external microvilli; however, this
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was also sometimes the case for nonsonicated denuded photoreceptors
(Stern et al, 1982). Further work will be necessary 1n order to
understand the role of sonicatlon in our experiments. Although the
cells, as viewed in the light microscope, were not noticeably affected
by sonication, there were some Indications that sonication indeed did
something to the preparation. First, small vesicles appeared in the
bath after sonication, which were never observed in unsonicated
preparations. Secondly, photoreceptors of preparations that were
exposed to a more prolonged sonication (4 min. or more) ocasionally had
their axons sectioned into several pieces. Finally, it is our

impression that sonicated photoreceptors were easier to denude.

The Experimental Apparatus

The denuding procedure and the positioning of the electrodes was
done under a compound microscope (MlcroZoom, Baush and Lomb, Rochester,
NY). This microscope has a long working distance and a zoom feature,
which was very convenient because 1t made 1t unnecessary to change
objectives during the course of an experiment. The denuding of the
photoreceptors was done under low magnification (115X) while the
positioning of the patch pipette was done under 2-fold higher
magnification. The denuding pipette was mounted on a sliding
micromanipulator (Stern et al, 1982). This pipette was replaced by a
microelectrode after the stripping procedure was completed. The patch
pipette was mounted on the second micromanipulator (Une Tool Co.,
Allentown, PA), which was driven by miniature motors (motor mike, Ardel

Kinamatic Corp., College-Point, NY).
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The denuding procedure was done under red Hght. The stimulating
light (520nm) had a maximal intensity (10) of ~1.4x1014 photons cur2 s 1
at the level of the preparation. The intenslty of the light (1) was
controlled with neutral density filters and is expressed as relative

light intensity (log 1/10).
Patch clamp recording

The techniques used for patch clamping were standard (Neher and
Sakmann, 1976; Hamill et al, 1981). Pipettes ~0.5 were coated with
sylgard, firepolished and filled with artificial sea water (ASW). The
bath also contained ASW. The compositlon of the ASW was, 1n mM: 425
NaCl, 10 KC1, 10 CaCl2, 22 MgCl2, 26 MgS04, 15 Tris-Cl; pH adjusted to
7.8 with NaOH. A silver/silver chloride electrode was connected to the
bath through an ASW-agar bridge. A diagram of the patch-clamp Circuit
is shown in Fig. 1. Recordings were stored on magnetic tape (model
3964A of Hewlett Packard). Signais were filtered using a 4 pole Bessel
filter (model 4302 of Ithaco, Ithaca, NY) set at the bandwidths

indicated in the figure legends.

In most of the patch-clamp experiments, an intracellular
microelectrodé was used to record the membrane potential. The
microelectrodes were filled with 3M KC1 and had resistances of ~10Mn,

except when otherwise indicated.
EGTA injections

In some experiments the intracellular microelectrode was used to
inject EGTA [(Ethylenebis(oxyethylene-nitrilo)tetraacetic acid (Eastman,

Rochester, NY). Two different injection procedures were tried. In some
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FIGURE 1. Diagram of the patch-clamp Circuit. The operational
ampdifiers used in the Circuit are listed in the bottom right of the
figure. The time constant of the Circuit was 0.8ms when the input of
the amplifier was connected to ground with a dummy made of a IGft
resistor in parallei with a IOpF capacitor (the valué of the stray
capacitance when the Circuit was connected to the whole experimental
apparatus). The noise in these conditions was 0.4pA (P-P) when the

current was filtered with a Bessel filter (see Methods) set at IKHz.
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experiments we injected the EGTA iontophoretlcally. In this case, the
microelectrode was filled with 300mM EGTA, adjusted to pH 7.0 with KOH.
Negative (hyperpolarazing) current was passed through the electrode
(until a total of ~6 x 10 _f> Coulombs was injected). This method was
found to be inadequate, because not enough EGTA couid be injected into
the cell. Only a limited current ampUtude (2 to 3 nA) couid be
Injected without damaging the cell membrane (Lisman and Brown, 1975) and
longer injections were impractical because of the relatively short
life-time of the patches (typically 20 to 30 min.). For this reason we
chose to inject the EGTA by pressure (2-5psi). A la-ce tip
microelectrode (~1M« when filled with 3M KC1) was used for EGTA
injection and voltage recording. The microelectrode was filled with
1.5M EGTA that had been adjusted to pH 7.2 with KOH. In some of the

experiments, 7mM Hepes was added to the EGTA solution.
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RESULTS

A. Activation of Single-channel Currents During Illlumination.

After sonicating the preparation, the individual photoreceptor to
be used in the experiment was denuded and oriented in the chamber. A
microelectrode was impaled into the cell in order to measure the
membrane potential. The patch pipette was then positioned on the R-lobe
membrane and with the help of mild suction a seal fonned. We obtained
seais from 2 to I00Gqg; however they were typically around 20Gil. The
cells were then allowed to dark-adapt for a few minutes and the
recording was started. With the patch potential (potential difference
between the intracellular potential measured with the microelectrode and
the potential inside the pipette) at resting level, we did not observe
any channel activity in the dark, as can be seen in Fig. 2a.
Presentation of a prolonged light stimulus (intensity -1.6), induced
discrete inward currents. This is shown at high temporal resolution in
Fig.2b. In this figure the inward currents can be resolved as discrete
current pulses of ~1.7pA, clearly identifiable as single channel
currents. The patch current appears to contain at least three
light-activated channels, since the current reached a maximum level of
approximately three times the amplitude of a single-channel current.
The single-channel activity started after a latency of a few hundred ns
and was initially high. The activity then declined to a lower level,
which was maintained until the light was turned off (see below). In
some experiments, smaller events (less than IpA in this example),
occured infrequently during illumination (see arrows in Fig. 2b). These
events appeared to be light-activated, but were so infrequent that we

cannot be certain about this.



FIGURE 2. a. Top trace illustrates a single-channel response to a -1.6
light. The receptor potential of the cell, recorded simultaneously with
an intracellular microelectrodé, is shown in the bottom trace. The
light monitor trace indicates the moment a maintained light was applied
to the preparation. The microelectrodé (10MR, filled with 3M KC1) was
impaled into the photoreceptor before positioning the patch pipette on
the R-lobe membrane, because otherwise the oscillation of the
microelectrode used to penétrate the cell would brake the seal. b.

High temporal resolution recording of the current trace shown in part a.
The traces are a continuous recording initiated in the dark. The dot
indicates the moment of the onset of a maltained light (intenslty -1.6).
The arrows point to two unusually small current channels which appear 1n
our recordings with very low frequency. The recordings were filtered at

t = 0.8ms. Temperature: 21°C.
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A small outward patch current was observed shortly after the onset
of the light stimulus. This early outward current was seen in all of
our experiments and coinclded with the transient phase of the receptor
potential. The outward current flows towards the pipette electrode

across the finite resistance of the patch membrane.

The middle trace of Fig. 2a shows the simultaneous recording of the
membrane potential measured with an Intracellular microelectrode. The
resting potential of thls cell was -45mV. Light caused the membrane
potential to depolarize by ~30mV during the transient phase of the
receptor potential and by 6mV during the maintained phase of the
response. The latency of the receptor potential was significantly
shorter than that of the single-channel activity, an observation that we
made consistently in our experiments and which we discuss in more detail

below.

Since the membrane potential depolarizes during light, it is
conceivable that the channel shown in Fig. 2 could be a
voltage-dependent channel activated directly or indirectly by the
light-induced depolarization. In the recording of Fig 2a the period of
high channel activity begins after the transient phase of the receptor
potential has ended, indicating that the channel cannot be a classic
voltage-dependent channel. |f this were the case, the channel activity

would parallel the depolarization.

To address this question more directly, we did experiments 1llke that
shown in Fig. 3. The top trace of this figure shows the activation of
channels by light at the resting potential. There was no channel

activity before presentation of the light, but single-channel currents
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FIGURE 3. Light-1nduced depolarizatlon does not mediate the channel
activity. The top trace was obtained whlle the patch was approximately
at resting potentlal (-45mV). The patch membrane potential 1s the
difference between the voltage measured wlth the microelectrode and the
potential in the pipette. In the dark there was no channel activity.
Single-channel currents were activated after the onset of a malntained
11ght (-3.0). Light monitor is shown in the bottom trace. The lower
current record was obtained during the time the patch potential was
maintained depolarized to +55mV by imposing a potential in the patch
pipette. The depolarization was applied ~15s before the onset of the
light stimulus (-3.0). indlcated by the Hght monitor. Filtered with a «

= 0.8ms.
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were induced during subsequent illumination (intensity -3.0). The
voltage in the pipette was zero and therefore the voltage across the
patch membrane was resting potential (-45mV) during the dark and
slightly depolarized (by 6mV) during the maintained phase of the
receptor potential. The patch was then depolarized in the dark by
changing the potential inside of the pipette. Oepolarization of the
patch to +55mV did not induce channel activity in the dark (bottom trace
of Fig. 3), indicating that the activation of the channels was directly
light-dependent and was not due to the voltage change. While
maintaining the patch depolarized, the cell was stimulated again with
the same light. [Illumination induced single-channel currents. The
single-channel currents were now outward because the patch potential was
more positive than the reversal potential for the Hght-activated

current (0 to +20mV; Millecchia and Mauro, 1969; also see below).

The patch of Fig. 3 contained only light-activated channels.
However, in some of the patches containing light-activated channels
there were also voltage-dependent channels not activated directly by
light. The presence of these channels was revealed when the patch
potential was varied in the dark. The currents associated with
voltage-dependent channels were clearly distinguishable from the
light-activated channel currents because they were activated by
depolarization and because the direction, magnitude and mean open time

were very different from that of the light-activated channel.

B. Intensity- and Time-dependence of the Single-channel Activation.

The magnitude of the macroscopic light-dependent current increases

when the light intensity is raised (Millecchia and Mauro, 1969b; Lisman
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and Brown, 1971a). This was also observed in the activation of the
Hght-activated channels, as Illustrated in Fig. 4. The current traces
shown 1n this figure are single-channel responses to light-stimuli of
three different intensities. The dimmest light (intensity -3.0)
produced low channel activity (top trace). A brighter stimulus (-1.6)
induced a higher channel activity (middle current trace). The
single-channel activity was further increased (bottom current trace) in
response to a light of intensity -1.3. It is interesting to note that
in none of our experiments were we able to activate the light-activated
channels with intensities lower than -3.0, even though such dim lights
produced changes in membrane potential which were detected with a

microelectrode.

The time-course of the macroscoplc response to light depends on the
intensity of the light (Mlllecchia and Mauro, 1969b; Lisman and Brown,
1971a). Illumination of the photoreceptor with a prolonged dim light
stimulus evokes a constant inward current. However, the inward current
in response to a bright prolonged stimulus consists of a large initial
translent that decays to a lower maintained valué. Similarly, the
activation of the light-activated channels (Fig. 4a) showed an initial
burst of high channel activity which decayed to a lower level that was
maintained until the the light was turned off. Results of this kind
were obtained in all but one of our experiments. In this one experiment
we observed a transient increase in channel activity after termination
of the light, which gradually decayed to the dark level (no activity).
This post-light activation was not seen 1n the response to dimmer

stimuli. Interestingly, of all the patches that we studied, this patch
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FIGURE 4. a. Single channel responses to light-stimuli of increasing
intensities. Top trace is the response to dimmest light. At the bottom
is shown the voltage response obtained simultaneously with the
single-channel response to the -1.3 light. The unusually large outward
current observed during the latency period is due principally to the
activation of voltage-activated channels that were present in this
patch. We resolved such channels by varying the patch potential in the
dark (not shown). Numbers at the left denote relative light
intensities. b. Single-channel and voltage responses to a -1.6 light
(same as middle trace of part a) shown at high temporal resolution.
Arrow indicates the time of onset the light which is maintained during

the time of this recording. Filtered at x = 0.8ms.
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presented the highest sensitivity to 1lght (highest channel activity for

the given light intensity).

The latency period that preceeds the macroscopic response of the
cell is no longer than 150ms and is reduced as light intensity is
increased (Millecchia and Mauro, 1969b). A latency also preceeds
activation of the light-activated channels. In all our experiments the
latency was significantly reduced with bright lights by 5 to 10-fold
(see Fig. 4a). However, in our patches we consistently observed
latencies that were longer than the macroscopic response typically by a
few hundred ms. Fig. 4b shows the top current trace of Fig. 4a expanded
in the time scale. In this case the macroscopic response had a latency
of ~70ms, whereas the latency of the single-channel response was ~800ms.
In all but one experiment the latencies of the single-channel responses
were 1n the range of 60 to 800ms, depending on the patch, the
light-intensity and the State of dark-adaptation of the cell. In one
patch, the latency of the single-channel response to a dim stimulus was
~4s (top trace of Fig. 3). This was the most extreme case in this
regard. At bright light (-1.0) the latency was reduced to 300ms.
Interestingly, in order improve the seal on that occasion we needed to
apply some extra suction, which might explain this unusually long
latency (see Discussion). In conclusion, the activation of the
light-activated channels is qualitatively similar to the macroscopic
light-activated current in its Intensity-dependence and time-course, but

has important quantitative differences.
C. Effect of Light Adaptation on the Single-channel Response.

Photoreceptors adapt to light. This means that the response of a

40



photoreceptor to a light stimulus 1s reduced 1n amplitude 1f the cell
has been previously exposed to an adapting light. The experiment 1n
Fig. 5 shows that the same effect of bright Hght is observed at the
single channel level. The single-channel activity evoked by stimulating
the dark-adapted photoreceptor with a test light (intensity -3.0) is
shown in part a of the figure (top trace). The cell was then exposed to
an adapting light. 10s after the adapting light was turned off, the
test stimulus was presented again, producing a reduced single-channel
activity (Fig. 5b, top trace). After the cell dark adapted for 3 min,
the single-channel response to the last stimulus recovered (Fig. 5c, top
trace). The reduction in the single-channel activity was more
pronounced than the reduction occuring in the voltage response
simultaneously obtained with a microelectrode (Fig. 5). This experiment
indi cates that an important property of photoreceptors, light

adaptation, is also evident in the activation of the single-channels.

D. Ca2+ does not Mediate the Activation of the Channel by Light.

It is well established that light causes the intracellular free
Ca2+ concentration to rise in the ventral photoreceptor. This transient
rise in Ca2+ concentration has been detected by different methods (Brown
and Blinks, 1974; Brown et al, 1977; Levy and Fein, 1984). Ca2+ has
been shown to affect the gating of certain ionic channels (Yellen, 1982;
Maruyama and Petersen, 1982; Latorre et al, 1984). Although there has
been no prevlous indication of a Ca2+-activated macroscopic conductance
in Limulus (Fain and Lisman, 1981), we examined the possibility that the
light-dependent rise in Ca2+ could mediate the activation of the channel

that we have studied. In these experiments we injected the
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FIGURE 5. Effect of an adapting light on the single-channel response.

The same Hght (-3.0) is used as a test stimulus in a, b and c. Top

traces are patch current recordings. Middle traces are membrane

potential recordings obtained simultaneously with the corresponding

current traces, a. Response of the dark-adapted cell. State of

dark-adaptation is revealed by the quantum bump responses preceeding the

onset of the stimulus. b. Response of the cell 10s after exposure to

an adpating light. Quantum bumps are absent form the voltage trace,

Indicating that the cell is light-adapted. c. The cell recovers its

response after 3 minutes 1n the dark. Quantum bumps are again evident

in the voltage trace.
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Ca2+-chelator, EGTA, 1lnto the photoreceptor and compared the
single-channel responses to light before and after the injection. EGTA
has been previously shown to abolish the light-induced rise in
intracellular Ca2+ (Brown and BUnks, 1974). Furthermore, the
light-adaptation process 1s Ca2+-dependent. For this reason, EGTA
drastically increases the amplitude of the steady-state phase of the
macroscopic light-activated current. Therefore, a higher steady-state
channel activity is expected to occur in the presence of EGTA if the
channels we have studied underliie the macroscopic light-activated
conductance. On the other hand, if the channel is Ca2+-activated,
injecting EGTA should depress the actlvation of the channel by light.
The results of EGTA-injections are shown in Flg. 6. EGTA was
pressure-injected 1nto the cell with a microelectrode, as explained in
Methods. The single-channel recording began a few minutes after the
impalement of the cell. In order to compénsate for the drop in driving
forcé for the single-channel current that occurs during the large
maintained receptor potentials in EGTA-injected cells, a hyperpolarizing
potential was applied to the patch a few seconds before the onset of
each light stimulus and was maintained during the light. In this
particular experiment, a 50mV hyperpolarizing step was applied, which
was the amplitude Of the receptor potential during the steady-state.
Three sequential stimuli were given at intervals of -Irnin. Each of the
three stimuli evoked similar responses, one of which is shown in the top
trace of Fig. 6. During the 1 minute dark period preceeding a fourth
light stimulus, EGTA was injected. The response to the following
stimulus is shown in the second trace of Fig. 6. The single-channel

activation by light was greater than before the EGTA-injectfon.
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FIGURE 6. Effect of EGTA on channel actlvatlon. Patch current
responses obtained before EGTA and after succeslve EGTA-injections are
shown. EGTA was contained into the voltage-measuring microelectrode and
pressure-injected into the photoreceptor by appying 3 to 5psi for ~5s to
the back of the microelectrode. The patch recording started a few
minutes after the impalement of the microelectrode. The Hght stimuli
of intensity -1.0 were applied at intervals of 1 min. However, some
leak of EGTA into the cell during that time was evident from the shape
of the voltage response to light (not shown), which had large
steady-state level characteristically produced by EGTA. Each stimulus
was repeated three times between each Injection. ~5s before each
stimulus, the patch was hyperpolarized by 60mV and the hyperpolarization
was maintained until after the offset of the light. The purpose of this
imposed potential was to compénsate for the drop in the driving forcé
for the light-activated current during the light-induced depolarization,
which was of approximately 40mV. The channel activity was reduced by
the subsequent repetitive stimuli after each injection, although only
one example of this is shown here (after the second injection, bottom
current trace). This patch contained voltage dependent channels, in
addition to the light-activated channels. Current filtered at x =

0.8ms.
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A second injection was then made. As can be clearly seen 1n the third
trace of Fig. 6, the response was now even larger, revealing further
enhancement of the channel activation by EGTA. Further repetitive light
stimuli caused a decrease on the slngle-channel activation, presumably
due to saturation of the EGTA by Ca2+. A similar decrease of channel
activation occured after repetitive stimuli following the first
EGTA-injection (not shown). We conclude from these experiments that the
channel we have studied is not actlvated by a light-induced rise 1n

internal free Ca2+.
E. Properties of the Individual Light-activated Channels.

Reversal potential and single-channel conductance. In order to3
determine the reversal potential of the single-channel currents, we
recorded the patch current under a sustained light stimulus, during
which the patch potential was varied in steps by imposing potential
inside the pipette. The voltage across the patch membrane was
calculated as the dlfference between the intracellular potential
measured with a microelectrode and the pipette potential. These
experiments were done in patches that did not contain voltage-dependent
channels. We found that the reversal potential for the llght-actlvated
currents was in the range of +5 to + 19mV (5 experiments; average: 9 %
3 (s.e.m.) mV). Representative light-activated single-channel currents
obtained from one patch at different potentials are shown in Fig. 7a.
The reversal potential for the single-channel currents was obtained from
the current-voltage (I-V) plot of these currents (Fig. 7b) and is +10mV.
The reversal potential for the single-channel currents is within the

range previously reported for reversal potential of the macroscopic
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FIGURE 7. Current-voltage (I-V) relationship for the single
light-activated channel currents. 7a shows a series of traces

contai ning single-channel current. This patch did not have
voltage-dependent channels. The patch potential was varied by imposing
a voltage in the pipette. The numbers at the left of each trace
correspond to absolute patch potentials, obtained from the difference
between the membrane potential of the cell measured with an
intracellular microelectrode and the potential inside the pipette. The
traces were filtered with a «+ of 0.8ms. The dashed lines by each trace
indicate the base-line current level. b. I-V curve for the same data
as in part a. The straight Une was fitted by the least squares method.
The single channel conductance obtained from the slope of the curve is

45pS. The reversal potential is +10mV.
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light-activated current: O to +20mV (Millechia and Mauro, 1969c; Brown
and Mote, 1974). The conductance of the individual channel, calculated
from the slope of the I-V curve, 1s 45pS. The average valué for the
single-channel conductance (5 experiments) is 41.2 + 5.2 (s.e.m.) pS.
The I-V relationship of the light-activated channel is linear within the
voltage range we used, indicating that the conductance of the single
channel does not depend on the membrane potential. Although a
systematic study in a single patch was not done, measurements of
conductance in 5 separate patches at various Hght intensities suggest
that the single-channel conductance does not have an obvious dependence

on light intensity.

Single-channel mean open time. The mean open time of the
light-activated channel was obtained from the distribution of open times
(Fig. 8). The photoreceptor was illuminated with a steady light (-1.0),
while the patch potential was -35mV. The experiment was performed at
room temperature (21°C). The measurements of the open times were done
during the steady-state phase of the response. Some of the events were
too fast to be well resolved by our System, which had a + = 0.8ms. The
longer individual events reached an amplitude of 1.8pA (not shown). We
chose to measure the 'width' of the events (i.e. the open time) at 1/2
this valué (0.9pA) from the baseline. Events with an open time <0.55ms
were then below the limit of resolution that we established and,
therefore, were ignored. Each experimental point in the plot represents
the sum of the events with a duration >t, (total number of events =
145). The points were best fitted with a single exponential of time
constant, t, of 4.7ms, which corresponds to the mean open time of the

channel. The valué of the mean open time calculated as the average of
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FIGURE 8. Senilog plot of the distribution of open times of single
Hght-activated channels. The experimental points (total of 145 events)
were best fitted by a single exponential of + = 4.7ms and represent the
number of single-channel events with a duration >t. The open times were
measured during a light of intensity -1.0 and a steady absolute patch
potential of -35mV (difference between the potential inside the cell,
measured with an intracellular microelectrode, and the potential inside
the pipette). The open time for this channel calculated as the average
of the 145 events was 4.1 = 0.5ms. The current was filtered with a « =

0.8ms. Temperature: 21°C.






the 145 events was 4.1 + 0.5 (s.e.m.) ms for the channel in this patch.
The average valué for the mean open time measured in 11 experiments is
3.0 £ 0.4 (s.e.m.) ms. These measurements were obtained at different
light intensities (-3.0 to 0) and the mean open time did not have any

obvious dependence on the intensity.

The valué of the mean open time of the channels depended on
membrane potential. Flg. 9a shows a series of current traces containing
light-activated channels that were obtained at various patch potentials
while the cell was illuminated with a steady light (-1.3). It is
readily apparent that the mean open time increases sharply at positive
potentials. The mean open time of the channel is plotted vs. the patch
potential (V range: -35 to +40mV) in Fig. 98. The mean open time was
near 4ms at negative potentials, but rose sharply (over 4-fold) at
positive potentials. The data shown in this figure are from a patch
apparently containing one channel, slnce no overlapping of single
channel events were observed during the course of the experiment. In
all other patches, the mean open time was difficult to quantify because
the patches contalned more than one channel; nevertheless, the effect of

voltage on the open time was qualltatively very clear in all such

cases.

The conductance and mean open time of the single light-activated
channel were apparently not altered after injection of EGTA into a cell.
Ue were able to measure these valtes in one patch from an EGTA-injected
cell and obtained a single-channel conductance of 37pS and a mean open

time of 3.1ms, both within the same ranges measured in uninjected

photoreceptors.
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FIGURE 9. Voltage-dependence of the light-activated channel mean open
time. a. Patch current recordings obtained at varlous patch potentlals.
The numbers at the left indicate absolute patch potentials
(intracellular potential minus pipette potential). Filter: +« = 0.8ms.
b. Plot of the mean open time vs. voltage of data form the same patch

as in A. The mean open times were calculated as the average open time *
S.D. No overlapping of single-channel currents was observed for this

patch, suggesting that the patch contained a single light-activated

channel. The patch did not contain voltage-dependent channels.
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Frequency of opening of the channel vs. potential. The probability of
opening of the iight-activated channel can also be measured in the same
patch as in Fig. 9. The frequency of channel opening during the
maintained response to a steady Hght is plotted as a function of
potential in Fig. 10. The plot shows that the frequency of opening of
the channel increases -4-fold with an 80mV increase in the patch
potential. This effect was observed consistently in the patches in
which this was examined (4), but only in this patch were we able to
quantify the results. The other patches contained several

light-activated channels.
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FIGURE 10. Voltage-dependence of the frequency of opening of the
light-activated channel. The plot shows the frequency of opening
(number of events/s) vs. voltage, and was obtained by counting the
number of channel openings in each period of time at various absolute
patch potentials (intracellular potential minus the pipette potential).
The data was taken from the same patch as in Fig. 9, which contained one

light-activated channel and no voltage-dependent channels.
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DISCUSSION

In thls Chapter we report that the ventral photoreceptor membrane
contains ionic channels which are activated by light. Furthermore, we
present evidence indicating that such channels underlle the macroscopic

light-actlvated conductance.
Previous Evidence for Channels in Photoreceptors.

Although no dlrect observation of light-activated single-channel
currents has been previously reported in photoreceptors, evidence
suggesting that channels underlie the macroscopic light-activated
conductance change has been obtained 1ndlrectly using noise analysis.
However, the applicatlon of this technlque 1s difflcult in
phctoreceptors because 1t 1s not posslble to have control over the
concentration of the internal transmitter and, therefore, it is not
possible to decide unambiguously whether the major source of the
fluctuations is the transition between the closed and open States of the
channels or the variation 1n the concentration of internal transmitter
(Fain and Lisman, 1981). In the ventral photoreceptor, Wong (1978) used
this technique on voltage clamped cells. He estimated the
single-channel conductance as 18pS and the mean open time as 18.7ms.
These valles, considering the assumptions Involved in their,
determination, are rather ciése to those measured by us in the same

cells.

Recently, analysis of patch current fluctuations in vertébrate rods
suggested a unitary conductance of 50fS for the light-dependent

conductance, a valué compatible with a channel of unusually small
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conductance or with a carrier (Detwiler et al, 1982). Studies of the
voltage noise of photoreceptors have also been done (Lamb and Simén,
1977; Schwarz, 1977; Payne, 1981). However, these studies have the

additional complication of the possible contribution of

voltage-dependent channels to the noise.
Evidence for the Light-activation of the Channels.

The activation of the light-activated channels is thought to be
mediated by an internal transmitter (Cone, 1973), whose concentration in
the cytoplasm of the photoreceptor depends on light intensity. The
identity of the internal transmitter remains unknown, although there is
good evidence in the ventral photoreceptor suggesting that it cannot be
Ca2+ (Fain and Lisman, 1981). This situation makes it very difficult to
obtaln direct proof that a particular class of ionic channels detected
in the plasma membrane of a photoreceptor are those underlying the
macroscoplc light-activated conductance. The approach that we undertook
to address this problem was to compare the properties of the single
channels with the macroscopic light-activated current (Fain and Lisman,
1981). We have found that the single channel properties resemble those
of the macroscopic conductance in having the same reversal potential, in
that their light-activation is not mediated by voltage or by Ca2+, in
having qualitatively similar intensity-and time-dependence of activation
and finally in having qualitatively similar properties of
light-adaptation. They differ 1n the latency of activation and in the
absolute light-intensity necessary to induce their activation. Below we
discuss the similarities and differences between the single-channel

conductance and the macroscopic light-activated conductance.
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Similarities Between the Single Channels and the Macroscopic

Light-activated Conductance.

Reversal potential. We found that the reversal potential (~+9mV) of the
channels activated by light is in the same range as that of the

macroscopic light-activated current (Millecchia and Mauro, 1969c).

The macroscopic light-activated conductance has been previously
shown to be voltage-dependent (Millecchia and Mauro, 1969c), becoming
larger at positive potentials. This could be due to voltage-dependence
of the single-channel conductance, its mean open time, its probability
of opening, or to a combination of these factors. We found that the
single-channel conductance is independent of voltage within the same
potential range used in the macroscopic studies (Fig. 7b). However, the
mean open time and the probability of opening during light were found to
increase at positive voltages (Figs. 9 and 10). Thls voltage-dependence
of the mean open time and probability of opening can qualitatively
account for the voltage-dependence of the macroscopic conductance. The
increase in the probability of opening of the channel may reflect an
effect of voltage directly on the channel or an effect of voltage on the
mechanisms for release or uptake of the internal transmitter. From our

data we cannot decide between these possibilities.

Voltage does not induce activation of the channels. The macroscopic
light-activated conductance is not activated by depolarizing the
photoreceptor membrane 1n the dark (Fain and Lisman, 1981). Similarly,

the light-activated channels caanot be opened by depolarizing the cell

in the dark.
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Ca2+ does not Induce activation of the channels. Internal! free Ca2+
rises during light (Fain and Lisman, 1981) and produces a reduction in
the light-activated current (light-adaptation). Injection of EGTA into
the photoreceptor, which abolishes the rise in intracellular Ca2+,
increases the maintained phase of the macroscopic light-activated
current. In our experiments, injection of EGTA produced an enhancement
of the light-induced single-channel activity (Fig. 6), in agreement with
the macroscopic data. [f the channel were a Ca2+-activated channel, the
activity should have been depressed by the EGTA-injection. Therefore,

we ruled out the possibility of a Ca2+-activated channel.

Intensity and time-dependence. The activation of the macroscopic
light-activated conductance is graded with light intensity. We found
that the activation of the single-channels is also graded with light

intensity in a qualitatively similar way (Fig.4).

The macroscopic light-activated current evoked by a prolonged dim
light in a voltage-clamped ventral photoreceptor has been shown
previously to consist of a steady inward current, whereas bright lights
produce inward currents consisting of an early transient which declines
to a lower, steady-state level (Millecchia and Mauro, 1969c). We found
that 1n all patches the light-activatlon of the channels followed a
qualitatively similar time-course as the macroscopic current to bright
lights: the single-channel activation had an initlal transient phase of
high probability of channel opening which was followed by a phase of
lower and maintained rate of channel opening until the termination of
the light (Fig. 4). In one of these patches we observed, in addition, a

single, steady phase of channel activity at dimmer light (see Fig. 3),
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resembling the waveform of the macroscopic current evoked by a dim

light.

Light-adaptation and the effect of EGTA. An adapting light transiently
decreases the macroscopic current evoked by a test flash (Lisman and
Brown, 1971b). We have found that the single-channel response adapts to
light in a qualitatively similar way (Fig. 5). The single-channel
response was depressed after an adapting light, but it recovered after

the cell had dark-adapted.

Differences Between the Single-channels and the Macroscopic

Light-activated Conductance.

Latency. The latency of the single-channnel responses was in all cases
longer than in the corresponding macroscopic responses. The reason for
this long latency could be that in our experiments we may have
preferentially recorded from membrane patches wlth an unusual spatial
relationship wlth the rest of the transduction machinery, thus
presenting a behavlor somewhat shifted from the average. This could be
a normal situation 1n the cell or, alternatively, it could result from
the procedures requlred to obtain sedis. The regions of the cell
membrane suitable for seal formatlon may have been altered by the
sonication. Alternatively, alteratlon of the membrane morphology
produced by the patch electrode Itself may be critlcal; the patch
membrane folds into the pipette, presenting an a-shape (Hamill et al,
1981) and leaving a narrow path connecting the cytoplasm with the patch
membrane. |f the probability of opening of a light-dependent channel
depends on the diffusion of internal transmitter through this distorted

path, the change in transmitter concentration in the patch might be slow
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compared to the channels of rest of the membrane. Thls would result in

a shift in the kinetics of activation of the patch channels relative to

the activation of the macroscopic current.

Intensity of activating light. The activation of the channels was
induced in all patches with lights much brighter (by 3 log units or
more) than those needed to produce a detectable macroscopic response.

The reason for this shift in the activation threshold can be explained

by the same argument used to explain the latency. The change in

concentration of transmitter at the patch channei would vary much less
and more slowly than the change in transmitter concentration near the
’average' channei, such that a relatively brighter light was necessary

to trigger activation of the single channels at the patch compared to

that necessary to activate the maroscopic conductance.

Altogether, the evidence presented in this paper strongly suggests
that the single-channels that we have studied are activated by light and

underlie the macroscopic light-activated conductance in the ventral

photorceptor.
Possible Effect of Ca2+ on the Light-activated Channei.

The light-induced rise in intracellular free Ca2+ concentration has
a role in light-adaptation: it reduces the light-activated conductance
in ventral photoreceptors (Lisman and Brown, 1975). However, the
mechanism by which Ca2+ produces this effect remains unknown. One
possibility is that it acts directly on the channei; alternatively, it
may have an effect on the release of transmitter (either directly or on

some previous step leading to it) or on the mechanism of uptake of
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transmitter. From our data, we cannot distinguish between these
posslbilities, which are 1n no way exclusive. However, our results put
some constraint on the kind of direct interaction that Ca2+ could have
with the channel. The action of Ca2+ on the channel could be to
decrease its conductance, to decrease its mean open time or decrease its
probability of opening. In our experiments there was no obvious change
in the single-channel conductance or mean open time at the various light
intensities that we used to stimulate the cells (-3.0 to 0). Since the
levels of Ca2+ concentration are expected to vary at these different
intensities (Levy, 1983), Ca2+ does not appear to have an important
effect on these properties of the channel under our experimental
conditions. Ca2+ could, however, decrease the probability that the
channel opens by blocking the channel gate. This blockade would have to
occur when the channel is in the closed State and not when it is open,
because otherwise we should see a change in the mean open time, which
was not observed. In conclusion, the only type of direct effect of Ca2+
on the channel not excluded by our data is a blockade of the gate of the

gate when the channel is closed.

Comparison of the Properties of the Light-activated Channel and the

Acetylcholine Channel.

The single light-activated channels in Limulus appear to be
"classic" channels and are remarkably similar to the
acetylchollne-activated channel. Both channels are controlled by a
transmitter, although the unknown mclecule that Controls the
light-activated channel acts from the Inside of the photoreceptor

membrane, whereas acetylcholine binds to the acetylcholine
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receptor-channel complex from the external slde. Their single-channel

conductance and mean open time are similar. Using similar conditions of

temperature and ionio strengh as ours, Montal et al (1984) measured a
single-channel conductance of 48pS and a mean open time in the
millisecond range for the acetylcholine receptor from Torpedo electric
organ reconstituted in phospholipid bilayers. These valles are very
ciose to those measured by us for the light-activated channel (45 pS and
4mS, respectively). The selectivity properties of both channels are
also very similar: the reversal potentials of the currents flowing
through both channels is near zero (see above and Adams et al, 1980) and
the permeability ratio for various cations is also quite similar for

both channels (Brown and Mote, 1974; Adams et al, 1980; Montal et al,
1984).

The reversal potential of the light-activated current (0 to +20mV;
Millecchia and Mauro, 1969c ; Brown and Mote, 1974), is somewhere in
between the reversa! potential for Na+ and for K+, which are the
principal ions that carry current across the ventral photoreceptor
membrane (Fain and Lisman, 1981). The net inward current flowing
through the light-activated conductance is carried principally by Nat.
The permeability ratio for Na+/K+ = ~2 (Brown and Mote, 1974). One
possi ble explanation for a macroscopic conductance having such a
selectivity ratio for these cations is that 1t consists of two different
channels: a Nat-selective channel and a K+-selective channel, both of
which would be simultaneously opened by light. A model such as this was
proposed by Takeuchi and Takeuchi (1960) for the acetylcholine-activated
conductance in the neuromuscular junction which, as mentioned above, has

a similar ionic selectivity as the light-activated conductance. This
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posslbl1lty has been ruled out fcr the neuromuscular junctlon (Adams et
al, 1980) and is now ruled out for Limulus light-activated conductance
by our single-channel data. The light-activated single-channel currents
that have the same reversal potential as the macroscopic light-activated
current, whereas if the two-channel theory were correct, we should have
found two different channels, one having a much more positlve reversal
potential (a Na+t-channel) and another with a more negative reversal

potential (a K+-channel).

Implicatlons of the Single-channel Basis for the Light-activated

Conductance with Regard to Transduction.

One remarkable characteristic of light-transduction is the gain
involved this process. With the mean open time and the single-channel
current at a certain potential, we can calclilate the number of channel
openings that occur during an average quantum bump in a dark-adapted
ventral photoreceptor. In a cell voltage-clamped to resting potential,
the quantum bump current is typlcally ~2nA at the peak and has a
duration of ~100ms. The charge mobilized during such a bump is 6x10®
electronic charges (Goldring, 1983). The charge mobilized when a
light-activated channel opens for 4ms (approximate valué of the mean
open time of the channel) in a patch at resting potential is 2.4xl104
electronic charges. Therefore, approximately 104 channel openings occur
during the average quantum bump. This means that for each rhodopsin
molecule isomerized by light, 104 channel openings are induced, which is
the gain of the process at low light intensities. A valué of 10®
channel openings/bump was estimated by Wong (1978), based on noise

analysis determinations of the channel conductance and mean open time
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(see below). The quantum bump current relaxes with a time constant of

14.4ms (Wong, 1978). Because the mean open time of the Hght-acti vated
channel is much shorter than that, the relaxation of the bump cannot be
determined by the time constant of closing of the channels but rather it
reflects the change in the concentration of internal transmitter. This
situation is different than in the minuature end piate potentials of the
postsynaptic membrane of the neuromuscular junction; in such a case, the
relaxation is determined by the closing of the acetylcholine-activated

channels (Anderson and Stevens, 1973).
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