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H I G H L I G H T S

• Zebrafish cones were recorded in
whole-cell employing pressure-po-
lished pipettes.

• GCAP overexpression or knock-down
was performed by injecting GCAP or
its antibody.

• Guanylate cyclase was already satu-
rated with endogenous GCAP.

• The antibody slowed down photo-
response recovery and reduced light-
sensitive current.

• Possibly, the antibody inhibited both
the Ca2+-regulated and the basal GC
activity.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Zebrafish retina
Retinal photoreceptors
Phototransduction
Calcium signalling
Guanylate cyclase
cGMP

A B S T R A C T

The neuronal Ca2+-sensor guanylate cyclase-activating protein 3 (zGCAP3) is a major regulator of guanylate
cyclase (GC) activity expressed in zebrafish cone cells. Here, the zGCAP3, or a monoclonal antibody directed
against zGCAP3, was injected in the cone cytoplasm by employing the pressure-polished pipette technique. This
technique allows to perform “real time” zGCAP3 (or of any other phototransduction protein) over-expression or
knock-down, respectively, via the patch pipette. Photoresponses were not affected by purified zGCAP3, in-
dicating that GC was already saturated with endogenous zGCAP3. The cytosolic injection of anti-zGCAP3 pro-
duced the slowing down kinetics of the flash response recovery, as theoretically expected by a minimal pho-
totransduction model considering the antibody acting exclusively on the maximal GC activation by low Ca2+.
However, the antibody produced a progressive current decay toward the zero level, as if the antibody affected
also the basal GC activity in the dark.
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1. Introduction

Visual excitation and adaptation in vertebrate cone cells is much
less understood than in rod cells [1]. Cones do not only mediate pho-
topic vision, but also allow discrimination of colours and are further
able to maintain their responsiveness over 6–7 orders of magnitude of
background light intensities. These remarkable performances require an
efficient array of signalling molecules at the subcellular level.

In recent years zebrafish has become a favourite model organism for
the study of molecular processes in cone phototransduction [2]. The
zebrafish retina is equipped with one type of rod cell and four types of
cone cells: short single (UV-sensitive) cones, long single cones (blue-
sensitive) and double cones (green- and red-sensitive). Light responses
of double cones and UV-sensitive cones were measured by suction-
pipette recording in response to illumination [3,4]. Progress in the
genetic manipulation of zebrafish has revealed some crucial vision-re-
lated mechanisms. For example, knockdown of the cone-specific opsin
kinase GRK7 has a strong effect on their photoresponse recovery, and
ectopic expression of GRK7 in zebrafish rods lowered their photo-
sensitivity [5,6]; mutations in key proteins of the phototransduction
cascade lead to blindness and cone degeneration [7].

Regulation of excitation and adaptation in photoreceptor cells de-
pends strongly on the cytoplasmic Ca2+ concentration and on Ca2+

sensor proteins like recoverin, calmodulin and the guanylate cyclase-
activating proteins (GCAPs) [8,9]. Zebrafish express a set of six GCAP
isoforms, of which four are exclusively transcribed in cone cells
(zGCAP3, 4, 5 and 7) and transcripts of zGCAP1 and 2 are only found in
rods and short single cones [10,11]. Isoforms of zGCAP differ in their
Ca2+-sensing and Ca2+-activating properties [12]. A particular strong
transcription in the larval state was observed for zGCAP3 [11], which
was coincident with the onset of visual processing in the zebrafish eye
and was matching protein expression profile [13]. Detailed investiga-
tions of its biochemical properties revealed that zGCAP3 is a strong
activator of membrane sensory guanylate cyclases (GC), detecting and
mediating Ca2+-signals below 600 nM [13].

Since the photoresponse is the real-time recording of the enzymes
controlling the intracellular concentration of cGMP, it is the most ac-
curate and direct probe of the functional integrity of the entire photo-
transduction cascade. A key strategy to further investigate the zGCAP3
function in vivo or ex vivo, as well as of other proteins involved in
phototransduction, is to study how changes in specific transduction
proteins − naturally occurring or produced by site-directed artificial
mutants (as well as by knock down or over-expressing mutants) − af-
fect electrical response [14–17]. However, the production of a vital
transgenic animal is often expensive and time consuming; furthermore,
the protein level alteration is permanent, i.e. irreversible, and often,
due to the activation of compensatory pathways, the genetic manip-
ulation does not isolate the specific function of the protein under study
[18].

On this ground, we investigated here the physiological function of
zGCAP3 by measuring, in real-time, the effects on the light response of
the over/down-regulation of a phototransduction protein, from a wild
type (WT) condition. This has recently been made possible by the de-
velopment of the pressure-polished patch pipette technique: the en-
larged shank and the small tip of these pipettes allowed the recording of
the light-evoked changes of photocurrent even from small photo-
receptors, to accommodate pulled perfusion tubes very close to the
pipette tip, and to greatly reduce the access (or series) resistance [19].

The photoresponses recorded with this technique are stable but
there is a cell to cell variation regarding the response kinetics, in-
dependently by the current level and/or sensitivity, as shown also in
mammalian photoreceptors [20]. This further limits the conclusions
drawn from the usual knock out and overexpression experiments, be-
cause they are performed on different cells isolated from different an-
imals, therefore a large number of recordings are required before con-
cluding that these genetic procedures produced a genuine change of

photoresponse kinetics.
Preliminary experiments were then performed to simulate the over-

expression and the down-regulation of the zGCAP3, by whole-cell de-
livery of the protein itself or of its monoclonal antibody.
Photoresponses were not affected by injection of purified zGCAP3, in-
dicating either that GC was already saturated with endogenous
zGCAP3, or that it was not the target of zGCAP3. The cytosolic injection
of anti-zGCAP3 produced the expected slowing down kinetics of flash
responses, but, surprisingly, the current progressively decayed toward
the zero level within ~5min of antibody perfusion. Moreover, this
current fall was also observed in control experiments by injecting in the
cytosol an antibody not specific for GCAP proteins, therefore these
experiments must be considered cautiously to avoid erroneous con-
clusions. Finally, the GC activity modulation and the cell to cell var-
iation of response recovery kinetics are also collectively analysed by
using a minimal mathematical model of phototransduction.

Preliminary results have been presented in abstract form [21].

2. Materials and methods

2.1. Cone isolation and viewing

All experiments on zebrafish (Danio rerio) were performed in com-
pliance with the European Communities Council Directive for animal
use in science (86/609/EEC) and approved by a local ethical com-
mittee. Details of the methods are described in Ref. [19]; briefly, pho-
toreceptors were mechanically isolated from healthy, dark-adapted
zebrafish, in a fully darkened box equipped with infrared LEDs (wa-
velength: 940 nm) by using a high definition webcam connected to an
external monitor. An aliquot (~2ml) of the Ringer solution (composi-
tion, in mM: 115 NaCl, 3 KCl, 10 HEPES free acid [N-(2-hydroxyethyl)
piperazine-N′-(2-ethanesulfonic acid)], 0.6 MgCl2, 0.6 MgSO4, 1.5
CaCl2, 10 glucose, buffered to pH=7.6 with NaOH; osmolality:
260mMmOsm/kg) containing the photoreceptors was transferred to
the recording chamber placed on the microscope (TE 300, Nikon,
Tokyo, Japan) stage. The preparation was illuminated with a cluster of
ultra-bright infrared LED (900 nm) and focused on a fast digital camera
(C6790–81, Hamamatsu Photonics, Tokyo, Japan) coupled to the mi-
croscope.

2.2. Protein expression and purification

Proteins were heterologously expressed in E. coli and purified as
described in Refs. [22–24]. Amino acid sequence alignments of the six
zGCAP isoforms revealed a high degree of sequence diversity in the
carboxy-terminal part making it a prime candidate region for producing
zGCAP isoform specific antibodies. A peptide comprising the last 20
amino acids C-KMMDLTHVLEIIVNGQKKKKE (residues 168–188) from
zebrafish zGCAP3 protein was synthesized and coupled to BSA and OVA
via an additional C at the amino terminus (PSL, Heidelberg, Germany).
Rats were immunized subcutaneously and intraperitoneally with a
mixture of 50 μg peptide-OVA, 5 nmol CPG oligonucleotide (Tib Mol-
biol, Berlin, Germany), 500 μl PBS and 500 μl incomplete Freund's ad-
juvant. A boost without adjuvant was given six weeks after the primary
injection; fusion was performed using standard procedures. Super-
natants were tested in a differential ELISA with the zGCAP3 peptide
coupled to BSA and irrelevant peptides coupled to the same carrier.
MAbs that reacted specifically with the zGCAP3 peptide were further
analysed in Western blot. A monoclonal antibody named ZG3 7E6 (rat
IgG1) subclass was used in this study; another one, directed against the
intracellular part of CD3, was used in controls. Monoclonal IgG anti-
bodies were purified from hybridoma fluids by diluting IgG samples
ten-fold in 20mM Na-phosphate buffer, pH=6.5 and loading on a
cation exchange column (Fractogel EMD, CM column, Merck, Darm-
stadt, Germany). Bound proteins were eluted by a linear NaCl gradient
from 0 to 300mM in 20mM Na-phosphate, pH 6.5. Fractions were
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collected and checked for purity and immunoreactivity by SDS-PAGE,
immunoblotting and surface plasmon resonance (SPR) spectroscopy
(Fig. 1). SPR was employed to screen of anti-zGCAP3 positive hy-
bridoma fluids for testing of specificity and sufficient affinity, and to
determine the kinetics and affinity constants. Initial testing of hy-
bridoma fluids by immunoblotting revealed no cross-reactivity of anti-
zGCAP3 antibodies to other zGCAP isoforms. To select among the dif-
ferent IgGs for further purification and processing we immobilized
zGCAP3 and zGCAP4 (control) by amine-coupling on CM5 sensor chips
(2 ng/mm2) and supplied IgG samples in SPR running buffer (150mM
NaCl, 3 mM EDTA, 10mM HEPES-KOH pH 7.4). ZG3 7E6 showed the
lowest degree of dissociation indicating a rather high affinity. It was
therefore further purified by cation exchange chromatography (see
Methods) to remove non IgG protein from the solution.

Affinity of purified ZG3 7E6 was finally tested by injecting different
concentrations of ZG3 7E6 in running buffer and recording of sensor-
grams, which were evaluated with the BIAevaluation software 4.1. A
purified monoclonal antibody, named ZG3 7E6, was chosen for its high
specificity for zGCAP3 and lack of cross-reaction with other GCAP
isoforms (Fig. 1). The affinity of ZG3 7E6 for zGCAP3 was measured
with SPR: the latter protein was immobilized on a SPR sensorchip
surface, while the former was injected at different concentrations into
the flow cell. The KD yielded by the global fitting analysis to the sen-
sorgrams obtained with increasing ZG3 7E6 concentrations was 10 nM
(Fig. 1A), while its average value for 34 single sensorgrams was
12 ± 0.3 nM. Presence or absence of Ca2+ in the SPR running buffer
did not influence the interaction between zGCAP3 and ZG3 7E6, nor
changing the running buffer to the zebrafish intracellular cone solution
used in the electrophysiological recordings (KD became ~14 nM). A
control recording of ZG3 7E6 flushed over immobilized zGCAP4
showed no specific binding signal (Fig. 1B).

2.3. Recordings from zebrafish cones, light stimuli and intracellular
perfusion

Light responses of zebrafish cones were recorded using the whole-
cell configuration of the patch-clamp technique, under dark-adapted
condition at room temperature (20–22 °C); details of the patch-clamp
apparatus are described in Refs. [19,25,26].

Patch pipettes were filled with an intracellular solution containing
(in mM): 40 KCl, 70 K-Asp, 5 MgCl2, 1 GTP, 5 ATP, 5 HEPES (buffered
to pH=7.6 with KOH; osmolality: 260mMmOsm/Kg). The in-
tracellular dialysis of zebrafish cones was performed by using pressure-
polished pipette and an intrapipette perfusion system. The enlarged
shank of pressure-polished pipette besides improving the electrical re-
cordings, allows to accommodate pulled quartz or plastic perfusion
tubes close to the pipette tip (Fig. 3 inset, right), allowing the fast and
controlled cytosolic incorporation of exogenous molecules [19,25,26].
Perfusion tube was filled with ZGCAP3 or its specific antibody, dis-
solved in the intracellular solution at a concentration of 40 μM and
6 μM, respectively. The protein solution was injected in the cytosol
during whole-cell recording by the controlled application of pressure to
the capillary lumen, delivered by a commercially available perfusion
pressure/vacuum generator (2PK+, ALA scientific instruments, New
York, New York; applied pressure: ~40 PSI (~280 kPa)), or with a 1ml
precision syringe coupled to a micromanipulator. Successful perfusion
of the protein solution was checked by injecting lucifer yellow [19] or
20 μM of dansyl chloride-labeled zGCAP3 (degree of dansylation:
16–22%; Fig. 3 inset, left) once the whole-cell recording was gained.
Incorporation of fluorescent zGCAP3 into the zebrafish cone cytosol
was rapid and sufficient to measure possible modifications of the pho-
toresponse waveform induced by application of either purified zGCAP3
or an anti-zGCAP3 antibody.

Light stimuli were designed using the voltage protocols of Clampex
software: the analogical outputs of the Digidata board drove a cali-
brated voltage-to-current converter connected to an ultra-bright tri-
chromatic LED (with centre wavelength red/green/blue of 627.5 ± 8/
525 ± 10/467.5 ± 8 nm), coupled to the binocular port of the in-
verted microscope (Nikon TE-300, Tokyo, Japan). The LED was aligned
as described in Refs. [19], so to have its light spot automatically centred
and in focus on the zebrafish cone, when the latter was viewed in sharp
focus through a 60× objective on the microscope camera.

Responses were analysed with Clampfit (Molecular Devices) and
Sigmaplot (Systat Software Inc., San Jose, CA, USA) software; mathe-
matical simulations were performed with Mathcad (Parametric
Technology Corporation, Needham, MA, USA) software. To reject as
much noise as possible, each photoresponse shown in the figures was
the average of three or more responses to the same flash; this average
response was then further filtered by using a local smoothing routine
implemented in the commercially available program Sigmaplot. The
routine parameters were set to obtain low-pass filtering of 30 Hz (ne-
gative exponential was selected for smoother function, with a sampling
proportion of 0.01, a polynomial degree 1, and a number of interval
that was 1/10 of the total number of samples constituting each trace,
i.e. 19,220 samples for a 1 s trace) [19].

Results are given as means ± SEM; all chemicals were purchased
from Sigma (St. Louis, MO, USA).

3. Results

3.1. Response waveform

Long lasting (> 20min) whole-cell recordings from the very small
and fragile zebrafish cones were obtained with patch pipette with a
very small tip and an enlarged shank [19]. This particular shape allows
low access resistance recordings and permits to accommodate a perfu-
sion tubes very close to the pipette tip (Fig. 3 inset, right). In this way,
exogenous molecules were efficiently delivered in the cell cytosol

Fig. 1. (A) SPR analysis of IgG 7E6 binding to zGCAP3. In order to precisely
assess the affinity of purified IgG17E6, different ZG3 7E6 concentrations
(0.13 μM, 0.22 μM, 0.33 μM, 0.67 μM, and 1.34 μM) in SPR running buffer were
injected over zGCAP3 protein (immobilized at 2 ng/mm2 on the CM5 sensor
chip) at 10 μl/min for 4 min. Grey dotted lines results from global fitting ana-
lysis, which gave: kon=2.57·104M−1 s−1, koff=2.58·10−4 s−1, and KD= koff/
kon=10 nM (χ2= 14.6). (B) Control recording with 0.27 μM ZG3 7E6 applied
over immobilized zGCAP4 (4.5 ng/mm2).
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through the patch pipette. We narrowed our research to green cones
because they can be isolated from the zebrafish retina in larger numbers
than the other cone types; the trichromatic LED was used to ensure that
the cone was indeed green-sensitive. Light flashes of increasing in-
tensity (range: 1.14·102÷3.76·106 photons/μm2) were delivered, in
triplets in repeated sequences, in the dark or on a background of light
(range: 1.3·104÷2.6·105 photons/(μm2·s). Very dim flashes, to check
the threshold sensitivity (that was 1.14·102 photons/μm2), were re-
peated at least 9 times to have a reliable waveform. Recordings were
remarkable stable, with negligible changes in sensitivity, light adapta-
tion properties and response kinetics within at least 10min of re-
cording, during which it was possible to deliver no< 50 light flashes.

Averaged and smoothed responses to the same flash intensity ex-
hibited slow or fast kinetics (Fig. 2), with a monotonic (Fig. 2A) or, in
about 40% of the recordings, a biphasic (Fig. 2B) recovery phase. The
latter was particularly evident for flash intensities in the range
2·103÷104 photons/μm2: dim flashes or supersaturating flashes elicited
always monotonic responses. The different kinetics and waveform are
probably generated by the cell to cell variability of the cytosolic Ca2+

buffering capacity [19], but not by the different light sensitivity or
current amplitude (that varied between 8 and 30 pA; average:
18.4 ± 1.9 pA, n=32), that were similar in the three cones (selected
among the 32 ones examined here) shown in Fig. 2A and B. However,
when current exceeded 20 pA, the response recovery phase was always
monotonic Fig. 2C). Theoretical considerations (see Discussion), based
on a simple model, showed indeed that the response kinetics is in-
dependent by the sensitivity, slightly accelerated as the current in-
creases, and strongly accelerated by accelerating the basal activity in
the dark of GC (and of phosphodiesterase, PDE).

3.2. Manipulating single cone cells of adult zebrafish

To test the feasibility of the intracellular protein delivery during
whole-cell recordings, it was analysed the effect on the zebrafish cone
photoresponse of cytosolic injection of either exogenous zGCAP3 or its
specific monoclonal antibody (to simulate the overexpression or down-
regulation, respectively, of zGCAP3 in adult WT zebrafish cone). The
effectiveness of the molecular cytosolic loading was checked by mea-
suring the diffusion into the cell from the pipette of fluorescence dyes,
as lucifer yellow (Ref. [19]) or dansylated zGCAP3 (Fig. 3 inset). Next
step was to test the effect of the exogenous protein. Photoresponses
from very dim (to check the photoreceptor sensitivity) up to saturating
flashes (to measure the dark current amplitude) were collected over few
minutes, to ensure the response reproducibility and cell healthiness
over the time. After these control experiments, proteins were injected
applying a positive pressure to the pipette perfusion tube for ~10 s, and
the same light stimuli protocol used in control was repeated. If no effect
was observed, the injection was repeated over and over again up to

expel a volume of solution containing the protein (~80 μl) that was at
least three times the volume of the control solution filling the patch
pipette (i.e. ~25 μl).

It was tested first purified recombinant zGCAP3, having high sen-
sitivity to Ca2+ in the sub-micromolar range and strong activation of
sensory GCs, being half-maximal at Ca2+ concentrations of ~30 nM
[13]. Since it has been estimated that mammalian GCAP1 and GCAP2
have a concentration in the lower micromolar range [27]), the zGCAP3
was then perfused to a concentration of 40 μM, that was even above the
value of 33 μM determined in carp cones [28]. However, the cytosolic
perfusion of 40 μM of zGCAP3 (dissolved in the intracellular solution,
see Methods) did not alter significantly the photoresponse waveform of
green sensitive cones (n=7; data not shown). In only two cells that had
an unusual small dark current amplitude and slow flash response wa-
veform, the application of zGCAP3 produced a slight falling phase ac-
celeration and an amplitude reduction of the flash response, that was
substantially reversible (Fig. 3); moreover, the dark current did not
change as the response accelerated.

To perform the real-time down-regulation of zGCAP3, it was in-
tracellularly delivered the antibody ZG3 7E6, able to interfere with the
protein binding sites for Ca2+ and/or for the GC.

The cytosolic injection of ZG3 7E6 antibody (6.7 μM) produced the
progressive slow-down of the recovery phase of the flash response
(Fig. 1B). This result is expected, since the Ca2+ sensitivity of GC should
be progressively reduced as the antibody accumulates in the cytosol.

Fig. 2. Different flash response waveforms. Each trace is the average to 3 responses but the one corresponding to the dimmest flash (1.14·102 photons/μm2), that is
the average of 9 (A) and 12 (C) responses; the average traces were then smoothed as described in the methods, aligned with the flash timing (flash delivered at 0
time), and plotted with the same time-scale. (A) Dark traces, responses to 1ms flashes of intensity 1.14·102, 2.32·103, 4.49·103, 8.68·103, 1.77·104 photons/μm2; grey
traces, responses of another green cone with a slower kinetics to the same flash intensities. (B) Responses of a green cone exhibiting a two-phase recovery to 1ms
flashes of intensity: 1.14·103, 2.32·103, 4.49·103, 8.68·103, 1.77·104 photons/μm2. (C) Responses of a fourth cone, exhibiting a very large current and monotonic
recovery, to flashes of intensity 1.14·102, 2.28·102, 4.56·102, 2.32·103, 4.49·103, 8.68·103, 1.77·104 photons/μm2.

Fig. 3. Intracellular delivery of zGCAP3 into a zebrafish cone. Effect of zGCAP3
delivery on a zebrafish cone photoresponse; each one of the three traces are the
average of three consecutive responses to the same flash (4.49·103 photons/
μm2) before (black trace), during (dashed trace) and after (grey trace) the ap-
plication of 40 μM of purified zGCAP3 (dissolved in the intracellular solution;
average dark current of the entire recording is 5.7 pA). (Inset) Microphotograph
of the pipette and of a cone cell shown in fluorescence (left) and in bright field
(right) following the injection of 20 μM of dansyl chloride-labeled zGCAP3
through the perfusion tube (visible on the right; pipette fluorescence was di-
gitally subtracted from the image on the left); the rectangle encloses the cone
cell in both panels, its longer side is 20 μm.
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Unexpectedly, the light sensitive current decayed irreversibly toward
zero, since there was a progressive fall of saturating flash response
amplitude, with no changes in the zero level of dark current (n=6,
Fig. 4). Regretfully, but anyway important to report for a methodolo-
gical point of view, the current decay and a slight slow-down of the
flash response were observed with a control antibody (anti-CD3), which
did not react with GCAPs.

3.3. Theoretical interpretation of the results

To isolate the contribution of the GC/GCAP complex in the response
recovery, and to investigate how the latter is affected by the over-
expression or knock out of the Ca2+-feedback mediated by the GC/
GCAP complex, we developed a very simplified mathematical model.
We restrict the model to a few variables, since most molecular para-
meters of zebrafish cone phototransduction are largely unknown.
Following the reasoning described in Ref. [29], the intracellular cGMP
change with time cG(t) can be described by:

=dcG t
dt

t t cG t( ) ( ) ( ) ( )

where α(t) is the change of GC activity with time, where its Ca2+ de-
pendency is not developed yet, and β(t) is PDE activity, which implicitly
contains the light stimulus. The current amplitude i(t), the fractional
suppression of current of a flash delivered in the dark R(t) or on a
background of light RBKG(t), when the cGMP concentration reached a
steady state level cGBKG, can be described by:

= = =i t K cG t R t cG t
cG

R t cG t
cG

( ) ( ) ; ( ) 1 ( ) ; ( ) 1 ( )n
n

d
n BKG

n

BKG
n1 .

To the aim of this discussion, it is not important to model the ac-
tivation phase of the response, and simply consider the activation as
instantaneous, i.e. it is just a dimensionless constant factor Cβ (ex-
pressing the gain of the phototransduction cascade) of the light stimulus
ϕ(t), expressed in isomerizations/s (Rh*/s). Cβ was calculated so to
have a similar sensitivity of the green cones recorded here, assuming a
collecting area of 1 μm2 [19]. If the GC has a constant activity in the
dark αd and it is assumed that it does not change with Ca2+, then the
intracellular cGMP change with time is simply described by:

= +dcG t
dt

C t cG t( ) [ ( )] ( )d d (1)

where βd is the basal activity of PDE in the dark:

=
cGd

d

d

being cGd the cGMP concentration in the dark, generating a current of
amplitude id:

=i K cGd d
n

1

For simplicity, if the light stimulus ϕ(t) is delivered at t=0, then ϕ
(0)= 0 and cG(0)= cGd. At minimum, even neglecting the Ca2+ buf-
fering capacity of the cell, the Ca2+ regulation of GC requires to know
the fraction of i(t) carried by Ca2+, the rate of extrusion of Ca2+ by the
exchanger and how Ca2+ regulates GC. Because of high exchanger
activity and strong Ca2+ buffering [29], the photoreceptor cytoplasm
can be regarded as a well-stirred compartment [30,31], i.e. the long-
itudinal Ca2+ distribution mirrors the cGMP one. Therefore, the cGMP
changes produced by the GC could be described by a steady state
component in the dark αd, summed to a component that is cooperatively
regulated [32] by Ca2+ (i.e. by cGMP), as follows:

= +
+

dcG t
dt

A cG cG t
K cG cG t

( ) [ ( )]
[ ( )]d max
d

m

d
m

2

where m is the cooperativity index, K2 describe how sensitive is the GC
activity to a decrease of cGMP (i.e. of Ca2+), and Amax is proportional to
the maximal rate of cGMP synthesis dcG t

dt
( )max in the presence of satur-

ating light stimuli (i.e. when cG(t)= 0), that is:

= +
+

dcG t
dt

A cG
K cG

( ) ( )
( )

max
d max

d
m

d
m

2

Finally, the equation describing the cGMP changes is the solution of
the following differential equation:

=
+

+ +dcG t
dt

A cG cG t
K cG cG t cG

C t cG t( ) [ ( )]
[ ( )]

( ) ( )max
d

m

d
m d

d

d2

(2)

The values of all parameters reported in Fig. 5 legend were chosen
according to the literature (discussed in Ref. [29]). Despite the sim-
plicity of the model, it accounts for the expected features of the light
response, i.e. that the response recovery is faster if the GC is regulated
by the Ca2+ reduction during the light stimulation (Fig. 5A), and this
acceleration is particularly large for stronger flashes; the response is
desensitized and accelerated on a background of light, and this accel-
eration is further enhanced when GC is regulated (Fig. 5B and C). In-
dependently by the GC regulation, the response recovery is not affected
by the light sensitivity (Cβ), slightly accelerate as the dark current in-
creases (cGd; Fig. 5D) and accelerated by increasing the basal activity in
the dark of GC (αd; Fig. 5E), which is also the cGMP turnover rate in the
dark or the dark PDE activity. The knock down or the overexpression of
the GC regulation by GCAP slowed down or accelerated the flash re-
sponse (Fig. 6), respectively, but it did not affect the dark current level,
as found here (Fig. 3) for overexpression and by others for knock down
(discussed below). However, we found that the GCAP knock down with
the antibody, besides the expected slowing down of the response, de-
creased the dark current as well. This could be explained by assuming
that the antibody, besides blocking substantially the Ca2+ regulation of
the GC by an amount I1≤1, it blocks also its basal activity αd by an
amount I2≤1, as follows:

=
+

+ +dcG t
dt
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The blockade of the Ca2+-regulation only of GC (i.e. I1≪1, I2=1),
produces a slow-down of the flash response (delivered in the dark or on

Fig. 4. Intracellular delivery of the monoclonal antibody ZG3 7E6 into a zeb-
rafish cone. (A) Recording on a slow time scale of the dark current during the
application (that begun before time 0) of 6.7 μM of purified ZG3 7E6 dissolved
in the intracellular solution; flashes of a 6.07·103 and a 9.39·104 photons/μm2 of
intensity were delivered during the current fall; a step of light of 1.9·107 pho-
tons/(μm2·s) was delivered at the end of recording to check the residual dark
current. (B) Average of three non-saturating responses to a 6.07·103 photons/
μm2 flash (to check the response waveform) delivered at the beginning of re-
cording (trace 1, not shown in (A)), at ~35 s in (A) (trace 2, responses averaged
indicated by corresponding bar 2 in (A)), and at ~115 s (trace and bar 3);
oversaturating responses to 9.39·104 photons/μm2 (to check the zero light-
sensitive current) at ~127 s (trace and bar 4, single response), ~145 s (trace
and bar 5, two responses averaged), ~212 s (trace and bar 6, two responses
averaged), ~310 s (trace and bar 7, three responses averaged), and ~332 s
(trace and bar 8, three responses averaged); all responses were aligned to the
zero dark current. The horizontal bar in (B) is the 0.4 s long.
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a background of light) and makes the responses of the light step larger;
the blockade of both the Ca2+-regulation and the basal activity in the
dark of GC (i.e. I1, I2≪1) produces a large decay of current as soon as
the light is delivered (Fig. 6), although the background of light is kept
dimmer and shorter than in the simulations of Fig. 5.

4. Discussion

4.1. Response kinetics

An interesting feature of the flash response waveform, not carefully
examined in the literature, is the cell to cell difference of its kinetics and
recovery phase (slow, fast, monotonic or biphasic). The biphasic re-
covery occurs when the transient intracellular Ca2+ fall elicited by the
flash is significant, but at the same time the flash intensity is low en-
ough to allow the cascade (i.e. the PDE) to be quickly inactivated.
Moreover, in the presence of very large currents the response recovery
was always monotonic (Fig. 2C). As discussed in Ref. [19], the differ-
ence between the two recovery phases originates by a different in-
tracellular Ca2+ dynamics, which in fact regulates a plethora of Ca2+

sensor proteins regulating the phototransduction cascade at various
levels (as GC, Rhodopsin Kinase, cGMP channel, etc.), collectively
acting as a negative feedback. It is possible to mathematically demon-
strate that the difference between monophasic and biphasic response
may simply due to a different cell buffering capacity for Ca2+, that act
as a delay in the branch of the Ca2+-dependent negative feedback
regulating the light response [19]. Therefore, the current being equal,
the cell with a slow recovery kinetics and/or a slow biphasic recovery is
thought to have a larger buffering capacity (i.e. a larger delay in the
feedback branch) than a cell exhibiting a fast monotonic response; if the

current is very large, the buffer is then always close to be saturated by
Ca2+ during the photoresponse and the recovery is fast and monotonic
(Fig. 2C).

Besides the action of the buffer in governing the response recovery,
a minimal model of phototransduction shows that the basal activity of
GC, compensated by an equal basal activity of PDE, is not enough to
account for the fast recovery of the flash response in the dark (Fig. 5A)
or on a background of light (Fig. 5B,C), independently by the cGMP
concentration in the dark (Fig. 5D), unless it is assumed that this basal
activity is very large (Fig. 5E). However, the latter condition would give
an unnecessary energy expenditure, would not predict the progressive
desensitization and acceleration of recovery kinetics of the flash re-
sponse on a background of light of progressively increasing intensity
(Fig. 5B,C), and would give poor detection of the dim light stimuli by
the second order retinal neurons. Indeed, a large GC basal activity
would give a too small amplitude and a too fast recovery of the dim
flash responses to activate significantly the synaptic transmission ma-
chinery. Alternatively, in the absence of GC regulation and a reasonable
level of GC basal activity (in the range of 1 μM/s), even if the PDE is
instantaneously turned off as the light stimulation is terminated, and
there is no buffer that could slow down the response recovery, it is
necessary that GC is strongly activated by a reduction of intracellular
cGMP (or Ca2+) to account for the observed fast recovery (Figs. 5, 6).
The blockade of Ca2+ regulation of GC by the intracellular delivery of a
zGCAP antibody gave the expected slowdown of the flash response
(Fig. 4), that is theoretically predicted as well (Figs. 5, 6). The model
predicted no change in the dark current level, if the antibody is sup-
posed to block the Ca2+ regulated activity of GC only (Fig. 5). The
antibody progressively reduced instead the dark current level, and this
could be explained by assuming that the antibody blocked both the

Fig. 5. Theoretical prediction of the effect of cGMP
homeostasis on photoresponse. In all panels are
plotted the flash response in the dark (solid traces)
on a background of light (dotted traces), in the ab-
sence (black traces; Eq. (1)) or in the presence of the
Ca2+ regulation of GC (red traces; Eq. (2)). The flash
responses of panel (A), (C), (D) and (E) are expressed
as fractional suppression of the current R(t) or
RBKG(t), aligned at 0 time and at 0 current. All
parameters, unless specified otherwise, are:
Amax=10 μM/s; K1 =−0.15 pA/(μM)3; K2= 3 μM;
m=2; n=3; αd=1 μM/s; Cβ=3·10−4; cGd=5μM,
giving a current amplitude of 18.75 pA. (A) Response
to flashes of intensity 1.25·102, 103, 1.25·103, 104

Rh*. (B) 70 s long simulation of a flash response of
intensity 103 Rh*, delivered after 20 s of the simu-
lation beginning in the dark and on a background of
light, turned on after 2 s and lasting 45 s, of intensity
of 250 Rh*/s (background and flash timing is above);

same parameters of (A). (C) Response to a flash of intensity 1.25·103 Rh* delivered in the dark and on a background of 100, 250, 500, 1000 Rh*/s. (D) effect of the
cGMP concentration (cGd) on the flash response recovery in the dark and on a background of light (light stimuli as in (B)): slower traces: cGd=3.5 μM, giving a
current amplitude of 6.43 pA (the smallest ever recorded); faster traces: cGd=6μM, giving a current amplitude of 32.4 pA (larger than the largest current ever
recorded). (E), effect of the cGMP flux (αd) on the flash response recovery: slowest traces: αd=0.5 μM/s; faster traces: αd=3 μM/s. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Theoretical prediction of the effect of GC blockade (or
overexpression). 80 s long simulation of a flash response of
intensity 103 Rh* delivered, after 17 s of the simulation be-
ginning, in the dark (solid traces) and on a background of
light (dotted traces) turned on after 2 s and lasting 35 s, of
intensity of 200 Rh*/s (top trace, background and flash
timing) in control (i.e. no GC blockade, black traces), in the
presence of a 100-fold reduction of the Ca2+-dependent only
of GC activity (I1= 0.01; I2= 1 green traces; Eq. (3)), of a

100-fold reduction of both Ca2+-dependent and basal activity of GC (I1=I2=0.01; red traces with almost no recovery) and in the presence of a 10-fold smaller
blockade of the basal activity in respect to the Ca2+-dependent one (I1=0.01, I2=0.1; red traces with a very slow recovery); same parameters of Fig. 5. (B) Fractional
suppression of the current R(t) or RBKG(t), of all the flash responses of (A), aligned at 0 time and at 0 current. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Ca2+ regulated and the basal GC activity (Fig. 6). However, the result
that the control antibody reduced the current (although to a lesser
amount) suggests that the blockade could be also a non-specific effect of
the antibody on the basal activity of GC or on one or more enzymes
affecting directly or indirectly the cGMP concentration, or even a non-
specific blockade of the cGMP channels.

4.2. Photoresponse regulation by zGCAP3

Remarkably, zebrafish cone cells express six different GCAP iso-
forms that are expected to regulate three different sensory GCs
[10,32,33]. We chose to explore the physiological function of zGCAP3
for several reasons: its transcripts were detected already at 3 days post
fertilization (dpf) in the developing retina, coinciding with the onset of
visual function [34]. Expression of zGCAP3 at the protein level was first
visible at 3.25 dpf and became stronger in the following days [13].
Biochemical studies showed that zGCAP3 is a strong activator of
membrane GCs exhibiting a high sensitivity for Ca2+, which makes it a
premium candidate to test for its physiological role [12,13]. However,
using the morpholino antisense technique to knock down the expression
of the zGCAP3, the optokinetic and optomotor responses of the mor-
phants at 5–6 dpf were indistinguishable from the WT and control re-
cordings [22]. It is therefore possible that zGCAP3 does not regulate GC
at this larval stage in situ, or either its physiological function is com-
pensated by other zGCAP isoforms. To search an answer also to these
questions, the zGCAP3 and the monoclonal antibody ZG3 7E6 against it
were delivered into the cytosol of isolated cone cells of adult WT zeb-
rafish via the pressure-polished pipette, while recording the photo-
responses. Perfusion of zGCAP3 did not alter significantly the photo-
response in healthy cells, although its concentration was 40 μM, i.e.
comparable or even higher in respect to its endogenous concentration
(see Methods). Thus, lack of any zGCAP3 effect during perfusion in-
dicates that the GC in double cone cells (most likely the isoform zGC3
[11]) was already saturated under our measuring conditions, which is
consistent with previous in vitro data on the half-maximal activation of
GCs by zGCAP3 being at 0.7 μM [12]. Further, no displacement of an-
other zGCAP seemed to occur, which could have caused a disturbance
of the normal photoresponse.

The zGCAP3 regulation of endogenous GC was further explored by
delivering the anti-zGCAP3 monoclonal antibody ZG3 7E6 into the
green cone cell cytosol. As supported by surface plasmon resonance
spectroscopy, the antibody had a very high affinity and specificity for
zGCAP3, leading to a stable formation of an antigen-antibody complex
(Fig. 1A). The koff determined by SPR corresponds to a 1/koff of
~65min, therefore the antibody-antigen complex did not dissociate
over the time course of a typical perfusion experiment. The decrease of
the cone outer segment dark current to zero, and the progressive slow-
down of the photoresponse waveform, could have mirrored a rapid
shutdown of cGMP production. Although the anti-zGCAP3 antibody
proved to be highly specific in western blot and SPR experiments, it
accumulated in the small volume of the cone cell and could therefore
have also caused non-specific disturbances, in particular during longer
perfusion. Such a disturbance was for example observed with the con-
trol antibody anti-CD3. Further, the shutdown of the dark current was
also surprising, because it did not match previous recordings of rod and
cone dark currents of transgenic mice lacking GCAP1 and GCAP2, in
which the dark current remains near normal [34–36]. It is also possible
that the anti-zGCAP3 antibody had caused only a partial reduction of
cGMP synthesis (at the beginning of the perfusion), but the complete
shutdown of the dark current was caused by a non-specific disturbance
of photoreceptor physiology. Finally, differences in recordings on mice
and zebrafish photoreceptor cells might reflect differences of the cy-
toplasmic Ca2+-concentration in the dark, which is ~250 nM in mice
rods [37] and was suggested to be ~400 nM in zebrafish cones [3]. At
400 nM zGCAP3 is in its Ca2+-loaded form (halfmaximal activation of
GC at 30 nM Ca2+; macroscopic KD= 190 nM [12]) and mainly

inactive. Although precise values on the decrease in cytoplasmic Ca2+

after illumination are lacking for zebrafish cones, zGCAP3 is expected
to activate GC at rather low Ca2+-concentrations (i.e. after high light
flash intensities or sustained background illumination). Since these
ambient light conditions trigger a strong activation of the PDE, an even
minor disturbance of the zGCAP3-GC complex would lead to an im-
balance of the cGMP homeostasis and could cause a severe reduction in
the photocurrent.
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