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Loss of Pde6 reduces cell body Ca2þ transients within
photoreceptors

EY Ma1, A Lewis1, P Barabas2, G Stearns1, S Suzuki3, D Krizaj2 and SE Brockerhoff*,1

Modulation of Ca2þ within cells is tightly regulated through complex and dynamic interactions between the plasma membrane
and internal compartments. In this study, we exploit in vivo imaging strategies based on genetically encoded Ca2þ indicators to
define changes in perikaryal Ca2þ concentration of intact photoreceptors. We developed double-transgenic zebrafish larvae
expressing GCaMP3 in all cones and tdTomato in long-wavelength cones to test the hypothesis that photoreceptor degeneration
induced by mutations in the phosphodiesterase-6 (Pde6) gene is driven by excessive [Ca2þ ]i levels within the cell body. Arguing
against Ca2þ overload in Pde6 mutant photoreceptors, simultaneous analysis of cone photoreceptor morphology and Ca2þ

fluxes revealed that degeneration of pde6cw59 mutant cones, which lack the cone-specific cGMP phosphodiesterase, is not
associated with sustained increases in perikaryal [Ca2þ ]i. Analysis of [Ca2þ ]i in dissociated Pde6brd1mouse rods shows
conservation of this finding across vertebrates. In vivo, transient and Pde6-independent Ca2þ elevations (‘flashes’) were
detected throughout the inner segment and the synapse. As the mutant cells proceeded to degenerate, these Ca2þ fluxes
diminished. This study thus provides insight into Ca2þ dynamics in a common form of inherited blindness and uncovers
a dramatic, light-independent modulation of [Ca2þ ]i that occurs in normal cones.
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Photoreceptor degeneration is a devastating disease that
affectsmillions of people worldwide. Mutations that alter cyclic
guanosine-mono-phosphate (cGMP) levels are a common
cause of photoreceptor degeneration; mutations in guanylate
cyclase, guanylate cyclase-activating proteins, phosphodies-
terase-6 (Pde6) and the Pde6 chaperone, aryl hydrocarbon
receptor interacting protein-like 1, all cause loss of rods and/or
cones (Retinal Information Network, https://sph.uth.edu/
retnet/home.htm). The precise mechanism of cGMP-
mediated cell death is poorly defined, and thus animal models
are particularly relevant to study as a tool to help cure and
treat this disease.
The most studied animal model for photoreceptor degen-

eration due to elevated cGMP is the rd1 mouse, identified
more than 90 years ago.1,2 rd1 mice have a mutation in the
beta subunit of rod cGMP Pde6, a key mediator of the light
response.3,4 Normally, light activates a molecular cascade
that causes Pde6 to hydrolyze cGMP, resulting in closure of
cation channels within the photoreceptor outer segment (OS).
In the absence of Pde6 beta in rd1mice, cGMP levels remain
elevated and rod photoreceptors start to degenerate after
their differentiation and before eye opening.3 Cone photo-
receptors lacking Pde6c also have elevated cGMP in their
OSs.5 Elevated cGMP is proposed to result in sustained
increases in OS Ca2þ , triggering death. Consistently,
elevated OS Ca2þ was measured in hypomorphic Pde6

mutant rods6 and rod viability was recently shown to improve
in Cngb1(� /� )� Pde6brd1double-mutant mice.7 However,
the degeneration processes take place within the perikaryon,
not the OS. Thus, a key challenge has been to determine the
signaling pathways through which elevated cGMP and Ca2þ

within OSs of Pde6 mutant cells affect photoreceptor cell
biology downstream from the OS.
Although events associated with non-apoptotic cell death

pathways such as poly-ADP-ribose-polymerase and calpain
activation occur in rods dying due to elevated cGMP,8,9 the
molecular cascade activated in degenerating Pde6 mutant
photoreceptors is unknown. Specifically, involvement of Ca2þ

in the rd1 pathology is a major unsolved question.10 It is often
assumed that elevated Ca2þ within OSs triggers cell death by
activating Ca2þ -dependent mechanisms within the cell
body.11 However, cGMP and Ca2þ diffusion from the OS to
the inner segment are likely to be limited by anatomical
constraints (the ciliary bottleneck), buffering and the ellipsoid
mitochondrial barrier.
To ascertain the role of Ca2þ in photoreceptor degeneration

caused by loss of Pde6, it is necessary to measure this ion
within the inner segment. We therefore generated here a
double-transgenic zebrafish, transgenic (Tg; Tr�2:tdTomato;
TaCP:GCaMP3), in which the Ca2þ indicator GCaMP3 is
selectively expressed in the photoreceptor cell body, not the
OS. We recorded Ca2þ dynamics within intact cones from
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wild type (WT) and mutant (pde6cw59) retinas using multi-
photon time-lapse imaging. pde6cw59 cones degenerate
starting immediately after their differentiation at 4 days post
fertilization (d.p.f.), and are mostly lost by 7 d.p.f.12,13 This
mutation is thus analogous to the well-characterized rod
Pde6brd1mutation.3,4 To confirm our results in the mammalian
model, we extended our approach to record intracellular Ca2þ

([Ca2þ ]i) levels in rd1 mouse rods.
By combining the power of zebrafish genetics with live,

noninvasive imaging, we were able to follow Ca2þ signaling
within degenerating vertebrate cones in real-time. Surpris-
ingly, we did not detect sustained [Ca2þ ]i increases in
pde6cw59 mutant cones nor were abnormalities in baseline
[Ca2þ ]i observed in degenerating rd1 mouse rods. Ca2þ

signals in non-mutant and pde6cw59 mutant zebrafish cones
include recurring transient [Ca2þ ]i increases (‘flashes’),
consistent with complex regulation of the Ca2þ homeostatic
apparatus within the photoreceptor regions downstream from
the OS. Our results thus challenge the prevailing view that rd1
degeneration is driven by global Ca2þ elevations that

overload the endogenous Ca2þ buffering and clearance
mechanisms within the cell body, and thus have implications
for the development of neuroprotection strategies in retinitis
pigmentosa (RP) models of retinal degeneration.

Results

We constructed a transgenic line expressing GCaMP3
specifically in zebrafish cones using the cone transducin
promoter (TaCP) that we previously isolated.14 GCaMP3 is a
fluorescent Ca2þ indicator consisting of circularly permuted
green fluorescent protein (GFP), calmodulin, and the Ca2þ -
calmodulin target peptide M13.15 GCaMP3 has increased fold
fluorescence change (increased Fmax/Fmin) and higher
Ca2þ affinity (660±19 nm) than many other genetically
encoded indicators.15 It is widely used as an indicator of
in vivo changes in intracellular Ca2þ .16–18 In zebrafish cones,
GCaMP3 localizes throughout the cone cytoplasm, but is less
abundant in the OS (Figures 1b–e). We then generated
double transgenics by crossing the Tg(TaCP:GCaMP3) strain
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Figure 1 GCaMP3 is expressed in all cone photoreceptors and does not interfere with light responses. (a–c) Retinal slice projections from a representative 5 d.p.f.
Tg(Tr�2:tdTomato;TaCP:GCaMP3) double-transgenic pde6cw59 mutant zebrafish larvae displaying intact photoreceptors prior to their degeneration. The tdTomato (a) is
expressed only in long-wavelength cones, whereas the GCaMP3 (b) is expressed in all cone photoreceptors. Panel c shows both tdTomato (magenta) and GCaMP3 (green)
channels merged. (d) Magnified view of cone photoreceptors in the Tg(Tr�2:tdTomato;TaCP:GCaMP3) double transgenic. Arrow indicates a cell expressing GCaMP3 (green)
but not tdTomato (magenta). Less expression of both GCaMP3 and tdTomato is observed in the cone outer segments (OS), whose location within the photoreceptor layer is
clearly defined by the TaCP:membrane CFP (membrane cyan fluorescent protein (mCFP); cyan) transgene (e) Retinal section from a Tg(Tr�2:tdTomato; TaCP:mCFP)
double-transgenic fish expressing tdTomato in long-wavelength cones (magenta) and membrane CFP (cyan) in all cones. The outer segments (OS), inner segments (IS), and
synapses (syn) are as indicated. (f–h) ERG waveforms (f), b-wave latencies (g), and b-wave amplitudes (h) for 5 d.p.f. WT non-transgenic versus Tg(TaCP:GCaMP3) larvae
show no significant differences in their light responses over three orders of magnitude. n¼ 3 fish per condition; bars¼S.D.
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with a transgenic fish line expressing the fluorescent protein
tdTomato selectively in long-wavelength cone photoreceptors
using the thyroid hormone receptor b2 promoter,
Tg(Trb2:tdTomato) (Williams et al.19 and Figures 1a and c–e).
The tdTomato fluorescence in long-wavelength cones has
several uses. Uniform cytoplasmic distribution of tdTomato
facilitates visualization of the overall cell shape so that
morphological changes during cell death can be analyzed.
Further, its expression in a subset of discretely spaced cones
defines these cells for visual analysis, and serves as a photo-
bleaching control. Double-transgenic fish (Tg(Trb2:tdTomato;
TaCP:GCaMP3)) were used for live imaging experiments,
where we directed our observation of Ca2þ dynamics to the
cone photoreceptor cell body and synaptic terminal.

ERG analysis of transgenic GCaMP3 cones. A potential
problem when expressing fluorescent indicators of intracel-
lular Ca2þ is the disruption of Ca2þ homeostasis due to
abnormal buffering. To ensure that GCaMP3 expressed in
cones does not alter normal fluxes in Ca2þ , we measured
electroretinogram (ERG) responses from our transgenic line
and compared these with WT ERG responses. ERGs were
recorded from excised eyes as previously described.20 If
introduction of excess buffer affected the photoreceptor
[Ca2þ ]i, the delay and/or reduction in synaptic signaling
would be detected as a diminished and/or delayed ERG
b-wave. We found that the ERG waveforms appeared
similar, and no significant differences in b-wave amplitude
or latency between transgenic and non-transgenic WT cones
were observed (Figures 1f–h). These results indicate that the
GCaMP3 transgene does not significantly alter the visual
responses of photoreceptors.

Ca2þ dynamics in dying zebrafish cones. Our previous
characterization of the pde6cw59 mutant used multiphoton
imaging to analyze morphological changes associated with
cone photoreceptor cell death that occur in vivo.12 Mutant
cells differentiate normally and appear morphologically
normal, with small OSs and extended synaptic processes,
until B4 d.p.f. The mutant cells then proceed through a
series of morphological changes prior to their clearance from
the retina. Typically, the synapse is first retracted, followed
by the contraction of the OS and the rounding of the cell
body. These morphological changes occur asynchronously
across the retina over 2–3 days; by 7 d.p.f. the vast majority
of cones are gone in the mutant retina. In an individual cell,
morphological changes occur over B8 h (Lewis et al.12 and
Figure 2b). Based on recent studies in the rd1 mouse,
morphological changes associated with cell death in
pde6cw59 cones are likely late in the cell death cascade.21

To examine Ca2þ dynamics during cell death, we
monitored both changes in GCaMP3 fluorescence and in cell
shape at 20min intervals in time-lapse experiments that
extended up to 9 h. We then quantified changes in GCaMP3
fluorescence in dying cells that initially appeared morpholo-
gically normal at the beginning of the time-lapse, but had
completely rounded up by the end of the experiment. As a
proof of principle for this study, we initially caused death of
non-mutant cells by intense infrared laser illumination via
multiphoton time-lapse imaging. This method led to profound

increases in GCaMP3 fluorescence that saturated our
detectors (Figures 2a and c). During the dying process of
these laser-damaged cells, dramatic localized increases in
GCaMP3 fluorescence typically around the nucleus were
observed. These initial GCaMP3 changes were either
transient or sustained, but were consistently followed by
dramatic persistent increases that extended throughout the
entire cell body as the photoreceptor rounded up (Figure 2a).
We used optimized multiphoton imaging conditions that do

not damage homozygous pde6cw59 cones12 to monitor
GCaMP3 fluorescence changes in mutant cells that degen-
erate during the 9 h time-lapse. In contrast to the dramatic
changes observed with laser-induced death, we did not detect
pronounced intracellular increases in GCaMP3 fluorescence
in the pde6cw59 mutant dying photoreceptors (Figure 2b). We
quantified intracellular fluorescent changes in 19 individual
cells from four different fish, and none of these cells showed
sustained increases in GCaMP3 fluorescence over time
(Figure 2c). Even though the average change in cell body
fluorescence centered at zero for these 19 cells, the specific
changes in individual cells were unique. Some cells showed
very little change, some decreased in overall fluorescence,
whereas others showed recurring small transient increases in
GCaMP3 fluorescence (Figure 2d and Figure 4).

Ca2þ dynamics in dying mouse rods. To determine
whether our finding represented a general feature of RP-
like photoreceptor degeneration across vertebrates, we
extended our measurements to intracellular Ca2þ in rod
photoreceptors from rd1mice, arguably the most widely used
model of Pde6 dysfunction.7–11 Intracellular Ca2þ was
assessed in acutely isolated rd1 rods and age-matched WT
cells at the start of degeneration (postnatal day 8–10), and at
the peak of degeneration after eye opening (postnatal day
14–21). The cells were identified by shape, size and/or
expression of GFP (Figure 3b).22 Figure 3a illustrates
averaged data from 19 simultaneously recorded rd1 rods
loaded with the Ca2þ indicator Fura-2. The calibration
protocol shows baseline ratio values for dissociated light-
adapted rods, followed by decreased ratio in Ca2þ free
saline (possibly mediated by the closure of store-operated
channels)22 and then ionomycin-induced Ca2þ release from
internal stores. The inset displays calibrated [Ca2þ ]i with
stable baseline levels maintained at B50 nM. [Ca2þ ]i levels
in developing rods were comparable to concentrations
measured in adult WT cells.22 Consistent with in vivo
measurements in intact teleost cones, baseline [Ca2þ ]i in
dissociated rd1 rod somata was not significantly elevated
before or during cGMP-driven rod degeneration even at ages
P14–21 during massive rod loss (Figure 3c).

Ca2þ oscillations in pde6cw59 zebrafish cone
photoreceptors. We next analyzed the Ca2þ oscillations
that we detected in zebrafish cones to determine how these
related to the cell death process. We found that 27% of
pde6cw59 mutant cones (n¼ 84) exhibited oscillations in
GCaMP3 fluorescence during our 9-hr time-lapse experi-
ments. The intensity of oscillations varied from cell to cell and
even within cells, thus we used a change in intensity of
B18% as a lower limit for our definition of an increase.
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Figure 2 Modest and variable changes in Ca2þ occur during the death of pde6cw59 cones. Photoreceptors from 5—6 d.p.f. larvae expressing TaCP:GCaMP3 were
imaged every 20min for 9 h. (a, b) Montages of representative cells at select time points show GCaMP3 fluoresence and morphology changes in dying photoreceptors for both
pde6cw59 heterozygous (a) and pde6cw59 homozygous (b) photoreceptors. Time¼ (h:min). (c) Graph showing mean percentage of fluorescence change of GCaMP3 from 19
pde6cw59 mutant cells undergoing cGMP-mediated death (bars¼S.D.) and the single representative laser-induced dying cell shown in a. Laser power and time of exposure
was increased to stimulate laser-induced death of non-mutant cones. In addition, these cells were more sensitive than the homozygous pde6cw59 cones to prolonged laser
exposure. For homozygous pde6cw59mutants, laser conditions were optimized to not cause morphological defects during the extended time-lapses. (d) Graph showing
variations in percentage of GCaMP3 fluorescence changes in eight individual cones from a single pde6cw59mutant fish. The red line (cell 1) indicates the percentage of change
in GCaMP3 fluorescence of the representative dying pde6cw59 mutant cone shown in b

Figure 3 Ca2þ measurements in dying mouse rods. (a) Average (n¼ 19) fluorescence ratio and calibrated signal during baseline calcium measurements from acutely
isolated Pde6brd1 (rd1) mouse rod perikarya at P10. Ionomycin was used to clamp intracellular calcium levels to external zero calcium (containing 1mM EGTA to obtain Rmin)
or 10mM calcium level (to obtain Rmax), allowing for a cell-by-cell calibration of the fluorescent signal. (b) Typical morphology of C57Bl6J (C57) or rd1 mouse rod
photoreceptors. (c) No significant differences in absolute baseline Ca2þ concentration of acutely isolated C57Bl6J (C57) or Pde6brd1 (rd1) mouse rod perikarya at ages
between 8 and 10 days and 14 and 21 days were observed. Shown are group averages±S.E.M. p8–10: 37.7±12.2 (C57), 53.5±11.8 (rd1); p14–21: 46.2±11.0 (C57),
50.4±17.8 (rd1)
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GCaMP3 increases occurred both simultaneously throughout
the cell body and synapse, or were often localized only to the
synaptic region (Figure 4a). Both morphologically normal
cells (Figures 4a and c) and those undergoing morphological
changes (Figures 4b and c) exhibited Ca2þ oscillations. For
the dying cells that eventually rounded up, the most
significant increase(s) in [Ca2þ ]i occurred at the beginning
of the time-lapse before any major cell shape changes were
observed (Figures 4b and c).
To analyze the temporal and spatial characteristics of these

recurring transient GCaMP3 increases in greater detail, we
conducted shorter time-lapse experiments (ranging from
15–30min) and acquired images every 5 s. Image acquisition
every 5 s allowed sampling of a single retinal plane containing
B30–50 cells. As the overall experiment was short, we
focused our analysis on the pde6cw59 mutant cone cells that
appeared morphologically normal throughout the experiment.
A representative experiment and subsequent data analysis is
shown in Figure 5. Using this rapid imaging paradigm, rapid
recurring Ca2þ increases (‘flashes’) were observed in many

cells within this imaged population (see Supplemental Movie).
For example, in the representative cell shown in Figure 5a, a
bright increase is observed in the synapse at 0905 hours, but
is not seen in the time point before (0900 hours) nor after
(0910 hours). Another synaptic increase is seen in the same
cell at 0915 hours, is gone at 0920 hours, and reoccurs at
0925 hours. This analysis indicates that these particular
flashes lasted for 5 s or less. To optimize our analysis of
multiple pde6cw59photoreceptor cells in a single retinal
population, we straightened our retinal images (Figure 5b)
and generated kymographs (Figure 5c). Two kymographs
were generated for each time-lapse; one for the synapse and
one for the cell body. These kymographs are overlaid in two
different colors in Figure 5c. Green shows GCaMP3 fluores-
cence increases localized to the synapse regions and
magenta shows Ca2þ changes throughout the cell body
(Figure 5c).
Using our kymographs, we graphed the GCaMP3 signal

intensity over time for each photoreceptor and established
general categories describing the types of flashes we
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Figure 4 Ca2þ oscillations occur in morphologically normal and dying pde6cw59 cones. Photoreceptors from homozygous pde6cw59 double-transgenic animals
Tg(Tr�2:tdTomato;TaCP:GCaMP3) were imaged every 20min. Only the GCaMP3 channel is shown. (a, b) Montages of representative morphologically normal (a) and
degenerating (b) pde6cw59 cones show transient increases in GCaMP3 fluorescence. Time¼ (h:min). (c) Graph of percentage change in GCaMP3 fluorescence intensity for
outlined cells shown in a and b. Oscillations in GCaMP3 fluorescence occur at random intervals throughout the time-lapse in morphologically normal cones, whereas transient
increases in dying cells usually occur near the beginning of the time-lapses (c and Figure 2d)
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detected. Cells that flashed fewer than 10 times over 30min
were labeled as ‘infrequent,’ whereas those flashing more
than 10 times were categorized as ‘frequent’. Cells that
flashed infrequently were also subdivided based upon the
duration of the flashes. Cells whose infrequent flashes lasted
for only 1–3 time points were deemed as ‘infrequent rapid’,
whereas ‘infrequent mixed’ cells exhibit flashes that were
sustained over several time points (Figures 6a and b). Cells
with frequent flashes exhibited transient GCaMP3 increases
of mixed duration (Figure 6c), but a few cells showed recurring
transient increases that lasted over an extended period of time
(categorized as ‘frequent extended’), often with varying
intensities within the elevated GCaMP3 signal (Figure 6d). A
few cells also showed a change in fluorescence, either
increasing or decreasing, that persisted throughout the time-
lapse. This small number of cells was categorized in the ‘other’
category. From our analysis of 447 cells from 11 pde6cw59fish,
we determined that 46% of cells flash during the 15–30min
time-lapse experiments, and that there were roughly equal
number of cells that flash infrequently (both rapid and mixed)
and those that flash frequently. Consistent with our longer

time-lapse experiments, extended increases in fluorescence
were detected in only a few cells (Figure 6e).

Ca2þ dynamics in non-mutant cone photoreceptors. As
Ca2þ flashes within photoreceptors have not been reported
previously, we speculated that elevated cGMP and conse-
quent metabolic changes in pde6cw59cones disrupt Ca2þ

homeostasis, causing transient increases in [Ca2þ ]i. To
examine this possibility, we analyzed flashes in photorecep-
tors from both WT and pde6cw59 heterozygous fish, siblings
of the pde6cw59 mutants previously analyzed, and imaged
these photoreceptors in vivo at 5 s intervals for 15–30min.
We noted that the light-sensitive cones from WT and
pde6cw59 heterozygous fish were more sensitive to laser
exposure than the light-insensitive homozygous pde6cw59-

photoreceptors. Slight laser-induced morphological abnorm-
alities were detected in some photoreceptors during imaging,
and data were not analyzed from these cells.
To our surprise, kymograph analysis of cone photorecep-

tors fromWT and pde6cw59 heterozygous fish (n¼ 263 cells; 6
fish) revealed the same categories of flashes as observed in

Cell
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Figure 5 Recurrent Ca2þ flashes are variable, rapid, asynchronous, and prevalent. Photoreceptors from homozygous double-transgenic Tg(Tr�2:tdTomato;TaCP:
GCaMP3) pde6cw59 fish were rapidly imaged every 5 s for 15–30min. Only the GCaMP3 channel is shown. (a) Montage of a representative cell (cell 13; see b and c) at select
time points show rapid transient increases in GCaMP3 fluorescence occurring in both the cell body and synapse. Time¼ (min:s). (b) Representative image (time) projection
from a straightened Tg(Tr�2:tdTomato;TaCP:GCaMP3) pde6cw59 retina shows GCaMP3 fluorescence in all cones. The shaded areas represent the areas used to generate
the kymograph (c) for the cell body (magenta) and for the synapse (syn; green). All identifiable cells are numbered below and correspond to a column on the kymograph in c.
(c) Representative kymograph of GCaMP3 signal across all the time points for both the cell body (magenta) and synapse (green). The boxed areas on both the kymograph (c)
and the straightened retina (b) represent the cell (cell 13) and time period shown in the montage in a
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the pde6cw59mutant photoreceptors. Further, our results
indicated that altered metabolism due to elevated cGMP did
not increase the number of cells flashing or the flash
frequency of individual cells, but rather decreased these;
44% of mutant cells flashed versus 60% of non-mutant
cones (P¼ 0.09), and this reduction in flashing pde6cw59

mutant cones was primarily cells categorized as
‘frequent’ (16% mutant versus 29% non-mutant, P¼ 0.03,
Figure 6e).
Taken together, these data show that dynamic modulation

of [Ca2þ ]i occurs in WT cone photoreceptors and that this
modulation is mostly retained in light-insensitive pde6cw59

mutant cones prior to their degeneration, although
fewer frequently flashing cells were observed. However, at
late stages of death when mutant cells degenerate,
Ca2þ transients are substantially reduced or cease
and catastrophic Ca2þ release into the cytoplasm does not
occur.

Discussion
In this study, we report an in vivo analysis of Ca2þ dynamics in
cone photoreceptors within a host animal. We exploit a
double-transgenic zebrafish that enables simultaneous ana-
lysis of cytoplasmic changes in Ca2þ and of overall changes
in cell morphology, and extend our analysis of Ca2þ

regulation in pde6cw59 cones to the commonly studied rd1
mouse model. We discovered that (1) pde6cw59 mutant cone
photoreceptors and rd1 rods do not exhibit sustained
intracellular Ca2þ increases during degeneration; (2) transient
Ca2þ increases are prevalent in pde6cw59 mutant and
non-mutant cone photoreceptors; (3) these Ca2þ flashes
occur throughout the cell body and synapse, or are only
localized to the synapse; (4) Ca2þ transients vary in
frequency and duration; and (5) fewer cells in the pde6cw59

mutant retinas show a pattern of frequent recurring Ca2þ

flashes compared with non-mutant retinas. Our findings shed
light on the mechanism of cell death occurring in pde6cw59
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mutant cones and rd1 rods, and highlight a potentially
functionally important measure of normal cone photoreceptor
physiology.
Pde6 is a key mediator of the well-established vertebrate

phototransduction cascade. Activated by GTP-bound
a-transducin, it hydrolyzes cGMP, resulting in closure of
cation channels in the OS plasma membrane. Loss of Pde6
activity increases OS Ca2þ levels6 possibly causing cell
death, a conjecture supported by the observation that
reducing Ca2þ influx by knocking out cGMP-gated cation
channels (Cngb1(� /� )� Pde6brd1) improves viability of rd1
rods.7 However, to understand the physiological coupling
between [Ca2þ ]i and the degeneration process, it is neces-
sary to ascertain Ca2þ dynamics within the inner segment.
We therefore developed a novel zebrafish transgenic line,
Tg(Tr�2:tdTomato;TaCP:GCaMP3), and compared Ca2þ

signals obtained in degenerating pde6cw59cones with [Ca2þ ]i
levels within the Pde6brd1 rods. To avoid interference from
signals emanating from over-activation of Ca2þ fluxes
through cGMP channels,7 pde6cw59mutants were designed
to express the genetically encoded Ca2þ indicator GCaMP3
within cell compartments downstream from the OS.
One possible mechanism for pde6cw59and rd1 photoreceptor

degeneration was mitochondrial Ca2þ overload and a
consequent increase in cytosolic [Ca2þ ]i within the perikaryon.

23

Using live imaging, we detected modest changes in
intracellular Ca2þ that varied between individual dying cells;
some cells displayed decreases in overall GCaMP3 fluores-
cence and several displayed small Ca2þ oscillations. None-
theless, sustained increases in Ca2þ in cell bodies of
pde6cw59 cones undergoing morphological changes of cell
death were not detected during our in vivo time-lapse
experiments nor were elevated perikaryal [Ca2þ ]i levels
observed in Pde6brd1 mouse rods. This finding is in stark
contrast to the pronounced [Ca2þ ]i increases elicited in non-
mutant cones by excessive laser exposure (Figure 2). Hence,
our observations argue against a major role of depolarization,
voltage-activated Ca2þ influx, mitochondrial overload and
Ca2þ release from internal stores in cone and rod death
driven by Pde6 mutations. Consistent with this, elimination of
Ca2þ influx through L-type channels slightly delayed, but did
not prevent, rd1 degeneration.24

We observed dramatic transient increases in [Ca2þ ]i in WT
and in pre-degeneration pde6cw59 cones. This finding
indicates that Ca2þ homeostasis in photoreceptors is
dynamically regulated and similar in light-adapted and
unstimulated photoreceptors. Thus, the Ca2þ changes that
we report appear independent of phototransduction. Although
future studies will explore possible sources for such Ca2þ

flashes, potential sources include voltage-gatedCa2þ channels,
receptor-mediated and/or store-operated Ca2þ influx
from the extracellular space channels, as well as Ca2þ

release from internal stores gated by ryanodine/inositol
triphosphate release Ca2þ channels.22 Numerous studies
focusing on non-excitable and excitable cells25 suggest that
internal compartments represent major contributors to spon-
taneous elevations in [Ca2þ ]i. ‘Sparks’ or ‘puffs’ have been
proposed to regulate cardiac and skeletal muscle excitation–
contraction coupling, vascular tone regulation, membrane
excitability and neuronal secretion, but were also implicated in

regulation of developmental changes, plasticity or cell to
cell communication.25 Ryanodine-sensitive Ca2þ stores are
present in photoreceptors and have been proposed to help
maintain Ca2þ levels within a physiological range optimal for
normal function under dim lights,26 whereas store-operated
calcium entry and transient receptor potential channels might
have a more significant function under bright and prolonged
illumination.22,27

In conclusion, we here document new features of Ca2þ

signaling in cone photoreceptors and address the long-
standing question whether Pde6 mutations trigger photo-
receptor degeneration through Ca2þ -dependent activation of
proapoptotic pathways driven by cGMP-induced Ca2þ over-
loads within the cell body. We found that, surprisingly, Pde6
loss does not result in sustained increases in [Ca2þ ]i in either
mouse rods or zebrafish cones. Our data show that in vivo
analysis of photoreceptor physiology represents a powerful
new tool to study function in normal and diseased retinal
tissue.

Materials and Methods
Zebrafish maintenance and mutant isolation. Adult fish and larvae
were maintained at 28.5 1C in reverse-osmosis distilled water reconstituted for fish
compatibility by addition of salts and vitamins28 on a 10/14 h dark/light cycle.
Unless otherwise noted, all zebrafish strains are homozygous for the roy orbison
(roy) mutation.29 Fish used in live imaging experiments were maintained in embryo
media28 containing 0.003% 1-phenyl 2-thiourea (PTU) starting at 8–24 h post
fertilization (h.p.f.). The pde6cw59 mutant was originally isolated in a screen of
mutagenized-zebrafish using the optokinetic response behavioral assay as
described previously.13 The pde6cw59 mutation is maintained as heterozygotes
and intercrossed to generate homozygous mutants.

Construction of transgenic zebrafish. To express GCaMP3 specifically
in cones, we used the Gateway-based Tol2kit30 and inserted GCaMP3
downstream of the 3.2 Kb of the TaCP.14 The resulting construct was injected
into WT zebrafish embryos at the 1–2-cell stage together with Tol2 transposase
mRNA.31 Mosaics were identified at 4 d.p.f. and raised to adulthood. Germline
carriers were identified in the F1 generation. To visualize cone morphology, we
generated a transgenic line Tg(Trb2:tdTomato) expressing tdTomato in the long-
wavelength cones (this paper and Suzuki et al., in preparation). The Trb2
promoter isolation, clone construction, and the general expression were described
previously.19 Germline carriers were identified from mosaic fish injected with this
construct. Both Tg(TaCP:GCaMP3) and Tg(Trb2:tdTomato) were crossed into the
pde6cw59 mutant lines. The transgenic line Tg(TaCP:membrane CFP) was
described previously.12

Pde6cw59 genotyping. After imaging, zebrafish larval genotypes were
verified by PCR analysis followed by restriction enzyme digest, as previously
described.28 Primers were used to create a restriction site for BsaXI in only
the mutant locus (forward: 50-TTGGCCTCTGGAATACTGGCT-30; reverse:
50-GTTTGACCAGAACCCGGAAG-30). PCR products were digested with BsaX1
and genotyped according to its restriction profile.

ERG recordings. ERGs were recorded as described previously.32 Briefly, 5
and 6 d.p.f. larvae were anesthetized in 0.02% tricaine, and eyes were removed
using a fine tungsten wire loop. Excised eyes were then placed in an oxygenated
Ringer’s solution (in mM; 130 NaCl, 2.5 KCl, 20 NaHCO3, 0.7 CaCl2, 1.0 MgCl2,
and 20 glucose), and a glass electrode was positioned directly onto the cornea.
After 3 min (min) of dark adaptation, eyes were exposed to white light flashes, and
their electrical responses were recorded. Data were acquired and processed as
described previously.33 Peak values are listed as the mean±S.D. from three
animals.

Live time-lapse imaging in zebrafish. For time-lapse imaging,
transparent PTU-treated 5–6 d.p.f. larvae were embedded in a drop of 1% low
melting point agarose in embryo media. After solidifying, the agarose was covered
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with embryo media containing 0.003% PTU and 0.02% (w/v) tricaine. Live time-
lapse imaging experiments were performed on an Olympus FV1000MPE
multiphoton laser scanning microscope equipped with a � 25 (NA 1.0) long
working distance water objective. Images of the Tg(Trb2:tdTomato; TaCP:
GCaMP3) double transgenics were acquired using a red/green filter cube at
890 nm wavelength. For the extended time-lapse experiments, images stacks of
30–40mm (1 mm per slice) were taken every 20min for 9 h. Single image slices
were taken for the shorter time-lapse experiments, which require rapid sampling
every 5 s for 15–30min.

Image processing and analysis. Image processing and analysis was
carried out using the ImageJ (Fiji; http://fiji.sc/Fiji) software.34 Dying pde6cw59 cells
were identified by examining images collected from the extended 9-hour time-
lapse experiments. Images were Z-projected using 7–10 stacks at 1 mm depth, for
a total of 7–10mm depth depending on the shape of the cell. The Z-projected
images were adjusted to correct for xy drift using the ‘stack reg’ function, and
further corrected for bleaching using the EMBL tools ‘bleach correction’ function
with the tdTomato image selected as a reference (using the ‘simple ratio’ setting
with background set to 0.0). These adjustments were done using the entire image
prior to cropping to focus on the dying cell(s). Regions of interest (ROIs) were
placed on the cell body of the dying cell and the mean intensity (gray value)
measurements were taken. Due to the shape changes these cells undergo, we
used the center of the cell body to ensure that the cell continued to be inside the
ROI throughout the dying process. Percent change in fluorescence is calculated as
((Fx–F0)/F0� 100%) where Fx is the mean florescence intensity at time point x and
F0 is the starting fluorescence at time¼ 0.
For generating kymographs, retina time stacks were first straightened out

using the ‘Straighten’ function in Fiji (Edit4Selection4Straighten) on a
segmented line that followed the retina curvature. The synapse and the cell
body layers were then separately selected, resliced (Image4Stack4Reslice),
and Z-projected (Sum slices) to generate two separate kymographs for each
time-lapse. These two kymographs were then combined in two different
channels (represented in magenta and green in Figure 5c) and analyzed for
flashes. Individual flashing cells, represented as striped columns in the
kymographs, were analyzed using the ‘Plot Profile’ function in Fiji
(Analyze4Plot Profile) with options set to vertical profile. Adobe Photoshop
CS5 (San Jose, CA, USA) was used to process the images further. Final figures
were assembled using Adobe Illustrator CS5.

Ca2þ measurements in mouse rods. [Ca2þ ]i in acutely isolated
mouse rods was measured as described previously.22 Briefly, postnatal day
P8–P10 and P14–P21, C57Bl6J (C57) and Pde6brd1 (rd1) mice (Jackson
Laboratories, Bar Harbor, ME, USA) were killed, enucleated and the retinas
were treated with papain (30–50 U/ml; Worthington, Freehold, NJ, USA; 1 h at
room temperature). Acutely isolated photoreceptor cells with intact somas were
identified based on their size and morphology (Figure 3b;22).The number of
mice (N) and cells (n) in each group was: C57 (P8–10): N¼ 3, n¼ 122; rd1
(P8–10): N¼ 7, n¼ 186; C57 (P14–21): N¼ 3, n¼ 126; rd1 (P14–21): N¼ 3,
n¼ 27. Following trituration, cells were plated on concanavalin A-coated
(0.2 mg/ml; Sigma, St. Louis, MO, USA) coverslips, loaded with fura-2 AM
(1–5 mM; Invitrogen, Life Technologies, Grand Island, NY, USA) for 30 min, and
washed for 30 min in dye-free L-15 medium at room temperature. Fluorescence
was measured using 340 and 380 nm excitation filters (Chroma, Brattleboro,
VT, USA), whereas emission was high-pass filtered at 510 nm and captured
with cooled digital CCD cameras (HQ2, Photometrics, Tucson, AZ, USA). Data
acquisition (10 pairs of images/min) and fluorescence ratio calculations with
background subtraction in ROIs encompassing the rod perikaryon were
performed with NIS Elements (Melville, NY, USA). Calibration of cytosolic free
[Ca2þ ]i was carried out by using 10 mM ionomycin in combination with 0 Ca2þ /
1 mM EGTA followed by 10 mM Ca2þ (Figure 3a;35). The apparent free [Ca2þ ]i
was determined from the equation [Ca2þ ]i¼ ((R—Rmin)/(Rmax—R))�b�Kd,
where R is the ratio of emission intensity at 510 nm evoked by 340 nm excitation
versus emission intensity at 510 nm evoked by 380 nm excitation; Rmin is the ratio at
zero free Ca2þ ; Rmax is the ratio at saturating Ca

2þ ; Kd the dissociation constant
for Ca2þ binding to fura-2 in the presence of millimolar Mg2þ was taken from the
literature (224 nM;35,36); b¼ (F380max/F380min). R, Rmin, Rmax, and b were
measured and calculated for each ROI (cell) separately. Baseline values were
established for each cell by averaging baseline [Ca2þ ]i over a 5min period. Group
baseline values are averages of individual cell data±S.E.M.
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