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The Limulus ventral photoreceptor is a model system for understanding inositol

(1,4,5) trisphosphate (IP3) induced calcium (Ca2+) release and the light response of

invertebrate photoreceptors. Light-induced Ca2+ release via the phosphoinositide

cascade is thought to activate the photocurrent in Limulus. The pharmacology and

dynamics of the light-induced Ca2+ signal was investigated. Application of 1-100 µM

2 - aminoethoxydiphenyl borate (2-APB), a non-specific IP3 receptor inhibitor,

reversibly inhibited the photocurrent in a concentration-dependent manner, acting on

at least two processes thought to mediate the visual cascade. 2-APB reversibly

inhibited both light and IP3-induced calcium release, consistent with its role as an

inhibitor of the IP3 receptor. 2-APB also reversibly inhibited the activation of

depolarizing current flow through the plasma membrane by released calcium ions. In

addition, 100 µM 2-APB reversibly inhibited voltage-activated potassium currents.

This lack of specificity of 2-APB’s action in Limulus suggests that the effects of 2-



APB need to be interpreted with caution. Dynamics: The light-induced Ca2+ release

begins at the light sensitive plasma membrane of the R lobe. Consistent with its role

in mediating light responses, this Ca2+ signal rises to its peak with a similar time

course to that of the electrical signals. Then the Ca2+ signal spreads into the interior of

the cell with two phases. The initial fast phase is a diffusion driven process that needs

both the diffusion of IP3 and of Ca2+ released by IP3, since both manipulations that

alter the apparent diffusion coefficient (D) of Ca2+ ions or those that change the life

span of IP3 molecules can change the spread of the fast phase. A model of simple

diffusion of IP3 molecules (or Ca2+ ions) and a diffusion model for IP3 and Ca2+

released by IP3 were constructed using estimated D values of Ca2+ and IP3 inside cells

obtained through the Graham’s Law. Simulation results indicate that diffusion of IP3

and released Ca2+ is both necessary and sufficient to determine the initial fast phase.

The expected spread of excitation following absorption of one photon can be

predicted by this model.
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General Introduction

Abstract

Photo-transduction in Limulus ventral photoreceptors starts as a G-protein-coupled

signaling cascade. The G protein then activates the phosphoinositide (PI) pathway

which is shared in most invertebrate photoreceptors. The products of the PI pathway,

inositol trisphosphate and perhaps diacylglycerol are then thought to mediate the

activation of “light-activated” ion channels. The events downstream of the Ca2+

signal, particularly the identity of the light-activated channels, are still unknown.

Some experimental data supports a role for cGMP gated channels, while other data

suggest that the light-sensitive channels might be some type of canonical TRP

channel. New pharmacological and genetic approaches are needed to clarify this

issue.

Consistent with the idea that light-induced Ca2+ release is essential to the excitation

and adaptation of the phototransduction cascade, light-induced Ca2+ release originates

within 4 µm distance of the light sensitive membrane of the R lobe. Moreover, the

timing and the peak of the Ca2+ induced fluorescence at its origin are tightly

correlated to those of the electrical signal-induced by light at all intensities examined

so far. The spread of light-induced Ca2+ signal has been shown to have two phases.

However, the spatial relationship between the phototransducing membrane and the

origin of light-induced Ca2+ release as well as the mechanism by which the Ca2+

signal spreads are still unknown and need to be clarified.
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Following the first description (Millecchia and Mauro, et al., 1966), the mechanism

that drives the light response of the Limulus ventral photoreceptor has been intensely

investigated. Experimental evidence shows that its phototransduction cascade shares

some elements common to the pathways of other photoreceptors, especially those of

invertebrates, but that it may also have unique components as well (Dorlochter and

Stieve, 1997).

The photo-transduction cascade in Limulus ventral photoreceptors (Fig. 1)

The photo-transduction in Limulus ventral photoreceptors starts with the universal

G-protein-coupled signaling cascade. The early components of the photo-

transduction cascade in ventral photoreceptors are shared by all photoreceptors (Pugh

and Lamb, 2000). Briefly, photons are absorbed by a membrane bound pigment,

rhodopsin (Rh). Rh then undergoes a conformational change which allows it to

catalyze the activation of GTP-binding proteins (G proteins). The α subunit of the G

protein (Gα) then activates different targets in different photoreceptors, which will

lead to the opening or closing of ion channels on the plasma membrane. The type of

G protein found in Limulus ventral photoreceptors is Gq (Contzen and Nagy, 1995),

whose target is phospholipase C (Brown et al., 1984). The use of phospholipase C as

a target is common to other microvillar photoreceptors in invertebrate species. By
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contrast, in the cones and rods of vertebrates, the target of the Gα subunit is

phosphodiesterase (PDE). PDE hydrolyzes the small messenger molecule, cGMP,

leading to the closing of cGMP-activated channels (Pugh and Lamb, 2000).

The G protein activated phosphoinositide (PI) pathway is utilized for the next step of

the light response in Limulus ventral photoreceptors. Phospholipase C (PLC) breaks

phosphatidylinositol (4,5) bisphosphate (PIP2) down into water-soluble D-myo-

inositol 1,4,5 trisphosphate (IP3) and lipid-soluble diacylglycerol (DAG). IP3 and/or

DAG is then thought to lead to the opening of cation channels on the plasma

membrane of the photoreceptor (Nasi E, et al., 2000; Lisman, Richard et al., 2002).

This process is shared by most invertebrate photoreceptors.

Downstream events of the PI pathway in Limulus ventral photoreceptors: the IP3 and

perhaps the DAG branch participate in photo-transduction events. IP3-induced Ca2+

release has been shown to mediate the light response of Limulus ventral

photoreceptors. Briefly, IP3 diffuses to the endoplasmic reticulum (ER) and releases

calcium (Ca) by opening IP3 receptors. Ca2+ then excites and adapts the cell through a

complex mechanism (discussed in detail below).

The target of Ca2+ or DAG is unknown. The depolarizing light response of Limulus

ventral photoreceptors is driven by a conductance that is largely permeable to sodium

ions (Brown and Mote, 1974). Experiments on excised patches of rhabdomeral

membrane indicate the presence of cGMP-gated channels, and a novel cGMP-gated
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channel has been cloned from ventral eye mRNA (Bacigalupo et al., 1991; Chen et

al., 2001). Mediation of the light response by cGMP-activated channels would require

a calcium-activated guanylate cyclase to generate cGMP. There is some

pharmacological evidence for this (Garger, et al., 2001, 2004). Another possibility is

the activation of TRPC channels by DAG and Ca2+. There is also pharmacological

evidence for this linkage, and a potential target channel has been cloned from ventral

eye mRNA (Bandyopadhyay and Payne, 2004). This latter proposal would be similar

to the proposed pathway linking calcium influx and a DAG metabolite to the

activation of TRP channels in Drosophila photoreceptors (Hardie, 2001). Whether

these two branches exist and what their relative contributions to the photo-

transduction cascade are in Limulus ventral photoreceptors remains unknown.

Specific pharmacological agent or genetic manipulations that inhibit or delete one of

the two possible components are needed for this purpose.
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Figure 1. The signal transduction pathway mediating the light response of

Limulus ventral photoreceptors. See text for abbreviations and descriptions

(modified from Nasi, et al., 2000)

In summary, the photo-transduction cascade of Limulus ventral photoreceptors shares

some common features with other photoreceptors. Therefore, the knowledge of the

mechanisms of the photo-transduction is helpful for understanding the light response

of other photoreceptors. Moreover, IP3-induced Ca2+ release is commonly used for

many cellar responses (Berridge, 1995), thus the study of the behavior of IP3-induced

Ca2+ release in Limulus ventral photoreceptors may be relevant to many cell types.
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Ca2+ is a necessary link for understanding the photo-transduction cascade: it

mediates both excitation and the adaptation of the light response in Limulus

ventral photoreceptors

1) Evidence that transient a Ca2+ release excites ventral photoreceptors.

As described above, light induces a transient Ca2+ release from ER (Brown, Blinks,

1974). The onset of this Ca2+ release highly correlates with the onset of the light-

induced current (Ukhanov & Payne, 1995; Payne & Demas, 2000).

Intracellular pressure injection of either IP3 or Ca2+ into the light sensitive lobe

mimics the electrical response to light. Injection of IP3 induces a transient

intracellular Ca2+ concentration ([Ca]i) increase (Brown et al., 1984; Payne et al.,

1986) with a latency that is 20-45 ms shorter than light-induced Ca22++ release

(Ukhanov and Payne, 1997). In either case, depolarization results due to the

activation of an inward current. Subsequent responses to light are desensitized

(adapted). The injection-induced current has a similar reversal potential and sodium

dependence to those of light-induced current (Brown et al., 1984; Fein et al., 1984;

Payne et al., 1986a and b).

Manipulations that inhibit the light-induced increase in [Ca]i also greatly reduce the

amplitude of the light-induced current. Those manipulations include depletion of Ca2+

stores by a Ca2+ pump inhibitor, cyclopiazonic acid (CPA) (Seidler et al., 1989;
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Ukhanov & Payne, 1995); inhibition of Ca2+ release by the IP3 receptor inhibitor

heparin (Frank et al., 1991; Nagy, 1993; Faddis & Brown, 1993; Contzen et al., 1995)

and injection of the Ca2+ buffer BAPTA (Frank et al., 1991; Contzen et al., 1995).

The above lines of evidence support the idea that the light-induced transient increase

in [Ca]i excites the cell. Ca2+ accomplishes this by activating some downstream

pathway. One candidate for such a pathway is through the indirect activation of

cGMP-gated channels (Bacigalupo et al., 1991; Chen et al., 2001; Garger et al., 2001

, 2004), and the other candidate is the activation of canonical TRP channels

(Bandyopadhyay and Payne, 2004).

It is also still controversial whether light-induced Ca2+ release is the only pathway for

excitation or whether another parallel pathway exists (Nasi E, et al., 2000; Lisman,

Richard et al., 2002). One strong argument against the obligatory role of Ca2+ in

excitation is the finding that the pharmacological abolition of any detectable [Ca]i

increase cannot prevent intense light from activating the photocurrent (Ukhanov &

Payne, 1995). Others, however, have argued that this might be caused by some

undetectable local residual Ca2+ release (Ukhanov and Payne, 1995; Payne and

Demas, 2000; Fein, 2003).

2) Evidence that elevated intracellular calcium ([Ca]i) mediates light adaptation:

[Ca]i increase produces light adaptation through delayed negative feedback (Lisman

et al., 2002). This results in a transition of the light response from a peak initial
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response to a smaller plateau during prolonged, intense illumination. Responses to

subsequent light flashes are subsequently desensitized.

When [Ca]i is increased slowly through iontophoretic injections, the light response

desensitizes progressively (Lisman and Brown, 1972) and speeds up both

characteristics of light adaptation. When Ca2+ is transiently introduced into cells by

light or by rapid pressure injection of Ca2+ or IP3, cells also adapt after the initial

excitation (Payne R et al., 1990; Lisman and Brown, 1972, 1975). Clamping [Ca]i at

different levels through injection of Ca-EGTA will desensitize the cell. The higher

the free calcium concentration, the stronger the desensitization associated with

adaptation (Lisman and Brown, 1975). Clamping [Ca]i near its resting level abolishes

light adaptation (Lisman and Brown, 1975). Using a Ca-sensitive electrode to monitor

[Ca]i, it was found that a roughly two fold decrease in light sensitivity was

accompanied by only a 0.2 – 0.4 µM steady [Ca]i increase (Levy and Fein, 1985)

The above evidence indicates that a Ca2+ increase is necessary and sufficient for light

adaptation as well as excitation.

3) Ca2+ ions are a minor component of the light-induced current in Limulus ventral

photoreceptors.

By substituting external ions for less- or non- permeable substances and measuring

the light-induced current and reversal potential, the light-induced current was
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determined to be mainly carried by sodium ions (Millecchia and Mauro, 1972).

Potassium is mainly responsible for the remaining part of the conductance (Brown

and mote, 1974).

Because of the huge Ca2+ release from ER, the light-induced Ca2+ influx is difficult to

measure. Using Mn2+ as a Ca2+ substitute, Hsiao and Payne’s estimate of the calcium

influx rate under continuous saturating light stimulus is below 0.1 µM s-1, which is

much less than the initial light-induced Ca2+ release rate from intracellular stores (350

or 1640 µM s-1, measured with calcium green 5N and Fluo-5N respectively). This

indicates that calcium influx contributes very little to the initial light-induced calcium

transient.

Possible roles of Ca2+ influx: Although this tiny Ca2+ influx hardly has any impact

during ongoing Ca2+ release from the ER, its role after ER Ca2+ release has terminated

or slowed down could be important. One indicator of this is that under steady strong

light stimulus, after the cell is desensitized by adaptation, the reduced Ca2+ influx rate

is comparable to Ca2+ extrusion rate through Ca2+ exchanger (maximum around 1µM

s-1, as estimated by O’Day and Gray Keller, 1989). Therefore, then Ca2+ influx under

these conditions may be important for maintaining an elevated [Ca]i level during

sustained illumination, after the initial, massive release from stores is over.
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In summary, Ca2+ mediates every aspect of Limulus ventral photoreceptor light

responses, both excitation and adaptation. To understand its multiple roles, it is

therefore important to determine the dynamics of the light-induced Ca2+ signal.

The dynamics of Ca2+ signals in Limulus ventral photoreceptors: how does the

Ca2+ signal perform its multiple functional roles?

Calcium (Ca) is a very important intracellular messenger that controls many cellular

processes occurring over different time scales, such as visual transduction

(milliseconds to hundreds of milliseconds), exocytosis (hundreds of microseconds),

gene transcription (minutes), and muscle contraction (milliseconds and above). This

vital, multifunctional role of Ca2+ is accomplished by modulating its amplitude, as

well as its temporal and spatial features through combinations of Ca2+ release,

termination and effector machineries (Berridge, et al., 2001). Therefore, accurate

estimate of the timing, amplitude, temporal and spatial properties of the Ca2+ signal is

important to understand the role of Ca2+ in cellular responses.

1) The location of the light-induced Ca2+ release: Is excitation confined within the R

lobe?

If Ca2+ mediates the light response of the photoreceptor, then there should be a co-

localization of Ca2+ release and the other machinery of the light response.
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Limulus ventral photoreceptors have two distinct lobes. The cell body of Limulus

ventral photoreceptors has a diameter around 60 µm and is about 200 µm long. It is

divided into two distinct lobes: the rhabdomeral lobe (the R lobe) and arhabdomeral

lobe (the A lobe) (Fig. 2A) (Stern et al., 1982; Calman & Chamberlain, 1982). The R

lobe is covered by microvilli (Fig 2B). The axon originates from the A lobe, which

contains the nucleus and other structures that are vital to the cell. Although the R and

the A lobe are structurally and functionally different, there is no physical barrier

between them (Feng et al., 1994). Since all of the microvilli containing the machinery

which has so far been shown to be required for the response to light, are localized

within the R lobe (Battelle et al., 2001; Stern et al., 1982), then if Ca2+ mediates the

light response, most of the light-induced Ca2+ release should be confined within the R

lobe.

Light-induced Ca2+ release is mostly confined with the R lobe. Ca2+ was found to be

released within the photoreceptor non-uniformly, and localized mostly to the R lobe

(Harary & Brown, 1984; Levy & Fein, 1985, Ukhanov & Payne, 1995). It was also

shown that Ca2+ release due to intracellular injection of IP3 was also confined mainly

within the R lobe (Payne & Fein, 1987; Ukhanov and Payne, 1997). However, the

detailed spatial relationship of the light-induced Ca2+ signal and the microvillar

membrane of the R lobe has not been demonstrated.

The A lobe is also capable of Ca2+ release. There might also be light-induced Ca2+

release in the A lobe (Stern et al., 1982). There are IP3 receptors in the cytoplasm of
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the A lobe (Ukhanov et al., 1998), and IP3-induced Ca2+ has been observed there with

a much smaller amplitude than in the R-lobe (Ukhanov and Payne, 1997). But

whether the A lobe participates in the light response remains unknown.

These results are consistent with the essential role of Ca2+ in the photo-transduction

cascade. However, detailed information on the timing, amplitude and spreading of the

Ca2+ signals in these two lobes is needed to get a better understanding of how Ca2+

mediates the light response.

A) B)

Figure 2. The anatomy of Limulus ventral photoreceptor cells (Modified from

Dabdoub et al., 2002). A) Photoreceptors have two distinct lobes. A rhabdomeral

lobe (R), specialized for phototransduction, and a nontransducing arhabdomeral lobe

(A). Other abbreviations: Rh, microvillar rhabdomere; IRh, internal rhabdomere; G,

glial cells; Gn, nucleus of gilal cells. B) Tightly packed microvilli in dark adapted

cells. The rhabdomere of the photoreceptor is composed of microvilli.
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2) The timing of Ca2+ release at its site of origin spots: How fast is the excitation?

If transient Ca2+ release is essential to excite ventral photoreceptors, then the light-

induced Ca2+ release must precede that of the electrical responses. Due to technical

difficulties, this question has not been fully resolved yet.

Early measurements: Before the invention of the confocal imaging method, several

attempts to reveal the timing of the light or IP3 injection-induced Ca2+ release across

the entire receptor or in the R lobe resulted in some unexpected results (Brown &

Blinks, 1974; Payne & Flores, 1992; Stieve & Benner, 1992): Ca2+ release began 10-

25 ms later than that of the light-induced current and reached its peak much later.

These observations did not support the idea that Ca2+ mediates the light-induced

current.

Confocal measurements: The above results could have been due to slow Ca2+

diffusion, limited resolution and spatial averaging of the Ca2+ signal across the entire

cell. Using confocal imaging method to measure Ca2+ release in a spot, Ukhanov and

Payne showed that the onset of the light-induced Ca2+ release was highly correlated

with that of the electrical response (Ukhanov et al., 1995, 997; Payne et al., 2000). In

response to an intense light stimulus, the latency of both Ca2+ and electrical response

is around 20-40 ms. Ca2+ release in about one third of their measurements preceded

that of the electrical response by up to 5 ms. For the remaining 2/3 cells in which
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detectable Ca2+ release appeared several milliseconds after the onset of the electrical

response, they argued that a displacement of the measuring spot from the microvilli

by a few microns could delay detection of the Ca2+ signal. The relationship between

the misplacement of the measuring spot and the measured Ca2+ release latency was

not studied.

In a subsequent study (Payne & Demas, 2000), the time to peak and decline of Ca2+

release-induced by dim flashes (50-5000 effective photons per sec) was compared to

that of the electrical response. For dim flashes, the onsets of Ca2+ signals were found

to be well correlated with those of receptor potentials. However, for intense flashes

the time-to-peak of Ca2+ release still lagged that of the electrical responses.

Therefore, these rather incomplete results are consistent with the idea that Ca2+

release in the R lobe mediates the excitation of the photo-transduction cascade.

If light-induced Ca2+ release mediates the light response, then its amplitude and the

area over which it spreads should reflect the intensity of the stimulus. Moreover, by

examining the relationship between the amplitudes of Ca2+ signals and those of light-

induced currents, some information about the mechanism of how Ca2+ mediates

downstream events might be obtained.

3) The peak amplitude of the Ca2+ signal at the phototransducing membrane
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The peak amplitude is an important property of the Ca2+ signal

The peak amplitude of the Ca2+ signal indicates the extent of excitation and thus

reflects the intensity of a stimulus. Generally, according to their amplitude and

localizations, Ca2+ signals can be divided into two classes: highly localized

elementary events and global Ca2+ waves. Elementary Ca2+ signals are either

spontaneous or induced by weak stimuli. A stronger stimulus enables the cooperation

of the local Ca2+ signals to generate bigger global Ca2+ waves. Elementary Ca2+

events usually have a diameter around several micrometers. Their durations range

from 0.5 to 500 ms and the peak [Ca]i rise is usually in the sub-micro molar range.

These elementary events, caused by opening of multiple Ca-permeable channels

provide highly localized Ca2+ pulses to regulate cell responses, or if many occur

synchronously, they could generate global Ca2+ signals to trigger a larger response.

(Berridge MJ, 1997; Bootman et al., 2001). Ca2+ signals of different amplitude might

induce different functions. In pancreatic acinar cells, for example, a large Ca2+ (>10

µM) in the trigger zone leads to exocytosis, while a submicromolar [Ca]i only

activates the secretion or uptake of chloride ions. (Ito et al., 1997). The peak

amplitude of the Ca2+ signal is also an indicator of the speed of spread of the Ca2+

signal. The effective Ca2+ diffusion rate increases as the [Ca]i goes up because of the

saturation of Ca2+ buffering proteins (Allbritton et al., 1992), so [Ca]i affects the

speed of Ca2+ diffusion.
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Since Ca2+ signals are generally not evenly distributed across the cell, the

measurement position and the measurement volume across which the [Ca]i is

measured is important. Simulation results show that Ca2+ peak amplitudes and

durations are highly dependent on their distances from open Ca2+ channels. Ca2+

signals adjacent to open Ca2+ channels (within 20 nm) can reach amplitudes as high

as 100 µM, rising and falling within microseconds. Ca2+ signals 200 nm away from

the channel might peak at 5-10 µM, changing at a slower rate (milliseconds) (Neher,

1998).

There are uncertainties about the current estimations of the high peak [Ca]i in

Limulus ventral photoreceptors

As discussed in the above section, early studies of Limulus ventral photoreceptors

measured the average peak Ca2+ signal as being within the range of 30-100 µM.

Later, with the help of the confocal technique, the averaged Ca2+ signal in a 5 µm3

spot close to the microvillar membrane could be measured (Ukhanov and Payne,

1995; Payne and Demas, 2000). In response to saturating light stimuli, the peak [Ca]i

was approximately 150 µM, as determined by a medium-affinity dye Calcium Green-

5N (Kd = 67 µM) (Ukhanov & Payne, 1995). In examining this data, there are

concerns with this measurement. The first is that the Ca2+ trace shown in the paper

has a plateau, which could represent dye saturation. The second problem concerns

localization: since the average Ca2+ signal measured in a spot is higher than those

measured across the cell, it is obvious that, instead of being released evenly across the

cell, Ca2+ release is quite localized. If calcium is actually released in a space smaller
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than 5 µm3 and dye saturates in that space then even confocal measurements will not

record the true peak [Ca]i.

Therefore, to obtain a complete relationship between the peak of [Ca]i and that of the

light-induced currents in response to light stimuli with varied intensities, the peak

[Ca]i -induced by intense flashes needs to be examined by low affinity dyes. By doing

this, a better understanding of how Ca2+ excites the cell can be obtained.

Besides amplitude modulations, cells can also respond to a strong stimulus by using a

larger area of excitation through the propagation of regenerative second messenger

waves (Ca2+ waves for example) (Berridge, 1997). Is this mechanism used in Limulus

ventral photoreceptors?

4) The spatial-temporal distribution of Ca2+ signal: How large is the excitation and

how does the excitation spread across the cell?

Diffusion and buffering are the main factors that determine the spread of excitation

For elementary events, simulation results show that Ca2+ diffusion and Ca2+ buffering

can explain the localization of elementary Ca2+ signals. (Simon SM et al., 1985). In

the squid giant synapse, assuming that the spread of such Ca2+ signals are determined

by diffusion only, the measured effective Ca2+ diffusion coefficient is approximately

27 µm2s-1, which is in good agreement with those measured in cytosolic extracts (Yao

Y et al., 1995; Allbritton et al., 1992). In cardiac muscles, there are also suggestions
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that physical barriers set by the ER may contribute to low spread of Ca2+ signals

(Cheng et al., 1993).

For some larger localized events, cellular organelle or Ca2+ binding proteins may help

to prevent the Ca2+ signal from further spreading. It has been shown in chromaffin

cells that mitochondria packed between two functionally distinct areas can act as an

active barrier to prevent Ca2+ diffusion (Tinel et al., 1999). In Xenopus oocytes,

Parker’s group found that buffers and calcium binding proteins can shape the spatial-

temporal patterns of global signals. For example, slow buffers tend to shorten Ca2+

spikes and Ca2+ waves (Dargan , 2003, 2004).

In response to a strong stimulus, global Ca2+ signals can be triggered from local Ca2+

“hot spots” and then propagate across a cell as a “Ca2+ wave (Berridge MJ, 1997;

Bootman et al., 2001). In cell types where IP3-induced Ca2+ release is involved in

Ca2+ wave generation, the mechanisms that define the spreading of Ca2+ waves are

still controversial. Some groups believe that Ca2+ waves are generated through Ca-

induced Ca2+ release via ryanodine receptors (Atri et al., 1993), while others favor

mediation via Ca2+-induced IP3 production or Ca2+-facilitated IP3-induced Ca2+

release. No matter the details, all of these mechanisms are regenerative (utilize

positive feedback as well as negative feedback) and all Ca2+ waves have a steady

moving front. In other words, the speed of the spread and the peak amplitude of the

Ca2+ signal stay approximately constant.
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The mechanisms and function of the spread of light-induced Ca2+ signal in Limulus

ventral photoreceptors are still unclear

.

After the introduction of confocal microscopy, the spatial-temporal distribution of the

light-induced Ca2+ signal was investigated in Limulus ventral photoreceptors. Ca2+

release was observed to start from the edge of the R lobe, and spreads into its center

within several hundred milliseconds. Then the Ca2+ concentration in the R lobe

decreases gradually with time. Throughout the entire process, the Ca2+ signal hardly

penetrates into the A-lobe, despite the fact that there is no known physical barrier

between the R and the A lobe, (Fig. 3) (Ukhanov & Payne, 1995).

Whether Ca2+ waves are generated in the photoreceptor is not known. Also, the

mechanisms of the initial fast Ca2+ spread and later confinement to the R-lobe are not

clear. To address this, we initiated a quantitative description and pharmacological

manipulation of the spread of light-induced Ca2+ signals.
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A) B)

Figure 3. The distribution of Ca2+ signal in response to a line scan. A) A

conventional image of the photoreceptor cell. The white line shows the position of

line scan where fluorescence was measured in B). B) Line scan showing temporal

progression of light-induced Ca2+ signal. The Ca2+ elevation starts from the edge of

the R lobe (top right corner), then it spreads to the junction between R and A lobe

within the first 200 ms. After that, the Ca2+ elevation stays in the R lobe instead of

diffusing into the A lobe. [Ca]i elevation in the A lobe is low throughout this process.

(Modified from Ukhanov & Payne, 1995)

5) The termination of the Ca2+ signal in Limulus ventral photoreceptors: how fast can

the cell regain its sensitivity?

Since Ca2+ overload is toxic and may cause cell death (Orrenius & Nicotera, 1994),

Ca2+ signals need to be transient. The cell also has to be prepared for the next

incoming stimulus. There are many mechanisms that remove Ca2+ from the cytosol.
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For example, Ca/Na exchangers, plasma membrane Ca2+ pumps, and Ca2+ pumps on

the ER membrane. However, their relative roles in this process are not clear. Studies

show that, in some cell types like endothelial cells and pancreatic acinar cells,

exchangers and plasma membrane Ca2+ pumps are used for Ca2+ signal termination,

whereas ER Ca2+ pumps are for the keeping and restoring of ER [Ca]i (Moccia F et

al., 2002; Mogami H et al., 1998).

It has been shown that the termination of the Ca2+ signal across the entire Limulus

ventral photoreceptor has two phases: one fast phase (seconds) followed by a slower

one (tens of seconds). The fast phase has a decay time constant around one sec, and

the slow phase has a maximal speed around 1 µM.s-1. The slow phase was shown to

be mediated by Na/Ca2+ exchangers on the plasma membrane (O'Day & Keller, 1989;

Deckert & Stieve, 1991), but the mechanisms that drive the fast phase still remain

unknown. The roles of Ca2+ diffusion, Ca2+ pumps, and Na/Ca2+ exchangers in the

termination of the Ca2+ signal need to be tested.
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2-Aminoethoxydiphenyl Borate Inhibits Photo-transduction

and Blocks Voltage-gated Potassium Channels in Limulus

Ventral Photoreceptors

Abstract

2-aminoethoxydiphenyl borate (2-APB) is a membrane-permeable modulator that

inhibits the activation of inositol (1,4,5) trisphosphate (IP3) receptors, store operated

channels (SOCs) and transient receptor potential (TRP) channels in cells that utilize

the phosphoinositide cascade for cellular signaling. We investigated the effect of 2-

APB on phototransduction in Limulus ventral photoreceptors, where light-induced

calcium release via the phosphoinositide cascade is thought to activate the

photocurrent, which can be mimicked by injection of exogenous Ca2+. 1-100 µM 2-

APB reversibly inhibited the photocurrent of ventral photoreceptors in a

concentration-dependent manner, acting on at least two processes thought to mediate

the visual cascade. 2-APB reversibly inhibited both light and IP3-induced calcium

release, consistent with its role as an inhibitor of the IP3 receptor. In addition, 2-APB

reversibly inhibited the activation of depolarizing current flow through the plasma

membrane by released calcium ions. We also found that 100 µM 2-APB reversibly
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inhibited both transient and sustained voltage-activated potassium current during

depolarizing steps. 2-APB has previously been shown to block phototransduction in

Drosophila photoreceptors.
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Introduction

The depolarizing light response of invertebrate microvillar photoreceptors is mediated

by the phosphoinositide lipid-signaling pathway (Brown et al., 1984; Bloomquist et

al., 1988). The PI pathway has two initial products, inositol (1,4,5) trisphosphate (IP3)

and diacylglycerol (DAG). Current research centers on the role played by each of

these products in activating the cation channels in the plasma membrane that carry the

photocurrent. Use of a specific IP3 receptor inhibitor could help resolve the role of

IP3.

2-aminoethoxydiphenyl borate (2-APB) was first introduced and then widely used as

a cell-permeable inhibitor of IP3-induced calcium release (Maruyama et al., 1997,

Bootman et al., 2002). Later, it was found that it is also an inhibitor of store operated

ion channels (SOCs) (Bootman et al., 2002) and many TRP channels, especially

TRPC channels (Clapham et al., 2001; Delmas et al., 2002 ; Trebak et al., 2002; Xu et

al., 2005). In addition 2-APB was shown to have many other pharmacological targets,

including inhibiting Ca2+ pumps at the ER membrane (Bootman et al., 2002) and gap

junctions between cells (Harks et al., 2003; Bai, et al., 2006; Tao and Harris, 2006)

and exciting TRPV channels (Chung et al., 2004; Hu et al., 2004; Colton and Zhu,

2007). Therefore, although serving as a useful tool, caution is needed to interpret the

effects of 2-APB.
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2-APB blocks phototransduction in Drosophila photoreceptors (Chorna-Ornan 2001;

Ma et al., 2001) but since genetic deletion of the IP3 receptor protein does not affect

phototransduction (Acharya et al., 1997; Raghu et al., 2000), 2-APB presumably acts

at some other site than on IP3-induced Ca2+ release. Interpretation of the effect of 2-

APB is dependent upon its specificity, which is difficult to establish in Drosophila

photoreceptors.

In contrast to Drosophila photoreceptors, a large body of evidence from Limulus

ventral photoreceptors implicates IP3 –-induced calcium release in the activation of

plasma membrane cationic channels during phototransduction (reviews: Dorlochter

and Stieve, 1997; Nasi et al., 2000). Pressure injection of IP3 into ventral

photoreceptors mimics excitation by light, in so far as it activates a conductance in

the plasma membrane whose permeability to sodium ions and rectification are very

similar to that underlying the photocurrent (Brown et al., 1984; Fein et al., 1984).

Activation of the plasma membrane conductance by IP3 appears to result from two

sequential processes. First, IP3 releases calcium from intracellular stores (Brown and

Rubin, 1984; Payne et al., 1986b) by a mechanism that is sensitive to the IP3 receptor-

antagonist heparin (Frank and Fein, 1991; Faddis and Brown, 1993). Second, the

released calcium ions activate the plasma membrane conductance by a mechanism

that is insensitive to heparin (Payne et al., 1986a; Frank and Fein, 1991), but is

otherwise little understood. Given the established role of IP3-induced calcium release

in Limulus ventral photoreceptors, we thought the preparation useful for establishing

whether 2-APB blocks IP3-induced calcium release in an invertebrate photoreceptor
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and whether it has actions on other components of the visual cascade that might offer

an explanation of its actions in Drosophila. In addition, we felt that an investigation

of the specificity of the action of 2-APB on a cell that has proven be a model system

for the investigation of the PI-cascade might be of general interest.
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Material and methods:

Preparation of the nerve

The ventral nerves of Limulus were taken out of the animal, de-sheathed, and

softened with 1 % Pronase (Clark et al., 1969; Fein and DeVoe, 1973). Then they

were placed in artificial sea water (ASW), which contains 435 mM NaC1, 10 mM

KC1, 10 mM CaC12, 20 mM MgC12, and 25 mM MgSO4. In some experiments, the

cells were put in 0 Ca2+ ASW. This solution is modified ASW which contains no

CaC12 but 1mM EGTA.

In some experiments, cells were further treated with hydroxylamine so to reduce their

sensitivity to light by bleaching rhodopsin. The bleaching solution of hydroxylamine

contains (mM) 200 hydroxylamine chloride, 235 NaCl, 10 KCl, 20 MgCl2, 25

MgSO4, 10 CaCl2, 10 HEPES, and was adjusted to pH 6.5 with 10 N NaOH. Nerves

were rinsed with 25 ml of bleaching solution cooled to 4oC and then exposed to 10

min of intense white light at 4 oC. Nerves were then washed five times at 10-min

intervals with 50 ml of ASW at 4oC. During experiments, along with other

substances, GDP-βS was injected into the cells to further reduce the sensitivity of the

cells. After these treatments, the sensitivity of the cells to light can be reduced by up

to 3 log10 units. (Faddis & Brown, 1992; Payne & Demas, 2000)

Chemicals and solutions



28

2-APB (Toris Cookson Inc., Ballwin, MO) was dissolved in DMSO to make a 10 mM

stock solution and stored at -200C. The stock was dissolved in DMSO and then ASW

to make working solutions with different 2-APB concentration and fixed DMSO

concentration (1% v/v). It was applied by superfusion (1ml/min; 5-10 times bath

volume). IP3 (100µM, Research Biochemicals, Natick, MA), D-myo-inositol 1,4,5-

triphosphate, P4(5)-(1-(2-nitrophenyl) ethyl) ester, tris(triethylammonium salt) (NPE-

caged IP3; 8mM, Calbiochem, San Diego, CA.), Calcium Asparate (2 mM), GDP-βS

(10mM), and Oregon Green-5N (1 mM, Molecular Probes, Eugene, OR) were

dissolved in a carrier solution (100 mM potassium aspartate, 10 mM HEPES, pH 7.0)

before injection into cells.

Electrophysiological recording

For current clamp experiments, cells were impaled with a glass micropipette through

which membrane potential was measured, containing 3M KCl (thick walled glass;

resistance ~ 30 MΩ) or injection solutions (thin walled glass; resistance ~ 18 MΩ).

Solutions to be injected into the photoreceptors were pulse-pressure injected into the

light-sensitive rhabdomeral (R-) lobe of the photoreceptors, as described by Corson

and Fein (1983). For voltage clamp experiments, cells were impaled with a second

microelectrode for current injection that contained 3M KCl (thick walled glass;

resistance ~16 MΩ) and were voltage-clamped at their resting membrane potential in

darkness (-45 - -65 mV) using an Axoclamp- 2A amplifier (Axon Instruments, Foster

City, CA). The voltage-clamped current or the membrane potential was filtered at
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300Hz and sampled at 1 KHz using a Digidata 1200 (Axon Instruments) analog-to-

digital board installed in a personal computer.

Optics and fluorescence microscopy

White light from a 100W quartz-halogen source (model 6333; Oriel Corporation,

Strafford, CT) was used to illuminate the photoreceptors. This light passed through a

heat filter (Scott KG3; Ealing Optics, South Natick, MA), neutral density (ND) filters,

and a shutter before it reached the preparation. The intensity of light without the ND

filters was 80mW/cm2. Light intensities were measured as log10 units of attenuation

relative to this intensity. Attenuation by –8.5 log10 units typically elicited approx. one

single photon event (one quantum bump arising from one photoisomerised rhodopsin

molecule) per second from the photoreceptors. In order to view the cells with a video

camera (Corson and Fein, 1983), the nerve was illuminated by an infrared beam,

created by passing a second beam of light through an infrared filter (Schott RG1000).

Confocal imaging was performed as described in Ukhanov and Payne (1995). Briefly,

photoreceptors cells loaded with 1 mM Oregon Green-5N, a fluorescent calcium

indicator dye, were viewed through an inverted Zeiss LSM 410 microscope. The 488

nm line of an Ar-Kr laser was used to excite the Oregon Green-5N. The laser beam

was attenuated to 0.1% to reduce photo-bleaching. After being reflected by a dichroic

mirror (IT510) the laser beam was focused onto the cell by a 40x lens (Zeiss, 40x

Neofluar, N.A. 0.75). After being passed through a 515 nm long pass filter, the

resulting fluorescence emitted by Calcium Green-5N, was collected by a
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photomultiplier tube. The fluorescence of Oregon Green-5N was measured within 5

µm of the microvillar membrane of the photoreceptor using the stationary spot

recording mode of the microscope.

A double flash protocol (Payne and Demas, 2000) was used to obtain 20ms

“snapshots” of the calcium signal that followed dim flashes. Briefly, a 20ms dim flash

and a subsequent strong 20 ms flash were used to excite the cell and collect the

resulting fluorescence respectively. A ND filter that can reduce the light intensity by

10,000 fold was put into the light path of the 488nm laser beam to obtain the dim

flashes. The dim flashes cannot excite sufficient amount dye to enable measurement

of fluorescence changes, but they will excite the cell and induce Ca2+ release or

fluorescence increase after certain latency. A subsequent bright flash from the un-

attenuated laser was used to elicit the fluorescence either within the latent period, or

at the peak, of the receptor potential that followed a 20 ms dim flash. The duration of

the strong flash is shorter than its latency to release Ca2+ (Payne and Ukhanov, 1996),

thus the collected fluorescence is not contaminated by strong flash-induced Ca2+

release.

For experiments using caged IP3, 8 mM NPE-IP3, 10mM GDP-βS and 1mM Oregon

Green-5N were dissolved in carrier solution and injected into a chemically bleached

cell. The cell was then exposed to a 5s flash of visible (488nM) light so as to record

any residual desensitized physiological response to light. Caged IP3 was then released

by a 5ms UV flash (364 nm) delivered from an Ar laser (Innova Technologies) that
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was superimposed on the visible light after a 7ms delay (Ukhanov and Payne, 1997).

The 364 nm laser beam was reflected by a dichroic mirror (IT510) before it was

focused onto the specimen.

Statistical significance and reversal of the effects of 2-APB

All data in the text and figures are given as mean ± SE. To assess statistical

significance, a standard Student's paired t-test was performed. All comparisons of

data referred to as significant in the paper met a P<0.05 criterion. Reversal of all of

the reported effects of 2-APB required a 40-90 min ASW wash. The effects of 2-APB

referred to in the text as “reversible” showed no significant difference between values

after washout and control values. Effects referred to as “partially reversible” showed

a significant return towards control values following washout of 2-APB, but the mean

final values reached were still significantly different from those of the control.
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Results

2-APB reversibly inhibits the peak light responses in a light-intensity dependent

manner.

Cells were voltage-clamped to their resting potentials in darkness (-45 to -65 mV).

The effect of 2-APB on the intensity-response relationship of dark-adapted ventral

photoreceptors to brief (20 ms) flashes was investigated.

For dim flashes, 10 min exposure to 100 µM 2-APB shifted the intensity – peak

response curve to the right by about 2.8 log units (Fig. 1), virtually eliminating the

response to dim flashes (Fig. 2A). Similar to previous reports (Stieve and Schlösser,

1989), medium intensity flashes (-2.5~-1.0 log10 attenuation) would induce currents

that have two peaks. The application of 100 µM 2-APB abolishes the fast peak (Fig.

2B), whereas the saturated light-induced currents were only reduced by 16 ± 5%. All

these effects were partially reversible after washing with ASW (Fig. 1 and Fig. 2).
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Figure 1. The effect of 2-APB on the peak photocurrent-light intensity curves in

voltage clamped Limulus ventral photoreceptors. The light stimulus (20 ms

flashes) was delivered every minute. Traces of filled circles, triangles, and open

circles represent the corresponding peak light-induced-currents obtained before,

during the application of 100 µM 2-APB and after following washouts.
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Figure 2. 2-APB reversibly inhibits the light-induced currents in voltage

clamped Limulus ventral photoreceptors. The light stimulus (20 ms flashes) was

delivered every minute. A) The inhibition of 2-APB upon dim flash-induced

photocurrent. In this cell, the photocurrent elicited by a dim light flash (intensity -4.5

log10 units) is almost abolished in the presence of 2-APB, partially recovered upon

washing with ASW. B) The inhibition of 2-APB on photocurrents elicited by intense

light flashes (intensity -2.0 log10 units). In this cell, 2-APB abolished one peak of the

light-induced current, and this effect was partially recovered after 2-APB was washed

out with ASW.



35

Application of 100 µM 2-APB also slowed the time-to peak of responses (Fig. 1A),

reversibly increasing the time-to-peak of responses to dim (-4 log10 unit) flashes from

101 ± 8 ms to 202 ± 11 ms (n=7; Fig. 1A). Partial recovery of the time-to-peak to 127

± 7 ms was observed following washout of 2-APB.

In contrast to Drosophila photoreceptors (Chorna-Ornan et al., 2001), 100 µM 2-APB

did not induce any significant current flow in darkness, but in current clamp

recordings a small, but significant and reversible, depolarization of 4.4 ± 1.7 mV

(n=19) was observed during treatment.

The inhibition of 2-APB to light-induced currents is concentration dependent

Dose-response curves of 2-APB (Fig. 3) were constructed using two methods of

measuring the sensitivity, either by measuring the peak response to a dim flash of

fixed intensity after 10 min exposure to various concentrations of 2-APB or by

measuring the increase in the light intensity required to elicit a criterion peak

response amplitude of 30 nA. Both methods gave similar results. Significant

desensitization began above concentrations of 1 µM. The EC50 was approx 5 µM and

the slope of a Hill Plot, 2.8 (inset, Fig. 3), indicates significant co-operativity.
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Figure 3: Dose-response curves for 2-APB’s inhibition of photoreceptor

response. The photoreceptor’s sensitivity to light stimulus was determined either by

measuring the peak response to a dim flash of fixed intensity (open circles), or by

measuring the increase in the light intensity required to elicit a criterion peak

response amplitude of 30 nA (Filled circles). In both cases, sensitivity in the presence

of 2-APB is shown as a percent of that before. Inset: Hill plot of sensitivity, s, fitted

with a linear regression line having a slope of –2.8.

2-APB reversibly inhibits light-induced calcium release.

The sensitivity and rapidity of the electrical response of ventral photoreceptors to dim

flashes is dependent upon light-induced calcium release (Bolsover and Brown, 1985).
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Other agents that suppress light-induced calcium elevation, such as high

concentrations of heparin, BAPTA or cyclopiazonic acid, also reduce the sensitivity

and slow the response of ventral photoreceptors (Frank and Fein, 1991; Faddis and

Brown, 1993). We therefore performed confocal fluorescence microscopy

experiments to investigate the effect of 2-APB on light-induced calcium release.

As described by Payne and Demas (2000), cells loaded with Oregon Green-5N, a

fluorescent calcium-indicator dye, were first stimulated by a 20ms dim flash. Since

dim flash cannot elicit sufficient dye fluorescence for [Ca]i measurements, a

subsequent 20 ms intense flash was used to elicit the fluorescence either within the

latent period, or at the peak, of the receptor potential that followed a 20 ms dim flash

(Fig. 4). Since 20ms are shorter than the latent period for Ca2+ release, the

fluorescence collected by 20 ms intense flash would only reflects the rest or peak

Ca2+ release induced by dim flashes (See methods for details). The ∆F/Fo, the

increase in dye fluorescence collected at the peak of the receptor potential (∆F)

relative to that recorded during the latent period (Fo) is a measure of the release of

calcium ions from intracellular stores by the preceding dim flash (Payne and Demas

2000).

As expected, 10-20 min treatments with 100 µM 2-APB reversibly reduced the

receptor potential to 14 ± 5 % of control values (n=7), accompanied by a small,

reversible, depolarization of 6.9 ± 2.4 mV. ∆F/Fo was similarly reversibly reduced to

17 ± 9 % of control values (Fig. 4), indicating an inhibition of light-induced calcium

release.
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Fo, an indicator of the resting calcium concentration, increased by 17 ± 8 % during

treatment with 2-APB, but did not significantly recover upon washout of 2-APB.

Because a small irreversible increase in resting fluorescence could result from

leakage of dye from the micropipette used to fill the cell, we were unable to conclude

that 2-APB caused any small increase in resting calcium concentration. Neither were

we able to verify any increase in Fo in a second set of experiments performed on cells

filled with caged IP3 (see below).

Overall, these results demonstrate that desensitization of the electrical response to

light by 2-APB is accompanied by an inhibition of light-induced calcium release.
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Figure 4: Inhibition of light-induced calcium release by 2-APB. Receptor

potentials (lines) and relative fluorescence of Oregon Green-5N (symbols) recorded

in response to a dim flash (duration 30ms, photoisomerizing approx. 300 rhodopsin

molecules), recorded before (filled circles), during (triangles) and after (open circles)

exposure to 100 µM 2-APB. Relative fluorescence at the peak of the electrical

response, but not during the latent period, is greatly reduced in the presence of 2-

APB, accompanied by a comparable reduction in peak receptor potential amplitude.

2-APB reversibly inhibits the electrical response of ventral photoreceptors to

pressure injections of IP3.

Since light-induced calcium release in ventral photoreceptors is known to be

dependent upon light-induced IP3 production (Frank and Fein, 1991; Faddis and

Brown, 1992; review: Dorlochter and Stieve, 1997), we went on to determine the
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effect of 2-APB on IP3-induced electrical responses and on IP3-induced calcium

release. Pulsed pressure injections of 100 µM IP3 were delivered in darkness into the

R-lobe of the photoreceptor. Under current clamp, peak depolarizations in response to

the injections were reversibly reduced to 30 ± 9% (n=5) of their control values

following 10-15 min. treatment with 100 µM 2-APB (Fig. 5A). Under voltage clamp

at the resting potential (-45 to -65 mV), peak inward currents produced in response to

similar pulsed pressure injection of 100 µM IP3 were reversibly reduced to 3 ± 1% of

control (n=4; Fig. 5B). The much greater inhibition of the voltage-clamped response,

compared to the current-clamped response, caused us to investigate the effect of 2-

APB on voltage-gated currents, which may explain the discrepancy (see below).
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Figure 5: Inhibition of electrical response to IP3 by 100 µM 2-APB in one typical

cell. A) Under current clamp, transient depolarizations elicited by injection of 100

µM IP3 are reduced in the presence of 2-APB, complete recovering after washout of

2-APB. B) Under voltage clamp, 2-APB abolishes inward current elicited by IP3

injection. The current response also completely recovers after washout of 2-APB.

2-APB reversibly inhibits IP3-induced calcium release.

The above result clearly shows that 2-APB can inhibit the ability of IP3 to elicit an

electrical response. The electrical response to IP3 is thought to be mediated in two

steps. IP3 releases calcium ions, which activate a cationic plasma membrane

conductance. In order to determine which of these steps was affected by 2-APB, we
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first measured IP3-induced calcium release, performing confocal fluorescence

microscopy on cells filled with caged IP3 (Fig. 6).

Cells were first desensitized to visible light by bleaching rhodopsin with

hydroxylamine. Cells were then pressure-injected with a cocktail containing caged

IP3, GDP-βS (to further desensitize the physiological response to visible light) and the

fluorescent calcium-indicator dye, Oregon Green-5N. Dye fluorescence was

monitored during intense 488 nm laser excitation at a spot within 5 µm of the

microvillar membrane. After injection, desensitized cells generated a small, delayed

electrical response to 488 nm illuminations, and no calcium signal was detected at the

position of the confocal spot (Fig. 6A). However, following a superimposed UV

flash, so as to release caged IP3, a rapid increase in the relative dye fluorescence

signal (∆F/Fo) was observed within 20ms, indicating a calcium concentration increase

at the confocal spot, accompanied by a rapid depolarization (Fig. 6B). This rapid

response has previously been shown to arise from the photolysis of caged IP3 and not

from the UV flash per se (Ukhanov et al., 1997).

100 µM 2-APB reduced the peak ∆F/Fo following uncaging of IP3 to 4 ± 4 % of its

control value (n=5) and the accompanying depolarization to 6 ± 6 % (Fig. 6C). Partial

recovery of both followed after washout of 2-APB (Fig. 6D). This result directly

demonstrates that 2-APB is an inhibitor of IP3-induced calcium release in ventral

photoreceptors.
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Figure 6: 2-APB inhibits IP3-induced Ca2+ release in cells filled with caged IP3,

GDP-βS and the calcium indicator dye, Oregon Green-5N. Top traces show

relative fluorescence of Oregon Green-5N, bottom traces show membrane potential.

A) In the absence of UV light, an intense 488 nm step of light induces a small delayed

depolarization and no detectable increase in calcium indicator fluorescence. B)

Following a superimposed UV flash, to release caged IP3, a rapid increase in

fluorescence is observed indicating Ca2+ release. Rapid depolarization accompanies

the Ca2+ release (bottom trace). C) Both Ca2+ release and depolarization are inhibited

in the presence of 100 µM 2-APB. D) Partial recovery after washout of 2-APB.
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2-APB’s also acts downstream of Ca2+ release, reversibly inhibiting the amplitude of

the current elicited by Ca2+ injections

For current clamp experiments, cells were impaled in their rhabdomeral lobe with a

micropipette containing 2 mM Ca2+ for voltage recording and Ca2+ injections. For

voltage clamp experiments, cells were impaled with a second micropipette filled with

3M KCl and were voltage-clamped to their resting potentials (-45 to -65 mV).

Under current clamp, the injection of Ca2+ into current clamped cells will induce

depolarizations with amplitudes around 25 mV. The application of 100 µM 2-APB

has no effect on the amplitudes of deporlarizations induced by Ca2+ injections (n-4,

paired T test) (Upper image, Fig. 7).

Whereas for cells under voltage clamp, pulsed pressure injection of Ca2+ elicited a

rapid inward current of peak amplitude 2 - 8 nA (Payne et al., 1988). The Ca2+-

induced current was reversibly reduced to 13 ± 5 % of its control values after 10 min

treatment with 100 µM 2-APB (n=4; Fig.7, bottom image). This result shows that in

addition to blocking calcium release, 2-APB also acts at a downstream site in the

visual cascade, blocking the response to released calcium ions. Unlike our results, the

experiments done by Chorna-Ornan et al. (2001) show that the Ca2+ activated Cl-

channels in Xenopus oocytes is not inhibited by 2-APB. Moreover, they found that

after wash-out of 2-APB the injection of Ca2+ resulted in a highly facilitated response

relative to control, while in our experiments, the difference is not significant.
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Similar to the results of IP3 injections, there is discrepancy between the results of the

voltage-clamped response and those of the current-clamped response. The greatly

reduced inhibition of the response to IP3 and Ca2+ injections under current clamp

indicates that 2-APB inhibits voltage gated channels.
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Figure 7: The effect of 100 µM 2-APB on Ca2+ injections-induced electrical

responses in one typical cell. The dotted, dashed and line curve represents the

corresponding electrical responses elicited by pulsed-pressure injections of 2mM

calcium aspartate in photoreceptors before, after and during the application of 100

µM 2-APB. Upper image: 2-APB doesn’t affect the amplitude of the rapid

depolarizations elicited by Ca2+ injections into current-clamped photoreceptors.

Bottom image: 2-APB greatly and reversibly reduces inward currents elicited by

pulsed-pressure injections of 2mM calcium aspartate into voltage-clamped

photoreceptors. For the cell shown, the amplitude of the current elicited by calcium

injection following washout of 2-APB exceeded that of the control.



47

2-APB blocks voltage-sensitive K+ currents

Being a bulky organic amine, 2-APB is a potential blocker of voltage-gated

potassium channels (review: Mathie et al., 1998). We therefore examined the effect of

2-APB on outward currents elicited by voltage steps. Voltage-activated outward

currents of Limulus ventral photoreceptors comprise a delayed rectifier, giving rise to

a maintained outward K+ current; and a rapidly-inactivating K+ conductance similar

to the A current of molluscan neurons (Pepose and Lisman, 1978; Lisman et al.,

1982). Both of these components of the outward current were blocked by 100 µM 2-

APB (Fig. 8). Cells were first held at their resting potential. Voltage clamp currents

were recorded during 5 s steps from the resting potential, ranging from -40 mV to

+60mV. Average V-I curves for both peak transient and sustained currents, with the

ohmic leakage current subtracted from the data, are shown in Fig. 8. For a step of +60

mV, treatment with 100 µM 2-APB for 10 min resulted in a reversible reduction in

the peak transient outward current to 7% ± 6 % and the sustained current to 28 ± 11

% of their control values respectively (n=8). The percent blockage was not

significantly dependent on the magnitude of the voltage step, neither were ohmic

leakage currents reduced by 2-APB. Therefore, 2-APB is a strong blocker of voltage-

sensitive potassium conductances in ventral photoreceptors.
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Figure 8. 2APB-inhibits voltage-sensitive potassium currents. A) Inhibition by 2-

APB of voltage sensitive potassium currents in one typical cell. The photoreceptor

was voltage clamped at its resting potential at first, then 5 sec square voltage steps in

10-mV increments, ranging from -40 to +60 mV relative its resting membrane

potential, were applied to the cell. The resulting outward current starts with a fast

peak caused by a rapidly-inactivating K+ conductance, then a smaller maintained

current elicited by a delayed rectifier is reached. B) 2-APB’s inhibition of peak

voltage-sensitive current, measured at the time at which the control current reached

its transient peak. C) 2-APB’s inhibition of steady voltage-sensitive current, measured

just before the end of the step, after a steady-state current was attained. For B) and C),

the ohmic leakage current, estimated from steps to potentials more negative than the

resting potential, is subtracted from all of the data.
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2-APB slowed down a depolarization-activated inward current

In the preceding experiments, when we investigated currents during hyperpolarizing

steps, we held the membrane potential 20~40mV more negative than the resting

potential (-40~-60mV) for 5 sec, then stepped it back to the resting potential. Under

these conditions we observed a rapidly-inactivating inward current following the step

(5 out of 8 cells, Fig. 9). This phenomenon has been reported previously: Pepose and

Lisman (1978) found that depolarization of the photoreceptor from a holding

potential of -70 or -80 mV would induce a fast inactivating current. Later, this current

was found to be composed of sodium and calcium currents, each having a different

voltage-dependence (Lisman et al., 1982).

In the presence of 100 µM 2-APB, the time- to-peak of the transient inward current

was increased from 17 ±2 ms to 62 ±11 ms and time constants of inactivation of this

inward current were increased approximately 3 fold (45 ±9 ms vs 169 ± 16ms) (n=5)
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Figure 9. 2-APB slows down the activation and inactivation of depolarization

activated inward currents. When the membrane potential is returned to the resting

potential (-40~-60mV) following 5-sec -20~-40mV hyperpolarizing steps, a transient

inward current is induced. The arrow indicates the end of the voltage step. In the

presence of 100 µM 2-APB, the times to peak and inactivation time constants of this

inward current were increased approximately 3 fold.
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Discussion

2-APB is clearly an effective, reversible inhibitor of the light response of Limulus

ventral photoreceptors, acting in a concentration range (1-100 µM) that is similar to

its actions in other cells, including Drosophila photoreceptors. At the highest

concentration investigated, 100 µM, inhibition takes the form of an almost total loss

of sensitivity to dim flashes, while the peak photocurrent produced by saturating

flashes is reduced by only 16%. 2-APB does not, therefore appear to greatly block

maximal ion permeation through the light-sensitive channels but rather reduces the

efficiency with which the channels can be opened by dim flashes. The loss of the

electrical response to dim, but not bright, flashes resembles the effect of other

inhibitors of IP3-induced calcium elevation, including heparin, BAPTA and

cyclopiazonic acid (Frank and Fein, 1991; Faddis and Brown, 1993; Ukhanov and

Payne, 1995). This result also suggests that 2-APB either doesn’t directly block the

light sensitive channels on the membrane, or its direct inhibition effect is minor when

compared with its other effects.

2-APB is not a specific inhibitor of IP3-induced Ca2+ releases in Limulus ventral

photoreceptors.

2-APB inhibits multiple stages of the light response.

The high amplification achieved during the response of Limulus ventral

photoreceptors to dim flashes is thought to depend on two cascaded processes,
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calcium release due to light-induced production of IP3 and the subsequent activation

of the photocurrent by the released calcium (review: Dorlochter and Stieve, 1997).

As regards to the former process, we show that 100 µM 2-APB reversibly suppresses

light- and IP3-induced calcium release in ventral photoreceptors. 2-APB has been

described as a non-competitive antagonist of IP3-induced calcium release in a variety

of cell types (Sugawara et al. 1997; Ma et al. 2000).

We also show that 100 µM 2-APB reversibly suppresses the activation of inward

current by calcium ions. In blocking the response to calcium ions, 2-APB acts on a

step in the visual cascade that is not blocked by heparin (Frank and Fein, 1991) and is

therefore independent of IP3-induced calcium release. The mechanism by which

calcium ions activate cation channels in the plasma membrane is not understood and,

to our knowledge, 2-APB is the first pharmacological agent shown to reversibly

inhibit it. This second site of action may also reconcile the ability of 2-APB to inhibit

phototransduction in Drosophila with the evidence that the IP3 receptor is not

required for phototransduction in that species. There are now several reports of 2-

APB acting to inhibit plasma membrane conductances in mutant non-photoreceptor

cell lines which lack all three IP3 receptor isoforms, indicating an action of 2-APB at

a site other than the IP3 receptor (Prakriya and Lewis 2001; Ma et al. 2002).
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The action of 2-APB at two consecutive independent stages of phototransduction may

account for the steep Hill plot (n=2.8) of its overall inhibition of the cell’s sensitivity

to dim flashes.

2-APB also reversibly suppresses voltage-dependent potassium channels and slows

depolarization activated sodium channels in Limulus ventral photoreceptors.

This may be expected from the structure of 2-APB. In general, bulky amines are

inhibitors of voltage-sensitive potassium channels, including diphenylhydramine

(Benadryl), a compound with a structure somewhat similar to that of 2-APB (Khalika

et al., 1999). Since blockage of voltage-activated potassium channels by intracellular

TEA or Cs+ is routinely used in whole cell recordings of calcium currents, including

those of Drosophila photoreceptors, it is possible that this effect of 2-APB has gone

unreported in other cells. Clearly, if the potassium channels of Limulus

photoreceptors are not unique in this respect, our finding constrains the interpretation

of the effect of 2-APB on the electrophysiological behavior of intact cells

The effect of 2-APB on peak photocurrent-light intensity curve indicates the existence

of two pathways that mediate the light-induced current in Limulus ventral

photoreceptors.

Flashes with near saturating intensities (-2.5~-1.0 log10 attenuation) induce currents

that have two peaks in Limulus ventral photoreceptors (Stieve and Schlösser, 1989).
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This and other observations have lead to the hypothesis that the light response in

Limulus photoreceptors may be mediated by up to three independent pathways. Our

results partially support this concept. In the presence of 100 µM 2-APB, an initial

peak in the time-course of the response to saturating light flashes reversibly

disappears (Fig. 2B). This suggests that there may be at least two kinetically distinct

pathways that mediate the light-induced current.

To obtain some hints about the pathways that lead to the opening of light activated

channels, the peak photocurrent-light intensity curve (Fig. 1) was re-plotted as a curve

of peak photocurrent vs number of effective photons (or activated rhodopsin

molecules, Fig. 10). If we assume that the concentrations of intracellular messengers

that bind and open light-activated channels are linearly proportional to the number of

effective photons delivered per flash, then the intensity-response curve can be

represented by the rectangular hyperbola equation (Baylor, Lamb and Yau, 1979).

Here “I” is the peak light-induced current produced by a light activated pathway in

Limulus ventral photoreceptors, “Imax” is the maximal peak light-induced current that

can goes through these channels, “n” is the number of effective photons delivered per

flash (see Methods), “n0” is the number of effective photons eliciting half-maximal

photocurrent.

1
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Average peak photocurrent-light intensity curves in control groups have a complex

shape that is similar to those in earlier reports (Fig. 1) (Brown and Coles, 1979;

Stieve and Schlösser, 1989). Under control conditions, the average photocurrent can

be fitted by the sum of two components, each obeying the rectangular hyperbola

equation described above: one process is more sensitive to light (n0 is 170 effective

photons, corresponding to a light intensity around -4.6 log10 units with a saturating

peak current, Imax, of around 191~390 nA); The other component is less sensitive to

light (Kd = 132,000 effective photons, corresponding to a light intensity around -1.7

log10 units with an Imax around 370-517 nA). When the photoreceptors were bathed

with 100 µM 2-APB, the average peak photocurrent-light intensity curve can be fitted

by the less-sensitive process alone (with an Imax of 593 nA). Similar results were

obtained by fitting those curves of each individual cell and then averaging the

resulting fits.

Although the above results imply the existence of a process with a peak current

around 500 nA that is insensitive to 2-APB at concentrations up to 100 µM, this

doesn’t mean that this process is entirely 2-APB insensitive. The inhibition of the

light-induced electrical response by 2-APB is concentration dependent and the effect

of 2-APB shows no sign of saturation at 100 µM (Fig. 3). A recent paper by Fein

(2003) demonstrates that application of 300 µM 2-APB further desensitizes the

electrical response to light (Fein, 2003).
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Nevertheless, the peak photocurrent-light intensity curves with and without 100 µM

2-APB suggest that there might be two pathways for the opening of the light activated

channels. For dim light stimulus, the light-induced current is generated via a 2-APB

sensitive pathway. When the light stimulus is stronger, a second pathway with less

sensitivity to 2-APB is also engaged.

Interestingly, two possible mechanisms for the pathway downstream from Ca2+ or

DAG have been proposed (See introduction for details, Fig. 1 of Chapter 1). Briefly,

one candidate branch is to be through Ca2+ mediated activation of guanylyl cyclase,

which will produce cGMP to open cGMP gated channels on the plasma membrane;

while the other possible pathway is DAG and Ca2+ mediated TRPC channels.

To assign 2-APB sensitivities to these two possible pathways downstream from PLC,

further experimental evidences are needed. 2-APB can be used as a useful

pharmacological tool to separate these two possible pathways and then study the

downstream mechanisms.
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Figure 10. The curve of peak photocurrent-effective photons can be fitted by the

sum of two components, each obeying the rectangular hyperbola equation (a re-

plot of Fig. 1). These curves were generated following light flashes of different

intensities in voltage clamped Limulus ventral photoreceptors. The light stimulus (20

ms flashes) was delivered every minute. Traces of filled circles, triangles, and open

circles represent the corresponding peak light-induced-currents obtained before,

during the application of 100 µM 2-APB and after the washout of 2-APB. The

corresponding lines that go through the above three traces are fits obtained by the sum

of two components, each obeying the rectangular hyperbola equations (The goodness

of all three fits are larger than 99.2%). The first component is relatively sensitive to

light (“n01” = 170 effective photons); whereas the second component is less sensitive

to light (“n02” = 170 effective photons). In the presence of 100 µM 2-APB, the

maximum peak light-induced current of the first component, Imax1, was abolished

(191~390 nA as compared to 0 nA), whereas the change of Imax2 is not that significant

(370~517 nA as compared to 593 nA). This indicates that the light response of

Limulus ventral photoreceptors has at least two pathways: one is light and 2-APB

sensitive, while the other is not.
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Estimating the Diffusion Coefficients of Substances with

Known Molecular Weights

Abstract

In order to get a better understanding of the dynamics of the Ca2+ signal, we estimated

the diffusion coefficient, D, of Ca2+ ions, a Ca2+ buffer (Dextran fluo4) and inositol

trisphosphate (IP3), as well as the uniformity of the cytoplasm. We first developed a

method for measuring the D value of injected fluorescent dyes by fitting confocal line

scan images with diffusion equations. The D values of various dyes were paired with

their corresponding molecular weights, and the D values of IP3 and Ca2+ inside the

cytoplasm of the cell were then estimated using Graham’s Law. The estimated D for

Ca2+, 217 µm2/s, is similar to previous reports, and those of IP3 (74 µm2/s) and

Dextran fluo4 (23 µm2/s) fall within the range of D values of substances with similar

molecular weight in other cellular systems. However, the D value of IP3 is

significantly lower than that in a cellular extract of Xenopus oocytes. This might be

caused by differences among species and the possible loss of cellular content during

preparation of the cellular extract. There was no difference between D values of

Dextran alexa fluo488 measured along different directions and in different locations
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of the cell. The cytoplasm of the cell is therefore uniform and has no role in

generating non-uniform light-induced Ca2+ signals.
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Introduction

As an important intracellular messenger, the multifunctional role of Ca2+ is

accomplished by modulating its amplitude, temporal and spatial features through

combinations of different Ca2+ release, termination and effector machineries

(Berridge, et al., 2001). Among all those termination modulators, Ca2+ buffers are an

important factor that can affect the range and amplitude of Ca2+ signals. Most

importantly, the mobility of Ca2+ ions is mainly determined by Ca2+ buffers: “fixed

Ca2+ buffers tend to retard the signal”, “whereas mobile buffers contribute to Ca2+

redistribution” (Gabso, Neher and Spira, 1997). Similarly, in cells where Ca2+ ions

are released via a diffusible agonist such as IP3, the diffusion of such agonist is also

important in determining the spreading of Ca2+ signals (Jafri and Keizer, 1994).

Therefore, estimations of the diffusion coefficients of substances like Ca2+ buffers

and agonist are needed to understand the dynamics of the Ca2+ signal.

Many methods have been used to measure the diffusion coefficients (D) of substances

inside cells. The D value can be obtained directly by fitting the spread of

radioactivity-labeled ions with diffusion equations or by calculations using Nernst-

Einstein equation and the movement of the radio-active ions in electrical fields

(Hodgkin and Keynes, 1953, 1957; Kushmerick and Podolsky, 1969). The usage of

this method is restricted by the requirement of a large specimen and radioactive

materials. Similarly, the D value of fluorescent indicators can also be obtained by

fitting the spreading of injected dyes with diffusion equations (Gabso, Neher and

Spira, 1997). Or the D value of fluorescent molecules can be obtained through other
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methods. For example, fluorescence photobleach recovery (FPR) is routinely used to

determine diffusion coefficients (Axelrod et al., 1976; Blatter and Wier, 1990; Tansey

et al., 1994); The value of D for fluorescent macromolecules in a finite volume can

also be obtained by fluorescence (fluctuation) correlation spectroscopy (FCS) (Elson,

1974; Chen et al., 1999; Digman et al., 2005).

Here we measured the D value of fluorescent indicators using a similar method to that

of Gabso, Neher and Spira, 1997, and from these measurements the D values of IP3

and mobile Ca2+ buffers were estimated (Bruins et al., 1931).
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Material and methods:

Preparation of the nerves, dyes and electrodes:

The ventral nerves of the Limulus were treated as described before (Millecchia and

mauro, 1969; Fein and DeVoe, 1973). Then, they were placed for stimulation and

recording in a chamber filled artificial sea water (ASW), which contained (in mM)

435 NaC1, 10 KC1, 10 CaC12, 20 MgC12, and 25 MgSO4 (pH 7.0~7.4).

All four dyes, dextran-alexa fluor 555 (MW:10,000), dextran-alexa fluo 488

(MW:3,000), alexa-fluor 555 and ANTS, were bought from Molecular Probes. They

were dissolved in a carrier solution (100mM KAsp, 10mM HEPES, PH 7.0) before

being loaded into injection electrodes.

A sharp electrode loaded with fluorescent molecules was placed into ASW or used to

impale cells. The dyes were then injected into solutions or cells via pulse air pressure.

A single such injection will eject a 1-10 pl volume of solution into ventral

photoreceptors (Corson & Fein, 1983).

Fluorescence measurements:

All measurements were performed using Zeiss confocal microscopes. For ANTS

measurements, a Zeiss LSM410 was used. In order to excite ANTS the 364 nm laser

beam from an Ar laser (Innova Technologies), was focused onto the cell by a 40X
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objective (Zeiss, 40X, Neofluar, NA 0.75). Fluorescence was collected through a

dichroic mirror (FT395). Before collection, the resulting fluorescence was filtered by

a 515 nm long pass filter (Ukhanov and Payne, 1995a). For the other three dyes, a

Zeiss LSM510 and a 40X oil lens (Zeiss, NA: 1.3) were used for measurements.

Dextran alexa fluor555 and alexa fluor555 were excited by a 543 nm laser beam from

a HeNe laser, and dextran alexa fluor 488 was excited by a 488 nm laser line from an

Argon laser. Before reaching the specimen, the exciting laser beam excitation first

went through an appropriate beam splitter (HFT488/543). Before collection by the

photomultiplier tube, the emitted fluorescence was filtered by appropriate long pass

filters (a 560 nm long pass filter for emissions from the first two dyes and a 505 nm

long pass filter for emissions from dextran alexa fluor 488)

The line scan (X-t scan) mode of the microscope was used: The laser beam sweeps

back and forth along a pre-selected line. The resulting fluorescence of each pixel

along this line is collected so that the fluorescence change with time across this line

can be obtained. Therefore, both spatial and temporal information about the

fluorescence change can be obtained by this method. Since one sweep scan takes

around one or two milliseconds, this method is used for collecting both spatial and

temporal information.

Data collection: A two-second duration confocal line scan across the electrode tip

was taken to collect the fluorescence beneath the electrode tip. The line was

perpendicular to the axis of electrode. 50 ms after the onset of the line scan,
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fluorescent molecules were introduced into ASW or cells by a 0.1 sec pressure

injection. The resulting fluorescence changes were collected and stored onto a

computer. The above procedures were repeated with two-minute intervals to get 9 or

12 images.

To reduce noise level, one average image was obtained from the raw images. The

resulting image was then filtered with a 2D Gaussian window (2.25 µm × 7.68 ms).

Background fluorescence before injection was subtracted from this filtered image to

obtain the two dimensional image of the injection and subsequent diffusion of

fluorescent molecules. Diffusion equations were fit to the spread of fluorescence after

the end of the injection period.

Equations used for fitting diffusional spread: Equation (1) is the solution to diffusion

from a point source into an infinite volume (Crank, 1956).

Where ‘C’ is the concentration of the diffusion molecule, ‘M’ is the total mass

injected, ‘D’ is the diffusion coefficient, ‘t’ is time, and ‘r’ is the distance from the

point source.

(1)
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We modify equation (1) by adding an extra factor ‘σ’ to describe an initial Gaussian

concentration profile of fluorescent molecule following injection.

The spatial-temporal distribution pattern of pressure injected fluorescent molecules

was fitted with this equation. The extent of similarity between simulated and

experimental results was estimated by the least square method. Then ‘σ’ and ‘D’ in

equation (2) were varied and the above procedures were repeated until a best fit was

found. If the maximal correlation coefficient was better than 95%, then the

corresponding D was accepted as the diffusion coefficient of this molecule.

(2)
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Results and Discussion

The diffusion coefficients of several dyes in the cell and in ASW: We estimated the

diffusion coefficients of dextran alexa fluor546, ANTS, Alexa fluor 555 and Dextran

alexa fluo 488.

An example of using the fitting method to estimate D values

Using the least square method, the spatial-temporal distribution pattern of pressure

injected fluorescent molecules from a sharp electrode was compared with that from

calculations of diffusion from an initially Gaussian concentration profile. When the

simulated pattern generated from a certain diffusion coefficient fitted the

experimental data with a correlation coefficient of >95%, then the corresponding D

was accepted as the diffusion coefficient of this molecule (Fig 1).
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Figure 1. The diffusion coefficient of dextran alexa fluor. A) Figure on the left:

Line scan image of the spread of dextran alexa fluor beginning 0.29 sec after the

onset of injection. The laser beam sweeps back and forth along a pre-selected line.

Successive lines of flourescence are then stacked so that the fluorescence change with

time across lines can be obtained, while spatial information is indicated by the

intensity of the fluorescence along the lines. Figure on the right, the best fit of

equation (2) to the experimental data. Parameters used: D = 76 µm2/s, σ = 0.17 sec,

M = 1.25e7. The correlation coefficient is 99.8%. The pseudo-colors in both figures

have the same scale. The higher the fluorescence, the brighter the color. B) Linear

plot of (t+σ)1.5 vs the inversion of peak fluorescence obtained from figure A. Red

curve: experimental data. Green line: equation (2). C) The spatial distribution of

fluorescence of dextran alexa fluor and the corresponding fits to equation (2) at three

different times. Colored curve of circles are experimental data, black curves are the

corresponding fits to equation (2).
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From equation (2), two conclusions about three dimensional diffusion from a

Gaussian profile can be made: (1) The spatial concentration profile of the diffusion

substance at any time point is a Gaussian distribution (Fig 1 C). (2) The decay of peak

concentration (Cpeak) with time follows equation (3) (Fig 1 B)

A simplified version of equation (3) is equation (4), where K is a constant. From

equation (4) it is clear that there is a linear relationship between 1/Cpeak and (t+σ)1.5.

(Fig 1. C and Fig 2.C)

From Figure 1 and 2, it is clear that the diffusion of dextran alexa fluor after injection

strictly follows the two above characteristics of diffusion from an initial Gaussian

profile. Therefore, it is reasonable to estimate the diffusion coefficients of fluorescent

molecules with this method.

(3)

(4) 
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Through this method, the diffusion coefficients of dextran alexa fluor 546 in ASW

and in cells were determined to be 74±9 µm2/s (n=6) and 12.4±0.8 µm2/s (n=4)

respectively (Fig. 1 and 2).
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Figure 2. The diffusion coefficient of dextran alexa fluor inside cells. A) Figure on

the left: Line scan image of the spread of dextran alexa fluor beginning 0.17 sec after

the onset of injection. Figure on the right, the best fit of equation (2) to the

experimental data. Parameters used: D = 12.6 µm2/s, σ = 0.52 sec, M = 1.13e6. The

correlation coefficient is 99.6%. B) Plot of (t+σ)1.5 vs the inverse of peak

fluorescence of figure A. Red curve: experimental data. Green line: fitting of

experimental data. C) The spatial distribution of fluorescence of dextran alexa fluor

and their corresponding Gaussian fits at three different time points in figure A).

Colored curve of circles are experimental data, black curves are their corresponding

fittings.
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The cytoplasm of the photoreceptor is uniform

As described in the next chapter, the spread of the light-induced Ca2+ signals has two

phases. The initial fast phase is mainly confined within the R lobe, while the later

slow phase often occurs at the junction between the two lobes (See chapter 3 for

details). To test whether this difference in spread speed is caused by non-uniformity

of the cytoplasm, the D values of Dextran alexa fluo 488 in different lobes and along

different directions relative to the long axis of the cell were measured.

The D value of Dextran alexa fluo 488 in the A and that in the R lobe was determined

to be 46 ±5 and 43 ± 6 µm2/s. There was no significant difference between these two

values (p=0.28, paired T test, n=4). Similarly, D values measured along the

longitudinal axis of the cell, 42±4 µm2/s, showed no difference to those measured

perpendicular to the longitudinal axis of the cell (46±5 µm2/s) (p=0.26, paired T test,

n=7). These results indicate that the cytoplasm of the cell is uniform.

This uniformity of the cytoplasm is consistent with previous reports. Although the A

and the R lobe of the Limulus ventral photoreceptors are structurally and functionally

different, there are no physical barriers between them and the ER network is uniform

and continuous throughout the entire cytoplasm (Stern et al., 1982; Calman &

Chamberlain, 1982; Feng et al., 1994). Cytoplasmic viscosity, the major factor that

affects apparent D values, is usually uniform for substances that do not bind

significantly to immobile intracellular components (Luby-Phelps, 2000). The D
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values of the other indicator dyes within the R and the A lobe were therefore

considered to be the same and were not measured separately.

The diffusion coefficients of indicator dyes in the cell and in ASW through the fitting

method (table 1).

Table 1. The diffusion coefficients of dyes inside Cells and in ASW

N

Diffusion coefficient

(µm2/s)

Dye MW

In ASW In Cells In ASW In Cells

ANTS 381 7 4 290 ± 29 72 ± 10

Alexa fluo 555 1029 6 4 225 ± 10 57±14

Dextran alexa fluo 488 3000 11 4 129± 6 43±4

Dextran alexa fluo 555 10,000 6 4 74±9 12±1

From figure3, it is clear that the D values we obtained fall within the range of

reported values of molecules with similar sizes in other cellular systems. Also, the D

values of these dyes inside cells are reduced by a factor of approximately 4.6 relative

to their D values in ASW. Similar reductions have been reported in many other

cellular systems (Swiss 3T3 cells, Luby-Phelps et al., 1986; Nerve processes, Popov

and Poo, 1992; Muscle cells, Arrio-Dupont, 1996; Hela cells, Lukacs et al., 2000).
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There are many reasons for this reduced mobility of substances inside cells. Firstly,

according to Stokes-Einstein equation, the D of molecules is inversely proportional to

viscosity. The cytoplasm of the cells has a greater viscosity relative to that of the

extracellular solution, which usually results a 2-5 fold reduction in D values

(Kushmerick and Podolsky, 1969; Strautman et al., 1990, Popov and Poo, 1992; for

review: Luby-Phelps, 2000). Secondly, the cytoskeletal network may restrict the

apparent diffusion of macromolecules that have a hydrodynamic diameter larger than

10 nm or a MW bigger than 580 kDa (Luby-Phelps, 2000; Lukacs et al., 2000).

Considering the sizes of the dyes we used, it is unlikely that the cytoskeleton will

hinder their diffusion. Thirdly, the binding of diffusible substances with immobile

cellular components will greatly reduce apparent D values (Crank J, 1957; Blatter and

Wier, 1990; Luby-Phelps et al., 1995). However, it has been shown that the inert

tracer Dextran does not bind with immobile cellular structures (Luby-Phelps et al.,

1985). Since the two other dyes we tested show a similar reduction in D value to

those of Dextran dyes and the reduction in apparent D value is similar to those

reported in the literature (Swiss 3T3 cells, Luby-Phelps et al., 1986; Nerve processes,

Popov and Poo, 1992; Muscle cells, Arrio-Dupont, 1996; Hela cells, Lukacs et al.,

2000), it is probable that none of the dyes we used bind significantly to cellular

structures.

Estimations of the diffusion coefficients of Dextran fluo4 and IP3 inside cells.
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Although there are many factors that affect the diffusion coefficient of a molecule, the

molecular weight (M) and the diffusion coefficient (D) of a molecule are strongly

related (Blatter and Wier, 1990). This relationship can be described by the Graham’s

Law (equation (5), Bruins et al., 1931).

In which c is a constant dependent on the nature of the solvent and the temperature.

The diffusion coefficients and molecular weight of dextran alexa fluor, alexa fluor

555 and ANTS can therefore be used to calculate the value of “c” inside cells and in

ASW (Fig 3). Then, the diffusion coefficients of Dextran fluo4 (MW: 10,000) and IP3

(MW: 414.6) inside cells and in ASW can be estimated through equation (5).

For Dextran fluo4 the diffusion coefficients inside cells and in ASW are 23 µm2/s and

86 µm2/s respectively. For IP3, they are 74 µm2/s inside cells and 293 µm2/s in ASW.

The predicted diffusion coefficients of free Ca2+ ions in ASW and inside cells (866

and 217 µm2/s respectively) are close to those reported in the literature (700-780

µm2/s in aqueous solution, (Wang, 1953); 223 µm2/s in cellular extract (Allbritton et

al., 1992). Moreover, the predicted diffusion coefficient of Fura-2 (MW 636.5) is 62

µm2/s in Limulus ventral photoreceptors. This is also close to the values reported in

(5) 
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cells with similarly dense ER networks, like cardiac and muscle cells (32-43 µm2/s,

Miura et al., 1998; Blatter and Wier, 1990; Timmerman and Ashley, 1986; Baylor

and Hollingworth, 1988).

Our estimation of D for IP3 is lower than the measurements in cellular extract (283

µm2/s, Allbritton et al., 1992). Besides variation of cytoplasm viscosity in different

species, the other possible explanation for this is that during the procedure of extract

preparation some content of the cytoplasm was lost, thus reducing its viscosity.

Moreover, the ER network in the cellular extract might be ruptured, reducing any

physical obstacles for IP3 diffusion.

The size of all known Ca2+ binding proteins in neurons (Baimbridge et al., 1992;

Burgoyne and Weiss, 2001; Haeseleer et al., 2002) is larger than 10 kDa. The

reported D values of similar sized macromolecules in different cytoplasm all fall

within the range of 0.1~23 µm2/s (Figure 3). Therefore, the mobility of Ca2+ binding

proteins in the cytoplasm of the photoreceptors should be low. If they have a similar

binding ratio to fixed intracellular components to the dyes we used here, then

according to our estimation, their diffusion coefficient inside Limulus ventral

photoreceptors is estimated to be smaller than 14 µm2/s. This indicates that when the

intracellular Ca2+ signal is small relative to the buffering capacity of immobile and

mobile Ca2+ binding proteins, the spread of the Ca2+ signal is expected to be slow.
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Figure 3. The diffusion coefficient inside cells and in ASW as a function of

molecular weight. Red dots and line: diffusion coefficients of dyes in ASW and

their linear regression curve; Green dots and line: diffusion coefficients of dyes inside

Limulus ventral photoreceptors and their linear regression curve. The values of c in

ASW and cells are 5253 and 1466 µm2/s respectively. Black dots are the D values of

different molecules in different cellular systems as reported in the literature.

Fluorescent labeled macromolecules used include: various sized dextran (Tansey et

al., 1994; Braga et al., 2004; Arrio-Dupont et al., 1996; Luby-Phelps et al., 1985;

Horne and Meyer, 1999), Calmodulin (Tansey et al., 1994; Luby-Phelps et al., 1985);

bovine serum albumin and IgG (Wojcieszyn et al., 1981; Luby-Phelps et al., 1985;

Popov and Poo, 1992); lactalbumin and ovalbumin (Luby-Phelps et al., 1985; Popov

and Poo, 1992); actin (Luby-Phelps et al., 1985); Na+/H+ exchanger-regulatory factor

1 (Haggie et al., 2004); and myoglobin (Baylor and Pape, 1988); small molecules

include indicators and dyes like: indo-1 (Blatter and Wier, 1990), Fura-2 (Blatter and
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Wier, 1990; Gabso et al., 1997; Strautmann et al., 1990; Timmerman and Ashley,

1986); Tetramethylmurexide, Arsenazo III, and antipyrylazo III (Maylie et al.,

1987a~c); Calcium green (Brown et al., 1999), Alexa fluor 488 and Lucifer yellow

(Holcman and Korenbrot, 2004), carboxyfluorescein and dichlorofluorescein (Brink

and Ramanan,1985), and other small molecules like glycine (Timmerman and

Ashley, 1986), sucrose, ATP (Kushmerick and Podolsky, 1969; Hubley et al., 1995),

and cGMP (Koutalos et al., 1995).
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Investigation of the Mechanisms that Define the Spatial-

temporal Profile of the Ca2+ Signal and Estimation of the

Peak Ca2+ Signal Inside Limulus Ventral Photoreceptors

Abstract

As an important intracellular messenger, Ca2+ signals mediate both light-induced

excitation and adaptation in Limulus ventral photoreceptors. To get a better

understanding of its multiple functional roles, the dynamics of the Ca2+ signal were

studied. The light-induced Ca2+ release was shown to originate at the rhabdomeral

membrane of the R lobe. Consistent with its role in mediating the light response, the

Ca2+ signal under the microvillar membrane rises to its peak with a similar time

course to that of the photoreceptor’s electrical signal. The Ca2+ signal then spreads

into the interior of the cell with two phases. The initial fast phase is a diffusion driven

process that needs both the diffusion of IP3 and of Ca2+ released by IP3, Experimental

manipulation of either the apparent diffusion coefficient (D) of Ca2+ ions or the life

span of IP3 molecules change the spread of the fast phase. The peak [Ca]i close to the

rhabdomeral lobe is high enough (300 µM) to enable it to diffuse freely and

contribute to the initial spread. Minimizing the D values of Ca2+ ions by buffering the
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Ca2+ signal through injection of excess slow moving Ca2+ buffer, Dextran-fluo4, can

slow down the speed of the initial spread. Thus the diffusion of Ca2+ ions contributes

to the fast phase. In the presence of excess Dextran fluo4, the existence and the

unaltered duration of the fast spread indicates the participation of IP3 diffusion.

Moreover, prolonging the life span of IP3 through injection of the analog and IP3-ase

inhibitor, L-chiro-I (1,4,6)PS3, increases the duration of the initial spread. Thus the

diffusion of IP3 also contributes to the initial fast spread, and it determines the

duration of the fast phase. Model simulations indicate that the diffusion of both IP3

molecules and Ca2+ ions released by IP3 are both necessary and sufficient to explain

the initial fast phase of spread. This model also indicates that the diffusion of IP3

might account for the spread of excitation and the facilitation of light responses in

responses to dim flashes, while the diffusion of both Ca2+ ions and IP3 molecules are

needed for the spread of excitation and the saturation of light responses in responses

to intense flashes.
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Introduction

Calcium (Ca) is a very important intracellular messenger that controls many cellular

processes, such as visual transduction, exocytosis, gene transcription, and muscle

contraction. This vital, multifunctional role of Ca2+ is accomplished by modulating its

amplitude, temporal and spatial features through combinations of different Ca2+

release, termination and effector machineries (Berridge, et al., 2001). Therefore,

accurate estimate of Ca2+ amplitude, timing, temporal and spatial properties is

important to understand the role of Ca2+ in those cellular responses.

In Limulus ventral photoreceptors, a light stimulus will lead to the release of IP3 from

plasma membrane. IP3 molecules then diffuse to the endoplasmic reticulum (ER) and

release calcium (Ca) stored in the ER by opening IP3 receptors. Ca2+ mediates both

excitation and adaptation of the light responses (for review, see Nasi E, et al., 2000;

Lisman et al., 2002). To get a better understanding of the molecular mechanism of the

light response, more information about the light-induced Ca2+ signal is needed. It is

known that the light-induced Ca2+ signal initiates within the light sensitive

rhabdomeral lobe (R lobe) (Payne and Fein, 1987). However, the spatial relationship

between the light-induced Ca2+ signal and the microvillar membrane of the R lobe has

not been demonstrated directly. In response to weak or moderate intensity stimuli it

has been shown previously that the time to peak of the Ca2+ signal is highly correlated

with that of the light-induced receptor potential (Payne & Demas, 2000). But we do

not know whether this relationship holds true for responses to intense stimulus.
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Moreover, because high affinity calcium indicators were used in previous studies, the

peak Ca2+ signal in response to intense flashes may have been greatly underestimated

(Brown and Blinks, 1974; Brown et al., 1977; Levy and Fein, 1985; O'Day and Gray-

Keller, 1989; Ukhanov & Payne, 1995a,b ).

Under very dim illumination, light-induced excitation is confined to the locality of a

photoisomerized rhodopsin molecule. Within 100ms excitation appears to spread a

distance of 1.5~4 µm. Saturation of the light response (competition between

excitatory products released by individual photoisomerisations therefore begins when

only 200 photons are effectively absorbed across the entire photoreceptive membrane

(Brown JE and Coles JA, 1979; Payne R and Fein A, 1986). It is not known whether

the diffusion of Ca2+ and IP3 can account for this spread.

In response to a stronger stimulus “global” Ca2+ signals are generated in many cell

types. They are usually triggered from local Ca2+ “hot spots” and then propagate as

waves across the cell. (Berridge MJ, 1997; Bootman et al., 2001). In Limulus ventral

photoreceptors, it is known that the light-induced Ca2+ signal first spreads rapidly

across the R lobe and then slows down and hardly penetrates the light insensitive

arahbdomeral lobe (A lobe) (Ukhanov & Payne, 1995a). But whether this spread

results from diffusion or a regenerative “Ca2+ wave” has not been demonstrated.

Detailed description of two-phase spreading and the possible molecular mechanism

behind it is unknown.
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In this chapter, the above questions will be investigated with the help of various dyes,

buffers and model simulations.



83

Material and methods

Preparation of the nerve

The ventral nerves of Limulus were taken out of the animal, desheathed, and softened

with 1 % Pronase in (Millecchia and Mauro, 1969; Fein and DeVoe, 1973). Then they

were placed in a chamber filled artificial sea water (ASW), which contained 435 mM

NaC1, 10 mM KC1, 10 mM CaC12, 20 mM MgC12, and 25 mM MgSO4 (pH

7.0~7.4) for stimulation and recordings. For some experiments, a component of ASW

was modified: 0 Ca2+ ASW, contained no CaC12 but 1mM EGTA

Chemicals and solutions:

D-myo-IP3 (100µM) and L-chiro-IPS3 (L-chiro-Inositol 1,4,6-tris-phosphorothioate

triethylammonium salt, 500mM) were obtained from Sigma Chemical Corp. All dyes,

ANTS (8-aminonaphthalene- 1,3,6-trisulfonic acid), Dextran-fluo4 (5 mM), FM4-64

(N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl)

pyridinium dibromide, 100µM); Fluo-4 (1 mM), Fluo-5N (1 mM), and Calcium

Green 5N (1 mM), were obtained from Molecular Probes Inc.

Chemicals were dissolved in ASW or modified ASW and introduced to the cells in

the solution bathing cells or dissolved in a carrier solution (100mM KAsp, 10mM

HEPES, PH 7.0) and injected into the photoreceptors via air pressure pulses.
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Photoreceptors were impaled with blunt glass micropipettes containing injection

solutions. In some experiments, another blunt electrode was introduced into the cells

for injections of a second substance. The injection method was pulse-pressure

injection. A single such injection will introduce a 1-10 pl solution into the cells

(Corson & Fein, 1983). For voltage clamp studies, the cells were impaled with a

second sharp electrode containing 3M KCl and were clamped at the resting potential.

Data was collected by a CODAS data acquisition board in a personal computer with a

sampling rate of 1K HZ and high pass filtered to reduce the noise level (455 HZ for

voltage trace, 177 HZ for current trace)

Fluorescence measurements and calibration

Most measurements were performed using Zeiss confocal microscopes. For ANTS

measurements a Zeiss LSM410 with UV excitation was used. ANTS is excited by

After reflected by a dichroic mirror (FT395), the 364 nm laser beam from an Ar laser

(Innova Technologies), is focused onto the cell by a 40X objective (Zeiss, 40X,

Neofluar, NA 0.75) to excite the cells and ANTS. Before collection, the resulting

fluorescence was filtered by a 505 nm long pass filter (Ukhanov and Payne, 1995a).

For those Ca2+ indicators, a Zeiss LSM510 and a 40X oil lens (Zeiss, NA: 1.3) were

used for measurements. They were excited by a 488 nm laser line from an Argon

laser. Before reaching the specimen, the laser beams for excitation first went through
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a primary beam splitter (HFT488/543). Also, the emitted fluorescence was filtered by

a 505nm long pass filters before being collected by a photomultiplier tube.

In experiments where both FM4-64 and Dextran-fluo4 is used, the 488 nm laser

served as an excitation source for both dyes. The fluorescence emitted from the

samples was then encountered by a secondary beam splitter (HFT635). After passing

a 505~530 nm band pass filter, the fluorescence reflected from HFT635 is collected

as the signal from the binding of Dextran fluo4 to Ca2+ ions (Ca2+ channel); while the

fluorescence that went through HFT635 splitter was further filtered by a 650 nm long

pass filter before it was collected as FM4-64 signal (Membrane channel).

Besides the line-scan mode (see methods of Chapter 3), two other modes were used.

Spot scan: The laser beam is kept stationary on a pre-selected focal spot (an ellipsoid

with a diameter of 5×1µm) (Ukhanov and Payne, 1995). The resulting fluorescence is

collected by the photomultiplier of the confocal microscope. The highest sampling

rate of this method is less than two microseconds, so this method is used for tasks that

need high temporal resolution. Frame scans (X-Y scans): The laser beam performs X-

Y scans across a selected area to collect fluorescence from the entire region. In this

mode, each X scan at one Y position is a single line scan. To finish one frame scan,

the laser beam needs to go through all the lines at each Y position. It usually takes

one or two hundred milliseconds to collect one single image of Limulus ventral

photoreceptors. Therefore this method is used to obtain most detailed spatial

information about the Ca2+ signals with a price of losing most temporal information.
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Dye calibration:

External calibration — (affinity) kd of Fluo-5N: Fluorescence was measured by a

conventional epiillumination system for ratio-fluorescence microscopy (Deltascan;

PTI Inc., South Brunswick, NJ). Solutions (PH 7.0) containing 1 µM dye, 400 mM

KCl, 10 mM HEPES and various [Ca]i were used to check their fluorescence. The kd

is then decided from the [Ca]i -fluorescence curve (Ukhanov et al., 1995). The Kd of

Fluo-5N got from this method is 500 µM.

In vivo calibration — determining [Ca]i: Fluorescence was measured by a Zeiss LSM

410 laser scanning confocal microscope. In such measurements, depth resolution was

5 µm at 488 nm and 7 µm using the 364 nm laser beam). The stationary spot and line

scan mode were chosen because they have higher time resolution. In spot scan mode,

the sampling rate is 125 KHZ. In the line scan mode, fluorescence was sampled along

a pre-selected line, composed by 512 points, at the rate of 4 ms per line. The

fluorescence trace was then integrated at suitable intervals for the convenience of

display

Carrier solution that contains 10 mM of the Ca-insensitive dye ANTS and 1 mM

Fluo-5N was pressure injected into cells. The ratio (R) of 488 nm fluorescence from

Fluo-5N to 360 nm fluorescence from ANTS was determined after subtraction of the

appropriate backgrounds. Using equation [Ca]i = Kd·(R-Rmin)/(Rmax-R), [Ca]i was then

estimated by comparing this ratio to that of the minimum (Rmin) and maximum ratios
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(Rmax) determined in droplets containing 1 µM Calcium Green-5N, 100 µM ANTS

and either 10 mM EGTA or 10 mM CaC12, placed on a microscope cover slip glass.

(Ukhanov & Payne, 1995).

Simultaneous recording of electrical signal and fluorescence signal were done as

described previously (Ukhanov & Payne, 1995).

Data collection: The laser beam sweeps back and forth along a pre-selected line. The

resulting fluorescence of each spot along this line is collected so that the fluorescence

change with time across this line can be obtained.

Analysis and Simulations

All analysis and simulations described below were accomplished through a

combinational use of Matlab, SigmaPlot, and Image J

Measurement of the speed of the initial and the later spread of Ca2+ signal

Depending on the affinity of the dye used in experiments, two methods were used to

measure the speed of spread of the Ca2+ signal.

High affinity dyes were used in most of our experiments. To avoid distortions caused

by dye saturation, we use the spread of the first reliably detectible fluorescence
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increase to define the speed of the spread. For a line scan image obtained either

through experiment or through simulations, as described below, the time taken for the

ratio between increased and resting fluorescence (F and F0) at a given point to exceed

a criterion value of 2 was used to calculate the speed. A curve relating distance from

the microvillar membrane to this time was then constructed.

In some experiments, a low affinity dye was used to get a better understanding of the

Ca2+ signal. In these experiments, F0 was so small that it was too noisy to obtain a

good fit using the above method. Instead of using F/F0=2, we therefore used the half

maximum width of the fluorescence signal to define the speed of spread of Ca2+

signal. Here Fmax is the maximal fluorescence of each corresponding line image

obtained at certain time.

Model of IP3 diffusion within the R-lobe

To explain the initial spread of the light induced Ca2+ signal in the presence of large

amount of slow moving Ca2+ buffer, a model of IP3 diffusion within the R-lobe was

made. The model of the R lobe is sphere with a radius of 30 µm, divided into 1 µm

hypothetic shells (Fig 1). All properties of the rhabdomeral membrane or the

cytoplasm of the R lobe are considered to be uniform (table 1)
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Table1: Contents of the R lobe assumed for modeling

Parts Contents Source

6e5 microvilli ①

Diameter: 0.1 µm, length: 1.5 µm

3% of the lipids of inner layer of the

membrane of the microvillus are PIP2

molecules

Brown and Coles, 1979

Clark et al., 1969

Zinkler et al., 1985;

Hardie et al., 2001

The

rhabdomeral

membrane

Phospholipase C assumed

IP3 diffuses (D=74 µm2/s) through a

uniform cytoplasm
assumed

Enough IP3 5-phosphatase uniformly

distributed in the cytoplasm to hydrolyze

IP3

assumed

The

cytoplasm

IP3 molecules are hydrolyzed with a time

constant of 50ms
assumed

① In simulations, the shape and the volume of the microvilli were not considered.
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Figure 1: The model of the R lobe and the generation of the IP3 molecules. The R

lobe is a sphere that has a radius of 30 µm. The sphere is cut open to show its

structure and contents. The gray surface of the R lobe is the rhabdomeral membrane,

and the white content of the R lobe is its cytoplasm. The cytoplasm is divided into 1

µm hypothetical shells. During simulations, all IP3 molecules will be produce in the

outmost shell of the R lobe in the following two ways: either the simulation starts

with [IP3] = 1.7mM and there is no more IP3 production, or the simulation starts with

[IP3] = 0 mM, and IP3 is produced with a rate of 13.2 mM/s for 100ms.

Equations: According to Fick’s first law, for a given shell inside the cytoplasm:

Its influx (ji) or efflux (je) is (1)

Where A is the surface area between two shells, ‘C’ is [IP3], x is position.

The hydrolysis rate of [IP3] (Kh) is (2)
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Where C is [IP3], τ is the time constant of the hydrolysis of IP3 molecules.

The rate of net concentration change (Kc) in this given shell caused by net flux and

hydrolysis of IP3 can then be calculated

(3) 

 

Where Vol is the volume of the shell.

The Euler method was used to integrate these equations so as to calculate the [IP3] in

any given shell at any given time.

Relating the diffusion of IP3 to the Ca2+ release and the spread of Ca2+ signal shown

by fluorescent dyes. With all the following assumptions and facts, the speed of the

initial spread of the Ca2+ signal can be determined in terms of the velocity with which

a threshold [IP3] spreads into the interior of the R lobe. The ER network (Feng et al.,

1994) of the R lobe, including the distribution of IP3 receptors (Ukhanov et al., 1998)

and Ca2+ stores, is assumed to be uniform. IP3 molecules diffuse (D = 74 µm2/s) from

the outermost shell into the interior of the R lobe. As diffusion proceeds, Ca2+ ions

will be released if an [IP3] threshold is exceeded. In the presence of excess injected

Dextran fluo4, the released Ca2+ions are assumed to be detectable immediately after

their release and are then assumed to be immobilized. The diffusion coefficient (D) of

Dextran fluo4 in the cytoplasm is assumed to be negligible.

Model of IP3 induced Ca2+ release and diffusion within the R-lobe
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To explain the initial spread of the light induced Ca2+ signal under normal conditions,

a model of IP3 diffusion was modified into a model of a diffusion -reaction-diffusion

type. Firstly, after [IP3] reached threshold in a given shell, Ca2+ ions would release

after a delay of 17 ms (Ukhanov et al., 1995). Secondly, the observed release rate of

light induced Ca2+ signal in the outermost shell was used as the maximal rate of Ca2+

release, K, in other shells. Thirdly, after opening, IP3Rs remain open during the entire

period of simulation. They do not inactivate, nor are they affected by Ca2+ ions. The

rate of increase of Ca2+ (Kr) in one given shell is given by equation (4)

(4)

Where ‘thr’ is the threshold [IP3] to release Ca2+ ions, ‘C’ is the concentration of IP3

in one given shell, and the value of ‘7.5·thr’ is an estimate of the affinity of IP3

molecules to IP3Rs, obtained by multiplying the threshold [IP3] by 7.5. Thirdly, once

released, Ca2+ ions were assumed to diffuse freely through the cytoplasm (D=217

µm2/s, see Chapter 3 for details). There was no buffering, uptake or extrusion of Ca2+

ions during simulation. Except the above modifications, all the other assumptions,

parameters of this model are the same as those in the model of IP3 diffusion.

Therefore, by combining equation (2) with equation (4), and using the same approach

as those used in the model of IP3 diffusion, the [Ca]i in any given shell can be

calculated at any given time.
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Results

The light-induced calcium signal originates at the plasma membrane.

The plasma membrane of ventral photoreceptors was visualized by bathing the cells

in ASW containing 100 µM FM4-64, as described in Methods. Fluorescent Ca2+

signals were recorded from cells injected with an excess amount of 5 mM Dextran

fluo4, so as to maximize the fluorescent Ca2+ signal and minimize Ca2+ diffusion

from release sites. Confocal line scans across the R lobe of dark-adapted

photoreceptors were initiated, and the resulting Dextran fluo4 and FM4-64

fluorescence were recorded simultaneously.

Regions of the cell periphery that displayed a high intensity of FM4-64 staining were

presumed to be microvillar in nature, since the surface area of the microvillar

membrane is 10-fold greater than that of non-microvillar plasma membrane (Fig. 2)

(Brown and Coles, 1979). The half-maximum width of the fluorescence from these

regions was 1.7±0.1µm (n=7), consistent with the length of microvilli in electron

micrograph images (1.5 µm, Clark et al., 1969)
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Figure 2. The staining of rhabdomeral membrane by FM4-64 in several typical

cells. The fluorescence signal from the plasma membrane is shown by FM4-64 (red),

and the positions of assumed rhabdomeral membrane (R) are indicated by arrows,

whereas the cytoplasmic volume is shown by fluorescence of injected Dextran fluo4

(Green). A) Typical cell with a distinct R lobe. B) Parts of the R lobe from two

different cells are piled together

Following the onset of the line-scan stimulus, Ca2+ signals originated from areas

adjacent to rhabdomeral membranes with a latency of 15±6 ms (n=5). The spatial

profiles of Ca2+ signals, averaged during the first 10ms of the response overlapped the

spatial profiles of FM4-64 staining, with the two peaks of fluorescence located 1.4 ±
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0.3 µm apart (n=6) (Fig 2). Considering the 1.5 µm length of microvilli (Clark et al.,

1969) and the 0.45 µm optical resolution of the microscope, this result is consistent

with the Ca2+ signal originating at the base of the microvilli.

Smaller Ca2+ signals with longer latency (70 ±16 ms, n= 5) were also observed to

originate at regions of the cell periphery that that were stained by FM4-64 with very

low intensity. We do not know whether these regions represent secondary

rhabdomeral-lobes or some previously unreported light-sensitivity of the non-

microvillar membrane.
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Figure 3. The distance between onset spots of Ca2+ release and the rhabdomere

membrane. A) The upper image: part of one cell that shows the position of the

rhabdomeral membrane (the curved line of red fluorescence indicated by the arrow)

and that of the line scan (yellow line). “C” represents the cytoplasm of the cell. The

bottom image: The corresponding line scan image of the above cell during excitation.

Red: FM4-64 fluorescence shows the position of the rhabdomere membrane where is

intersects with the line scan; Green: Dextran fluo4 fluorescence shows the temporal-

spatial pattern of light-induced Ca2+ release. The higher the fluorescence, the brighter

the color is. B) The distance between the initial Ca2+ release and the rhabdomere

membrane. Plots were obtained from the temporal average of the corresponding

fluorescence signals within the blue box (10 ms) shown in Figure A. Red curve:

FM4-64 signal; Green curve: Dextran fluo4 signal. The distance between the two

peaks is considered to be the distance between the rhabdomere membrane the initial

site of Ca2+ release spot. It was 2.3 µm in this cell.
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The Ca2+ signal beneath the microvillar membrane rises to its peak with a

similar time course to that of the light-induced electrical signal

Using a similar method as described by Ukhanov and Payne (1995), Ca2+ signals

were measured at their points of origin using spot scans and the low affinity dye Fluo-

5N (Kd = 500 µM) (See methods for details).

The latency and time to peak of the Ca2+ signal is similar to that of the electrical

signal: The latency of the Fluo-5N signal was 16 ± 3 ms (n=5), reaching its peak after

82 ± 8 ms. The latency and time-to-peak and delay times for the accompanying

receptor potentials were 30 ± 6 ms and 70 ± 10 ms and respectively (n=5) (Fig. 4A).

We found no significant difference between the latencies or times-to-peak of the Ca2+

signals and the electrical response. (p>0.16; Paired T test, n=5).
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Figure 4: The timing and amplitude of light-induced Ca2+ signal in typical cells

in response to a spot scan. The black bar beneath represents the light stimulus. The

laser light intensity is around ~ 108 effective photons per sec. A) The latency and time

to peak of the light-induced Fluo-5N signal (the green dotted trace) is similar to that

of the electrical signal (the blue line). The fluorescence signal from Fluo-5N is shown

as arbitrary photon-multiplier tube counts. In this cell, both the onset and time-to-

peak of Fluo-5N precede those of receptor potential by one millisecond. B) The

amplitude of the light-induced Ca2+ signal shown by dyes with different affinity in

two typical cells. When measured with Fluo-5N in one cell, there is no plateau and

the [Ca]i reaches its peak (400 µM) within 200ms and then decays with a time

constant of 1 sec. Whereas the [Ca]i shown by Calcium Green 5N (Ukhanov &

Payne, 1995) bears a plateau and its peak amplitude is smaller (150 µM)
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The peak amplitude of Light-induced Ca2+ signal is as high as 300 µM: Our previous

estimate of Ca2+ peak using the middle affinity dye Calcium Green 5N (kd=67 µM)

was approximately 150 µM, with a very broad peak, more like a plateau ((Fig 3B;

Ukhanov & Payne, 1995)). There is no plateau in the calcium signal measured with

Fluo-5N: right after the Ca2+ signal reaches its peak, it begins to decrease

immediately (Figure 3B). Moreover, the Ca2+ peak shown by Fluo-5N is 300 ± 55

µM (n = 7; Fig. 3Α), almost doubles the size of our previous measurements. This

discrepancy in the time course and calculated amplitude of Ca2+ signals determined

by Fluo-5N and Calcium Green 5N, is expected if Ca2+ release is localized to

confined spaces within the confocal spot where Calcium Green 5N saturates

(Tillotson and Nasi, 1998).

Similarly large Ca2+ transients have been observed in other cell types, but they are

shorter lasting and more spatially confined. In the micro-domain of squid giant

synapses (diameter: 0.5 µm), the peak Ca2+ transient caused by Ca2+ influx is also

around 300 µM but lasts less than 20 ms (Silver et al., 1994). In the rhabdomeres

(packed microvilli) of Drosophila photoreceptors, the peak amplitude of the C signal

is estimated as 600 µM, lasting for less than 500 ms (Oberwinkler & Stavenga, 2000).

The prolonged Ca2+ signal that spreads over a large region of the R-lobe of Limulus

ventral photoreceptors therefore appears to be unique. We therefore decided to

investigate the mechanism of its propagation.

The Ca2+ signal spreads into the interior of the cell in two phases.
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To examine the spread of light-induced Ca2+ signals, dyes with different affinities and

different methods for calculating the speed of the spread were used. Similar to

previous reports (Ukhanov and Payne, 1995), all results show a two-phase spreading.

The light-induced Ca2+ signal initiates from the edge of the cell (Fig. 3), spreads

within 200 ms up to 40-50 µm into the cell interior following which there is little

further spread while [Ca]i remains elevated for several seconds (Fig. 5 and table 2).

The existence of the two-phase spread of the Ca2+ signal is not dependent on the

criterion [Ca]i or the dye used to measure the spread.

The high affinity of Fluo-4 (Kd= 2 µM) makes it suitable to catch small Ca2+ signals.

Therefore, Fluo-4 was used to follow the leading edge of the Ca2+ signal as it spreads.

The leading edge was defined as the point at which F/F0 exceeds a criterion of 2. The

results show that for the first 154±17ms of Ca2+ release (n=7) the Ca2+ signal spreads

20±4 µm into interior of the cell with a square-root speed, V, of 81±7 µm/s0.5. After

this, the value of V slows down to 26±3 µm/s0.5. This slower phase of spread

continues for several seconds.

The low affinity dye, fluo-5N, was used to estimate the spread of the ½ maximal

fluorescence signal. During the first 114±38 ms (n=6) of Ca2+ release, the Ca2+ signal

spreads about 11 µm into interior of the cell with a speed of 39±5 µm/s0.5. After this,

the spread slows down to a speed of 15.5±2.4 µm/s0.5. This slower phase also lasts for

seconds.
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To test whether the light-induced Ca2+ entry has any role in this two phase spreading,

the spread of Ca2+ signals in cells loaded with fluo-4 and bathed in 0 Ca2+ ASW with

2mM EGTA was measured. In 0 Ca2+ ASW, the speed (85±12µm/s0.5), duration

(159±53ms) and distance(22±2 µm) of the initial spread is no different to cells bathed

in normal ASW (p>0.5, T-test, n=5). Similarly, the speed of the later spread

(24±5µm/s0.5) is also unaltered. This indicates that the spread of the light-induced

Ca2+ signal is independent of light-induced Ca2+ entry, consistent with the previous

finding that the light-induced Ca2+ release is from ER Ca2+ stores (Ukhanov and

Payne, 1995).

In order to control for the possibility that the rapid initial spread of the Ca2+ signal

was related to rapid diffusion of Ca-loaded dye, cells were loaded with a small

quantity of Dextran fluo4 by 2-5 pressure injections. Dextran fluo4 diffuses slowly

inside Limulus ventral photoreceptors (23 µm2/s, see Chapter 3 for details). We also

co-labeled these cells with FM4-64 so as to make sure that the scan line ran

perpendicular to the rhabdomeral membrane and that no infoldings of the

rhabdomeral membrane existed along the scan line that could initiate Ca2+ signals

deep within the R-lobe. Under these conditions, the speed of the initial spread of the

Ca2+ signal was measured as 67 ± 8 µm/s0.5 (n=9) (Fig. 8). This result is not

significantly different from the value obtained using fluo4. Therefore the rapid spread

of the Ca2+ signal in the presence of fluo-4 cannot be ascribed to diffusion of the
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measuring dye or due to Ca2+ signals initiated from infoldings of the plasma

membrane.

Table 2. The initial and later spread of light-induced Ca2+ signal shown by

different Ca2+ indicator dyes.

Initial spread Later

spreadMethods
Dyes used N

V
(µm/s0.5)

Duration
(ms)

Distanc
e (µm)

V
(µm/s0.5)

Fluo-5N 6 39±5 114±38 9±1 15.5±2.4Half
maximu
m width Calcium Green 5N 4 62±18 157±48 14±2 10.8±5.2

Calcium Green 5N 4 88±9 151±28 17.3±0.

4

3.3±5

Fluo4 7 81±7 154±17 19±6 26±3

F / F0 =2

Dextran fluo4 9 67±8 163±18 17±2 20±3

The initial spread of the light-induced Ca2+ signal might be determined by the

diffusion of both Ca2+ ions and IP3 molecules.

The rapid phase of spread is not a regenerative calcium wave.

Pulsed pressure injection of Ca2+ (2 mM) or IP3 (1mM) into dye-loaded cells did not

initiate propagating Ca2+ waves that traveled through the R-lobe cytosol. Calcium
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signals elicited by these injections were decremental and confined to the immediate

surround of the injection site (Data not shown). In addition, the light-induced Ca2+

signal does not have the characteristics of a typical Ca2+ wave. As the light-induced

Ca2+ signal measured with fluo-5N spread into the interior of the cell, both its

amplitude and speed decreased (Fig. 5). Moreover, the spread of the leading edge of

the light-induced Ca2+ signal has a characteristic typical of diffusion: The distance

over which the fluorescence exceeds a criterion value is better fit by a square root

rather than a linear function of the time elapsed after the initiation of the signal (Fig.

5D). We therefore used distance divided by the square root of time as the “speed” (V)

to describe the spread.
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Figure 5. The rapid phase of the two-phase spread of light-induced Ca2+ signal is

a diffusion driven process A) Image of the cell showing the position of the line scan

(yellow line). The first arrow (1) indicates the position where the Ca2+ release

originates. B) A typical line scan image that shows the two-phase spread of the light-

induced Ca2+ signal in A). C) The increase of fluorescence with time in different

locations of the photoreceptor (arrows in Figure A). The more interior the position of

the spot is, the slower the rate of rise of the fluorescence and the smaller the

maximum fluorescence. The distance between two adjacent measurement positions is

4.5 µm. C) The spread of a criteria fluorescence intensity into the interior of the R

lobe with time (t) plotted on two scales. Red trace is a plot of x vs. t; while the Green

trace is the plot of x vs. t0.5. For the initial spread, it is clear that x/t0.5 is constant. This

is a typical characteristic of a diffusion driven process. The slope, x/t0.5, defines the

“speed” of the diffusion front, V.
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This diffusion driven process cannot be explained by simple diffusion of one single

substance like free Ca2+ ions or IP3 molecules. Similar to previous reports (Allbritton

et al., 1992), the D of free Ca2+ ions in the R-lobe was estimated to be 217 µm2/s (see

Chapter 3). We constructed a simple, spherical model of the R-lobe ((see methods)

which ignored calcium buffering or uptake in the cytoplasm. Ca2+ ions are released

only at the outmost 1 µm shell of our model cell at a rate that replicates the rate of

rise of [Ca]i under the microvillar membrane in our spot scan measurements (Fig. 4).

With these conditions, the fastest speed of spread of the Ca2+ signal, determined by

half maximum width, 10 µm/s0.5, is still much lower than that of the experimental

values (39±5 µm/s0.5). The speed of spread would diminish further due to the reduced

mobility of Ca2+ ions in a more realistic model that included buffering or uptake of

Ca2+ ions in the cytoplasm. These calculations indicate that Ca2+ release is unlikely to

be confined to within the immediate vicinity of the microvillar membrane.

An obvious development of our model is to include the diffusion and calcium-

releasing action of IP3. We distributed Ca2+ stores uniformly throughout the R-lobe

and allow diffusion of IP3 from the rhabdomeral membrane to propagate the Ca2+

signal deep into the cell. There is solid experimental evidence both for a continuous

network of ER within the R-lobe that can release Ca2+ in response to IP3 (Feng et al.

1994, Ukhanov & Payne, 1997). We first considered whether diffusion of IP3 alone

could account for the rapid spread of the Ca2+ signal. We constructed a simple model

(see Methods) in which the flash instantaneously hydrolyzed all of the PIP2 in the
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microvillar membrane so as to produce a calculated initial IP3 concentration in the

outmost shell of 1.71 mM of a spherical R-lobe. No hydrolysis of IP3 occurs and IP3-

release is assumed to initiate detectable Ca2+ release at a threshold concentration of

0.01 µM. Under these conditions the speed of spread, V, of the resulting Ca2+ signal

would only be predicted to reach (45 µm/s0.5). Thus the diffusion IP3 of molecules

alone is also insufficient to explain the fast spread of the Ca2+ signal. The diffusion of

both IP3 and mobile Ca2+ ions released at high concentrations at sites throughout the

R-lobe may therefore be required.

An excess amount of a slowly-moving Ca2+ buffer slows down but does not

eliminate the rapid phase of spread.

In order to experimentally investigate the role of IP3 and Ca2+ diffusion in the spread

of the Ca2+ signal we injected cells with an excess of the fluorescent calcium indicator

Dextran fluo4. As well as being a calcium indicator, Dextran fluo4 is a slow moving,

high affinity Ca2+ buffer (kd=0.77 µM, D=23 µm2/s). If it is able to effectively buffer

Ca, a high cytoplasmic concentration of Dextran fluo4 should minimize the elevation

of the light-induced Ca2+ and the diffusion of Ca2+ ions. Under these conditions, we

would expect diffusion of IP3 alone would dominate the spread of the Ca2+ signal and

we could then test the predictions of our simple model of IP3 diffusion.

We first demonstrated the effectiveness of dextran-fluo4 as a Ca2+ buffer. Like other

Ca2+ buffers, when injected into Limulus photoreceptors, Dextran fluo4 is able to
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greatly desensitize the electrical response to dim light and eliminate the peak-plateau

response transition to bright light (n=4, Fig. 6) (Lisman and Brown, 1975). Given this

physiological evidence that Dextran fluo4 effectively buffered calcium during the

light response, we investigated the spread of the Ca2+ signal after injection of an

excess of Dextran fluo4.

Figure 6. Injection of Dextran fluo4 desensitizes the electrical response to dim

light and eliminates the peak-plateau response transition to bright light in one

typical cell. The cell was loaded by 9 injections of 1mM Dextran fluo4. A) The

electrical response to dim flashes (-3.5 log10 unit) was greatly inhibited by Dextran

fluo4 injections. B) The peak-plateau response transition in response to strong flashes

(-2.0 log10 unit) was abolished by Dextran fluo4 injections.

As noted above, 2-5 injections of Dextran fluo4 had little effect on the initial speed of

spread of the Ca2+ signal. However, injection of more dye slowed the speed of the
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initial spread from 67 ± 8 µm/s0.5 to 32±3 µm/s0.5, (p=0.0002, T test, n=19) (27-36

injections were injected, creating an estimated final dye concentration of 300-

2000 µM). The duration of the initial rapid spread 171±15ms, however, was not

significantly different from that of controls. As a result, the distance of the initial

spread decreased from 17±2 µm (n=8) to 8±1 µm (n=9) (Fig. 7).

This result demonstrates that the abrupt slowing down of the spread of the Ca2+ signal

as it enters its second phase is not due to a physical barrier placed at a fixed distance

from the rhabdomeral membrane or due to a reduction in the density of Ca2+ stores

and IP3receptor proteins.

Excess Dextran fluo4 also decreased the speed of the slow phase from 20±3 µm/s0.5

to 7±1 µm/s0.5 (n=10, T-test, p=0.001) (Fig6. B). This would be consistent with the

later phase of spread being dominated by the diffusion of buffered Ca2+ ions alone.

The decrease in the speed of both phases of spread in the presence of an excess of

Dextran fluo4 is consistent with a role for Ca2+ ions in both phases of the Ca2+ signal.
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Figure 7. Injection of excess amount of Dextran fluo4, a high affinity Ca2+ buffer,

decreases the speeds of both the fast and slow spread. A) Figure on the left: Line

scan image of the R lobe of one ventral photoreceptor loaded with less dye. Figure on

the right, same line scan at the same position of the cell after more dye is loaded. To

make a direct comparison between these two line scan images possible, their

background fluorescence were scaled to the same value. The pseudo-colors in both

figures have the same scale. The higher the concentration of Ca2+ is, the bright the

fluorescence. B) The movement of the light-induced fluorescence that is two folds of

the background fluorescence (F/F0=2). It is obtained from the contour of F/F0=2 from

images in A). Open circles, the spreading of light-induced fluorescence increase when

the cell is loaded with low concentration of dye. Open triangles, light-induced signals

in the same cell filled with high concentration of dye. Black lines are the linear fitting

of the initial/later spreads part of corresponding curves. The intercepts of the fittings

are the speeds of the spreads. When the above cell is loaded with less dye, the speed

of the initial spread is 47 µm/s0.5. After more dye is injected into the cell, the speed

decreases to 23 µm/s0.5. Similarly, more Dextran fluo4 injection reduces the speed of

the later spread from 6 µm/s0.5 to 3 µm/s0.5.
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The diffusion of IP3 molecules also contributes to the fast initial spread

The initial spread of the light-induced Ca2+ signal in the presence of excess Dextran

fluo4 is also a diffusion driven process.

In the presence of excess dextran-fluo4, the Ca2+ signal still spreads quite rapidly. We

wished to determine whether spread under these conditions might be entirely

explained by diffusion of IP3 from the plasma membrane.

We first verified that the spread of the light-induced Ca2+ signal in the presence of

Dextran fluo4 had the characteristics of a diffusion driven process. We found this to

be the case: As the Ca2+ signal spreads into the interior of the cell, both its amplitude

and the rate of [Ca]i increase decrease. And there is a linear relationship between the

square root of the time elapsed and the distance over which the fluorescence exceeds

a criterion value
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Figure 8. The spread of the light-induced Ca2+ signal has the characteristics of a

diffusion driven process. A) A typical line scan image that shows the two-phase

spread of the light-induced Ca2+ signal. The first Arrow indicates the position where

the Ca2+ release starts. B) The increase of fluorescence with time in different

locations of the photoreceptor. The more interior of the position of the spot is, the

slower the rise rate of fluorescence and the smaller the maximum fluorescence is. The

locations are indicated by numbers and their positions are shown by arrows in figure

A), the distance between two adjacent positions is 2.25 µm. C) The spread (x) of

arbitrary fluorescence intensity into the interior of the R lobe with time (t) plotted on

two scales. Red trace is the direct plot of x-t; while the Green trace is the plot of x-t0.5.

For the initial spread, it is clear that x/t0.5 is equal to a constant. This is a typical

characteristic of a diffusion driven process. The slope, x/t0.5, defines the “speed” of

the diffusion front, V. When cells are loaded with large amount of Dextran fluo4, V =

35±5 µm/s0.5 (n=10).
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The speed with which the Ca2+ signal spreads in the presence of excess Dextran fluo4

may be explained by simple diffusion of IP3 from the rhabdomeral membrane to

activate high-affinity receptors in the R-lobe cytoplasm. Given the evidence that the

rapid spread of the calcium wave is diffusive and is quite resistant to an excess of

Dextran fluo4, we constructed a simple model of IP3 release and diffusion within the

R-lobe in the presence of excess Dextran fluo4. The main assumptions of this model

are that an extremely high concentration of IP3, in the mM range, is generated beneath

the microvillar membrane and that the threshold of IP3 receptors (IP3Rs) uniformly

distributed in the cytoplasm is comparatively very low, in the µM range. Also, the IP3

molecules are hydrolyzed fast (τ = 50ms). If IP3 molecules are produced with a

constant speed and its threshold to release Ca2+ ions is in the range of 0.1~1 µM, the

experimental values of the speed and the duration of the initial spread can be

approximately accounted for (Fig. 9). It is therefore possible that simple diffusion of

IP3 is responsible for the spread of light-induced Ca2+ signal in the presence of excess

Dextran fluo4.
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Figure 9. The simulated dependence of the speed,V, and duration of the initial

spread of the Ca2+ signal on the dynamics of the release of IP3 and the threshold

of IP3 receptors. Red and green curves are simulation results, while blue lines are the

mean and SE of experimentally determined values measured in cells loaded with

excess of Dextran fluo4. For details of the simulations, see the Methods section. A)

The dependence of V on the dynamics of the release of IP3 and the threshold of IP3R.

B) The dependence of the duration of the initial spread on the dynamics of the release

of IP3 and the threshold of IP3R. The results show that no matter how the IP3

molecules are released, the smaller the threshold criterion for Ca2+ release, the larger

the V and the longer the duration are. If IP3 molecules are produced at a constant rate,

and the threshold [IP3] to IP3R is around 0.1~1 µM, the experimental values can be

explained by the diffusion of IP3 only.

Injection of L-chiro-IPS3 increases the speed and duration of the rapid phase of

spread.
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We sought experimental evidence that diffusion of IP3, limited by hydrolysis, is

responsible for the spread of the Ca2+ signal in the presence of excess Dextran fluo4.

L-chiro-I(1,4,6)PS3 is a non-hydrolysable IP3 stereoisomer that can act as an inhibitor

of the enzyme, myo-Inositol 1, 4, 5-trisphosphate 5-phosphatase, that metobolizes

I(1,4,5)P3 to inactive I(1,4)P2. The influence of L-chiro-Ins(1,4,6)PS3 on the initial

spread of Ca2+ signal was tested by introducing 30-40 injections of Dextran fluo4

(5mM) into cells with or without the addition of L-chiro-Ins(1,4,6)PS3 (500 µM).

When compared with control cells that were only loaded with Dextran fluo4

(0.3~2mM), the speed and duration of the initial spread in the presence of L-Chiro-

IPS3 was significantly greater: 59 ±6 µm/sec0.5 vs 35±5 µm/sec0.5; 245±19 ms vs

148±19 ms. As a result, the distance of the initial spread is prolonged by L-chiro-IPS3

from 5±1 µm to 24±2 µm. However, the speed of the later slow phase of spread of the

Ca2+ signal was not altered by L-Chiro-IPS3: 16 ±3 µm/sec0.5 vs 12±1 µm/sec0.5

(P=0.17, T test) (Fig. 10).
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Figure 10. L-chiro-Ins(1,4,6)PS3 prolonged the duration of the initial spread but

didn’t alter the speed of the later spread. After 30-40 injections of Dextran fluo4

(5mM) with L-chiro-Ins(1,4,6)PS3 (500 µM) (open circles) or 30~40 injections of

5mM Dextran fluo4 (open squares) into Limulus ventral photoreceptors, the spread of

light-induced Ca2+ signals were then obtained as described in methods.

Thus L-chiro-Ins(1,4,6)PS3, which might be expected to prolong the lifetime of

Ins(1,4,5)P3, also prolongs the duration of the initial phase of spread and its speed.

The speed of the later phase of spread remains unchanged. This is consistent with the

participation of the diffusion of IP3 in the initial spread of the light-induced Ca2+
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signal. The later phase of spread is not affected, consistent with it being due to the

much slower diffusion of buffered calcium ions alone.

The diffusion of both IP3 molecules and Ca2+ ions is sufficient to explain the speed

and duration of the rapid phase of spread.

The above results indicate both the diffusion of Ca2+ ions and IP3 molecules are

necessary for the initial spread. Therefore the initial spread might be determined by a

diffusion-reaction-diffusion process: As the light-induced IP3 diffuses, it will release

Ca2+ ions from intracellular stores once a threshold concentration is reached. The

released Ca2+ ions then diffuse to the interior of the cell. To test whether this model is

sufficient for the initial spread, several parameters in the model of IP3 diffusion were

modified to generate a model that includes diffusion of Ca2+ ions released by IP3.

Firstly, after [IP3] reaches threshold Ca2+ ions are released after a delay of 17 ms

(Ukhanov et al., 1995). Since the peak light-induced Ca2+ signal is as high as 300 µM

and Ca2+ ions will diffuse freely at these concentrations (Allbritton, 1992), Ca2+ ions

were assumed to diffuse freely through the cytoplasm (D=217 µm2/s, see Chapter 3

for details). All the other assumptions and parameters are the same as those in the

model of IP3 diffusion (see methods for details).

We calculated the expected speed of the ‘wave’ front of the Ca2+ signal using a

criteria [Ca]i of 2 µM, with a threshold [IP3] for Ca2+ release of approximately 0.1~1

µM, the corresponding predicted V values, will fall within the range of 62 ~ 69
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µm/s0.5. This agrees well with experimental data measured by Dextran fluo4 (67±8

µm/s0.5, n= 9). Similarly, the predicted V values, measured by half maximum

fluorescence, falls within the range of 26 ~33 µm/s0.5. This also agrees with results

from Fluo-5N measurements. Therefore, diffusion of IP3 molecules followed by the

release and diffusion of Ca2+ ions at high concentration is sufficient enough to predict

the observed V of the initial spread.

In summary, in response to a light stimulus, IP3 molecules are continuously produced

from the rhabdomeral membrane until depletion of PIP2 molecules or end of

stimulus. As IP3 molecules diffuse into the interior of the cell with a D of 74 µm2/s,

they will bind to IP3Rs on the ER membrane. If the [IP3] exceeds a threshold of 0.1~1

µM, IP3Rs will open after a delay of 17 ms and release Ca2+ with a rate of 4.34 mM/s.

The released Ca2+ will spread into the interior of the cell with a D of 217 µm2/s. At

the beginning, the spread of IP3 signal precedes that of the Ca2+ signal due to its

earlier start. Later, because of its higher D value, the fast traveling IP3-induced Ca2+

signal will bypass that of the IP3 signal and lead the spread of the Ca2+ signal (Fig

11).
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Figure 11. The diffusion of IP3 and IP3-induced Ca2+ ions speeds up the

spreading of Ca2+ signal. Two simulations were represented in this figure. The first

simulation is one example from the model IP3-induced Ca2+ signal: IP3 molecules are

produced with a constant speed (13.2 mM/s), and they are hydrolyzed with a time

constant of 50ms. As IP3 molecules diffuse into the interior of the cell, if [IP3] is

equal to or above 0.2 µM (green dotted curve), Ca2+ ions will be released with a rate

of 4.34 mM/s. The released Ca2+ ions then diffuse with a D value of 217 µm2/s (red

circles). The criteria [Ca]i used to describe the V of spread is 2 µM. The V of

threshold [IP3] and [Ca]i is 36 and 66 µm/s0.5 respectively. The second simulation is

the diffusion of free Ca2+ ions from the outmost shell of the model cell (black dots).

The delay and release kinetics of Ca2+ ions are the same as those in the outmost shell

of the first model. There is no Ca2+ release in shells other than the outmost one, and

the criteria [Ca]i used to describe its V of spread is also 2 µM.
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Discussion

The light induced Ca2+ release was directly shown to originate at the rhabdomeral

membrane of the R lobe. Consistent with its role in mediating light responses, the

Ca2+ signal at its origin rises to its peak with a similar time course to that of the light-

induced depolarization. The initial fast spread of the light induced Ca2+ signal from

originating locations is a diffusion driven process, since its amplitude decreased as it

spread into the cell. Moreover, the distance over which the fluorescence exceeds a

criterion value is better fit by a square root rather than a linear function of the time

elapsed after the initiation of the signal (Fig. 5D).

Simulations indicate this fast spread can not be explained by the simple diffusion of

Ca2+ or that of IP3, thus the diffusion of both molecules are necessary for the fast

spread. The contribution of the diffusion Ca2+ ions to the initial spread can be shown

by effects of varying its apparent D values. Under normal conditions, the peak [Ca]i

in response to an intense flash is approximately 300 µM. This is probably high

enough to saturate endogenous Ca2+ buffers and enable Ca2+ ions to diffuse freely

(D=217 µm2/s, see chapter 3, Allbritton, 1992). Minimizing the diffusion of Ca2+ ions

by buffering the Ca2+ signal through the injection of excess slow moving Ca2+ buffer,

Dextran-fluo4, can slow down the fast initial spread.

The additional contribution of IP3 diffusion to the fast phase is indicated by three

lines of evidence. Firstly, excess Dextran fluo4 failed to eliminate the existence or
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duration of the fast initial spread. Secondly, the reduced speed of the fast phase in the

presence of excess Dextran fluo4 may be explained by a model of simple diffusion of

IP3 from the rhabdomeral membrane to activate high-affinity receptors in the R-lobe

cytoplasm. Thirdly, prolonging the life span of IP3 through L-chiro-I(1,4,6)PS3

injections can increase the duration of the initial fast spread. Therefore, the diffusion

of IP3 also contributes to the initial fast spread. Simulations indicate that diffusion of

IP3 and Ca2+ released by IP3 is sufficiently rapid to determine the initial fast spread of

the intense light induced Ca2+ signal.

The spread range of excitation induced absorption of one single photon or dim light

might be determined by the diffusion of IP3 molecules only

After single photon excitation, how far can the threshold [IP3] spread? Calcium

signals following single photons have not so far been measured in Limulus ventral

photoreceptors. For a dim flash, delivering 50 effective photons the peak amplitude

for the light-induced elevation of [Ca]i has been measured as 5 µM. The peak

amplitude of a single photon calcium signal might therefore be reasonably expected

to be <1 µM (Payne and Demas, 2000). At this concentration, Ca2+ ions should be

well buffered (Allbritton, 1992) and thus IP3 (D = 74 µm2/s) will lead the spread of

the Ca2+ signal. Assuming all possibly available IP3 molecules in one microvillus are

produced simultaneously as a point source and that the same range of threshold [IP3]

is assumed to induce Ca2+ release as those of our model (0.1~1 µM), a simple

calculation of IP3 diffusion predicts the radius of the excitation induced by absorption
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of one photon as 1 ~ 2.2 µm. According to results in chapter 2 and earlier

measurements by Brown and Coles (1979), saturation of the photocurrent starts to

occur when the number of effective photons exceeds approximately 200. Assuming

the R lobe is a half sphere with a radius of 30 µm, then 200 effective photons

corresponds to a mean distance between photoisomerizations on the surface of the R-

lobe of approximately 2 µm. At this density, therefore, we predict that significant

overlap of [IP3] generated by neighboring photoisomerisations will occur so as to

mediate competition for calcium release sites.

Both the diffusion of IP3 molecules and that of Ca2+ ions participate in the spreading

of light induced excitation.

When the intensity of the light stimulus is high, more Ca2+ ions are released, and

saturation of the endogenous Ca2+ buffers occurs. Thus Ca2+ ions will diffuse freely

(D=217 µm2/s, see chapter 3) inside the photoreceptors (Allbritton, 1992). Therefore,

the fast traveling IP3 induced Ca2+ ions lead the spread of the Ca2+ signal and the

following excitation. This faster diffusion of Ca2+ ions may lead to the acceleration of

the onset of the light response observed with increasing flash intensity by Payne and

Fein (1986) and Grzywacz et al. (1988).

Ca2+ waves might not be appropriate for the spreading of the light induced Ca2+

signal
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In response to a strong stimulus, global Ca2+ signals are generated in many kinds of

cells. These usually propagate across the cell in the form of regenerative waves

(Berridge, 1997; Bootman et al., 2001). However, the Limulus ventral photoreceptor

seems to rely on diffusion alone. The reason for this difference may lie in the special

needs of photoreceptor function. First, as a sensory receptor, one primary function is

to detect the amplitude of the stimulus. Amplitude is coded as a graded increase in the

number of channels activated. This is not a function that is well served by a

regenerative calcium wave. Once a threshold is reached, a propagating regenerative

Ca2+ wave will yield no information about light intensity, and therefore it is not

helpful as an intensity detector. Second, Ca2+ waves are usually slow (Berridge and

Irvine, 1989; Jaffe FL, 1991) and required for Ca2+ signals that travel long distances

(Berridge MJ, 1997; Bootman et al., 2001), while the light induced Ca2+ signals only

needs to travel a couple of microns (see above sections). For these short distances, our

simulation results indicate the diffusion of IP3 molecules is fast enough.

The functional significance of the large peak [Ca]i

The peak amplitude of the light induced Ca2+ signal is 300 ± 55 µM (n = 7; Fig. 3Α).

What is the possible role of this unusually high [Ca]i?

Since Ca2+ mediates excitation, a high [Ca]i might be needed to excite the

photoreceptor. When excess Ca2+ buffer, Dextran fluo4, is injected into the

cytoplasm, the dim light induced light response is greatly inhibited (Fig. 6). Similarly,
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other manipulations that inhibit [Ca]i increase, including depletion of Ca2+ stores,

inhibition of Ca2+ release and injection of the Ca2+ buffers, greatly reduce the

amplitude of light induced current (see introduction for details). A high [Ca]i might

not be a requirement for the 2-APB-insensitive (DAG and Ca2+-mediated) component

of the phototransduction pathway, but it might be necessary to excite the 2-APB-

sensitive (Ca2+-mediated) component (see Discussion, Chapter 2).

Secondly, a high [Ca]i might be necessary for rapid light adaptation of the cell.

Higher [Ca]i can decrease the sensitivity of the cell to light more effectively (Lisman

and Brown, 1975, Levy and Fein, 1985, see introduction for details), allowing the cell

to release less Ca2+ in response to subsequent illumination and to recover faster.

Thirdly, a high [Ca]i might be needed for the fast spread of Ca2+ signals across the R-

lobe. A direct result of high [Ca]i is the saturation of the endogenous Ca2+ buffers,

thus Ca2+ ions will diffuse freely inside the photoreceptors (Allbritton, 1992). An

increased spread of the light induced Ca2+ signal along the plasma membrane might

allow more channels to be activated by Ca2+ during single photon responses, The

consequence of the rapid spread of the Ca2+ signal into the interior of the cell is

unknown.
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General discussion – are there two parallel photo-

transduction cascades?

To get a better understanding of the photo-transduction cascade, the light induced

Ca2+ release was studied with the help of an IP3 receptor inhibitor, 2-APB. Although

2-APB was not a specific blocker of IP3 induced Ca2+ release, the complexity of its

inhibitory effect on the light induced current at various light intensities may indicate

the existence of two parallel photo-transduction cascades.

Currently, there are two proposed mechanisms for the light induced current in

Limulus ventral photoreceptors. One uses DAG-activated TRPC channels, although a

simultaneous small Ca2+ increase may also be required to activate this pathway

(Bandyopadhyay and Payne, 2004). The other proposed pathway is Ca2+-mediated.

Although the events downstream of Ca2+ release in the second pathway are not very

clear, there is some evidence that Ca2+-mediated activation of guanylyl cyclase

produces cGMP so as to open cGMP gated channels on the plasma membrane

(Bacigalupo et al., 1991; Chen et al., 2001, Garger, et al., 2001, 2004). My results

indicate that these two proposed mechanisms might co-exist in the same

photoreceptor.
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A DAG-Ca2+ mediated TRPC channels might serve as the light- and 2-APB-

insensitive pathway.

What are the expected features of the DAG-Ca2+ pathway? Firstly, the DAG branch

has fewer steps of amplification during the signal transduction cascade. This would

be expected to result in a lower gain that makes it less suitable for detecting dim

stimuli. Secondly, the diffusion of DAG in the plasma membrane is expected to be

slower than that of IP3 molecules and Ca2+ ions in the cytoplasm. The effect of DAG

is therefore most likely confined to a small area within or adjacent to the excited

microvillus. Thirdly, inward current induced in Limulus ventral photoreceptors by the

DAG analog, OAG, appears to require a simultaneous increase of [Ca2+]i in the

micro-molar range (6~8 µM, Bandyopadhyay and Payne, 2004). Such relatively small

Ca2+ signals are believed to be local signals that spread slowly (Allbritton et al.,

1992). The simultaneous requirement for two diffusible messengers from two

different mediums and locations may further restrict the area that could be activated

by a single photon via the DAG- Ca2+ pathway.

The above three characteristics restrict the number of channels that could be activated

by one effective photon. The DAG-Ca2+ pathway thereforewould be expected to have

a low gain, suitable for detecting high light intensities. If only a few channels

surrounding a microvillus, carrying 1-3pA each, open in response to a single photon,

the current through this pathway will be a very small fraction of the observed 1-2nA

single-photon events (Johnson et al., 1991; Bacigalupo et al., 1991).
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The second and third feature of the DAG- Ca2+ branch predicts a restricted area of

excitation induced by one single photon. If some DAG mediated channels are located

adjacent to open IP3Rs, then according to Fein (2003), the relatively low [Ca2+]i

necessary to open the channel may make the pathway resistance to store depletion,

exogenous calcium buffers or 2-APB.

Experimental observations are consistent with the above two predictions.

First, the light induced current in the presence of 2-APB begins to saturate when more

than 105 effective photons are absorbed (Chapter 2; Fig. 10), in the same range as the

total number of microvilli found in a typical ventral photoreceptor (6 · 105, Brown

and Coles, 1979). This is consistent with excitation from neighboring photon hits only

overlapping when neighboring microvilli are excited and so it is consistent with a

limited spread of excitation beyond a microvillus. Second, if the maximal current

(~517 nA) in the presence of 2-APB is divided by the total number of effective

photons, then the current passing through one single microvillus may be estimated as

approximately 1 pA. This value is similar to the amplitude of current that passes

through one single light activated channel (~1 or 3 pA, Bacigalupo et al., 1991).

Therefore, it is possible that only one DAG mediated channel is associated with one

microvillus. Under these conditions one effective photon would induce a current of

approximately 1 pA through the proposed DAG-Ca2+ -sensitive channel associated

with a microvillus and therefore single photon events will become negligible.
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Therefore, as predicted by our DAG-Ca2+ hypothesis, the gain of this DAG-Ca2+

branch is very low.

Therefore, this DAG-Ca2+ pathway, mediated by TRPC channels, might be the light-

and 2-APB-insensitive component of the light response in Limulus ventral

photoreceptors.

An IP3- Ca2+-cGMP pathway might be the 2-APB and light sensitive pathway.

Unlike the DAG-Ca2+ pathway, the IP3-Ca2+ branch is expected to have the following

features. Firstly, unlike DAG, the fast spread of IP3 molecules and Ca2+ ions in the

cytoplasm (see chapter 3.) makes it possible to activate many ion channels on the

plasma membrane. Secondly, this pathway has more steps of signal transduction. This

enables higher amplification of the signal, thus making it suitable for sensing dim

stimuli.

Both of the above two features would predict high gain and a large area activated by

one effective photon. Experimental evidence is consistent with these predictions.

Firstly, the 2-APB-sensitive single-photon gain of approximately 1nA/effective

photon is 1000 higher than that of the DAG-Ca2+ branch. Secondly, we predict from

out diffusion measurements that one effective photon could activate an area with a

radius of 2 µm if all of the IP3 within a microvillus were hydrolyzed (See chapter 4,

first paragraph on page 120). If we assume the R lobe is a half sphere with a radius of

30 µm and it has the estimated average number of microvilli (6 · 105, Brown and



128

Coles, 1979), then the spread of the single photon excitation mediated by Ca2+ would

activate 1333 microvilli on average. Therefore, in response to a single effective

photon, both the gain and the excitation area mediated by the IP3-Ca2+ branch is 1000

times larger than those mediated by DAG-Ca2+ branch. Since the single channel

conductance of light induced channels is similar (10 & 40 ps, Bacigalupo et al., 1991)

and DAG mediated channels may be localized within microvilli, this suggests that

Ca2+ mediated channels, most likely cGMP gated channels, might also be localized

within microvilli.

The fact that Ca2+ release is located upstream of this signal transduction cascade

makes this approach more sensitive to fluctuations in [Ca2+]i. Therefore, as observed,

the inhibition by 2-APB on IP3-induced Ca2+ release, store depletion, or introduction

of exogenous Ca2+ buffers, have a significant effect on channel opening.

Therefore, this IP3-Ca2+ branch, perhaps mediating the activation of cGMP channels,

might be the light and 2-APB sensitive pathway component of the light response in

Limulus ventral photoreceptors.

This two-branch hypothesis can be easily tested by the testing the effect of genetic or

pharmacological manipulations of TRPC channels. Since there are no specific TRPC

channel inhibitors available and the long life span of Limulus makes mutation of

channel proteins not applicable, one possible approach is to reduce the expression of

channel proteins using the interference RNA technique (RNAi). TRPC RNAi can be
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injected into the photoreceptors and suppress the expression of TRPC channels. If the

two-pathway hypothesis is correct, then a decrease in the expression level of TRPC

channels will not affect the amplitude of single photon events, but current induced by

intense light would be significantly reduced. Current induced by IP3 injection would

also not be predicted to be affected by reducing TRPC expression. On the contrary,

the current induced by injection of OAG and Ca2+ in the µM range would be

significantly reduced. If all these above predictions are proven to be true, then there

do exist two signal transduction cascades in Limulus ventral photoreceptors: a DAG-

TRPC branch and a Ca2+ mediated pathway. Then this will be the first known

photoreceptor that that has two photo-transduction cascades

If further experimental evidence proves that cGMP gated channels are the final

activation step of the Ca2+ mediated pathway, then the ventral photoreceptor of

Limulus has a light sensitive cGMP pathway and a light insensitive TRPC branch.

The first one is common for vertebrates while the latter is used mostly by

invertebrates (See chapter 1 for details). Therefore, the Limulus ventral photoreceptor

could provide some hints about the evolution of photoreceptors. It is possible that

both of these two cascades existed in ancestor photoreceptors. During evolution,

different eye structure and signal transduction cascades of photoreceptors evolved

according to the environment and animal behavior. Limulus ventral photoreceptors

keep both these two mechanisms to survive in habitats with large luminance

variations: the ocean floor (darker environments) and open sand (brighter

circumstances).
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Signal transduction complexes in microvilli bridged by IP3 receptors

in the cytoplasm?

For Drosophila, a flying diurnal insect, higher amplification and better light

sensitivity are not necessary. Instead, quick light responses are needed. The

photoreceptors of Drosophila have evolved at least two strategies to meet this need:

all machinery required for a single photon response is packed into a single

microvillus and the machinery for photo-transduction is believed to form a complex

(Hardie and Raghu, 2001). These two arrangements reduce messenger loss caused by

diffusion and speed up the light response by shorting the diffusion distance between

steps of photo-transduction. Therefore, the light response in Drosophila

photoreceptors is fast and efficient.

For the slow moving, nocturnal Limulus, a fast light response is not necessary. On the

contrary, higher amplification or light sensitivity is required to enable Limulus to

survive in the dark. Besides adopting larger photoreceptors and longer microvilli to

collect photons more efficiently, the ventral photoreceptors of Limulus also use IP3, a

faster diffusible messenger, and a cascade with more amplifying stages to fulfill this

need. IP3 molecules and Ca2+ ions travel further so as to excite more light-sensitive

channels. As a result, the delay and the amount of messenger loss become significant.

Our simulation results indicate that the diffusion of all possibly available IP3

molecules from one microvillus itself is enough to explain the experimentally

observed spread of the light induced excitation. Therefore, it is likely that the
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microvilli in Limulus ventral photoreceptors serve as discrete reservoirs of IP3

molecules: all the machineries required to generate IP3 molecules are localized within

the microvilli (chapter 1), so that high enough [IP3] can be achieved beneath the

plasma membrane of photoreceptors.

However, although more time is needed both for IP3 molecules to travel further and

for those steps that lead to the opening of channels after Ca2+ release, the light

induced current follows the first detectable Ca2+ release within only a few

milliseconds (Ukhanov, et al., 1995, chapter 4). This indicates that the machinery

downstream of Ca2+ must be really close to each other, or a multi-molecular complex

is formed. This is consistent with previous reports about the close vicinity between

ER and that of the plasma membrane of photoreceptors (Clark et al., 1969; Calman

and Chamberlain, 1982; Feng J et al., 1994) and our finding that Ca2+ release

originates at the rhabdomeral membrane. The close spatial-temporal relationship

between Ca2+ release and light activated channels indicates that the photo-

transduction machinery downstream of Ca2+ might be packed together, localized

beneath or on the plasma membrane. The upstream components, by contrast, are

confined within mcirovilli, just like those in Drosophila. By this arrangement,

Limulus ventral photoreceptors can get enough gain to sense dim light, and at the

same time, time delays and messenger dilution are minimized downstream.
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