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Rod photoreceptors are composed of a soma and an inner
segment (IS) connected to an outer segment (OS) by a thin cilium.
OSs are composed of a stack of ∼800 lipid discs surrounded by the
plasma membrane where phototransduction takes place. Intracel-
lular calcium plays a major role in phototransduction and is more
concentrated in the discs, where it can be incorporated and re-
leased. To study calcium dynamics in rods, we used the fluorescent
calcium dye CaSiR-1 AM working in the near-infrared (NIR) (excita-
tion at 650 and emission at 664 nm), an advantage over previously
used dyes. In this way, we investigated calcium dynamics with an
unprecedented accuracy and most importantly in semidark-adapted
conditions. We observed light-induced drops in [Ca2+]i with kinetics
similar to that of photoresponses recorded electrophysiologically.
We show three properties of the rods. First, intracellular calcium
and key proteins have concentrations that vary from the OS base
to tip. At the OS base, [Ca2+]i is∼80 nM and increases up to∼200 nM
at the OS tip. Second, there are spontaneous calcium flares in
healthy and functional rod OSs; these flares are highly localized
and are more pronounced at the OS tip. Third, a bright flash of light
at 488 nm induces a drop in [Ca2+]i at the OS base but often a flare at
the OS tip. Therefore, rod OSs are not homogenous structures but
have a structural and functional gradient, which is a fundamental
aspect of transduction in vertebrate photoreceptors.
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Rod outer segments (OSs) are composed of a stack of ∼800
lipid discs surrounded by the plasma membrane where the

phototransduction machinery is located (1, 2). The OS is con-
nected to the soma through a narrow structure called the cilium
(3), providing an electrical connection so that electrical signals
generated in the OS are transmitted to the soma. The soma is
composed of an inner segment (IS) containing the nucleus and
from which the synaptic terminals protrude. The OS is not a well-
mixed compartment and appears to be rather inhomogeneous:
The composition of the disk membrane varies from the base of
the OS (where new discs are synthesized) to its tip (where old
discs are continuously shed) (4–8).
The complex dynamics of disk renewal and the changes in disk

composition along the OS suggest a variable efficiency of photo-
transduction. Indeed, some classic (9, 10) and more recent (11)
works have shown that the amplitude of the single photoresponse
and of the maximal photoresponse is higher at the base and two to
three times smaller at the OS tip (12). The unequal sensitivity
along the OS could be related to the availability of metabolic
energy in the form of NADPH. Indeed, Miyagishima et al. have
shown that the recovery of sensitivity after light stimuli is slower at
the OS tip than at its base (13). Furthermore, localized light-
induced changes in cGMP and Ca2+ concentrations decay along
the OS from the point of stimulation, suggesting a mechanism that
limits the spread of adaptation to light (14).
In this context, Ca2+ plays a fundamental role in regulating

light adaptation (15, 16), recovery after pigment bleaching (17,
18), and OS structural stability (19, 20). To study calcium along

the OS, we used CaSiR-1 AM (excitation 650 nm, emission
664 nm) (21) and Fura Red (excitation 440 and 480 nm, emission
∼650 nm); we analyzed its intracellular dynamics in dissociated
rod photoreceptors composed of an IS and an OS (IS+OS) and in
small pieces of retina obtained from Xenopus laevis frogs. CaSiR-1
increases fluorescence emission upon binding calcium, while Fura
Red decreases its emission following binding to calcium. The ex-
citation with Fura Red at two wavelengths allows a quantitative
estimation of intracellular calcium by what is referred to as
ratiometric calcium imaging (22). Conversely, CaSiR-1 AM allows
the study of calcium dynamics in rods under semidark-adapted
conditions.
This dye has only recently been used to investigate Ca2+ in rod

photoreceptors (23). In rods loaded with CaSiR-1, we directly
observed a light-induced drop in fluorescence, with kinetics very
similar to that of photoresponses recorded electrophysiologi-
cally. Therefore, it is possible to follow calcium dynamics using
an excitation light at 650 nm, which reduces the amplitude of a
saturating photoresponse induced by a flash of light at 488 nm of
approximately ∼30–40%. The use of CaSiR-1 allowed us to study
Ca2+ in rods with unprecedented accuracy and resolution and in
semidark-adapted conditions.
Our experiments highlight several properties of rods: First,

OSs have a strong gradient not only in responsiveness but also in
[Ca2+]i, which is higher at the tip than at the OS base; second, in
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semidark-adapted conditions, it is possible to observe sponta-
neous calcium flares, i.e., highly localized increases in [Ca2+]i in
healthy and functional rods; third, at the OS tip, a bright flash of
light often induces a calcium flare and not a drop in [Ca2+]i.

Results
Strong Calcium Gradient in the Rod OS. When a dark-adapted ret-
inal rod of a small piece of retina loaded with CaSiR-1 was
briefly illuminated with 650-nm light, the rod ISs appeared
rather bright SI Appendix, Fig. S1A). However, the OSs displayed
a gradient of fluorescence that increased in intensity from the
base to the tip of the rod (SI Appendix, Fig. S1A). When the
CaSiR-1–loaded retinas were mechanically dissociated, the ob-
servation dish was full of isolated OS, which were uniformly
bright (SI Appendix, Fig. S1B). The OSs that were still attached
to the IS (IS+OS) displayed the same gradient of fluorescence
observed in intact rods, which was more intense at the tip and
decreased toward the base (Fig. 1A). The profile of fluorescence
was similar in IS+OS rods across preparations, but the level of
fluorescence at the base varied (Fig. 1B). IS+OS rods showing a
clear gradient in CaSiR-1 fluorescence were usually functional:
Illuminating these rods with a brief flash of light at 488 nm, we
were able to measure a transient decrease of the emitted fluo-
rescence on the order of 0.02–0.05 DF/F ((fluorescence at time
t − fluorescence at time 0)/fluorescence at time 0), which was an
indication of a light-induced drop in intracellular calcium
(Fig. 1C). The time course of the change in DF/F was reminis-
cent of that observed in electrical recordings of photoresponses
(23) (SI Appendix, Fig. S2A).
The steady light at 650 nm used to excite CaSiR-1 was ap-

proximately equivalent to 480 R*·rod−1·s−1 and reduced the
circulating dark current by ∼30–40% (SI Appendix, Fig. S2B),
indicating that CaSiR-1 allowed resolution of calcium dynamics

in semidark-adapted conditions. The ratio between functional
IS+OS rods and the total rods present in the preparations,
shown in Fig. 1D, indicates that our samples were relatively
homogeneous across the experiments. Isolated OS or IS+OS
rods not showing the brightness gradient along the OS (Fig. 1 E
and F) did not show any light response and were considered
nonfunctional (Fig. 1H). To check whether the brightness gra-
dient seen in the OS of IS+OS rods was caused by a different
loading, we repeated the same experiment by loading retinas
with Fura Red. In this case, the fluorescence was brighter at the
base and decreased toward the tip (Fig. 1G). Experiments of
ratiometric calcium imaging using Fura Red indicate that in
light-adapted conditions, [Ca2+]i is approximately ∼80 nM at the
base and ∼200 nM at the tip (SI Appendix, Fig. S3) and that its
mean value is in the range of what has been previously reported
(24). These results show that [Ca2+]i is not homogeneous inside
the rod OS and has a strong gradient.

Strong Gradient of Light Responsiveness. We stimulated isolated
IS+OS rods with diffuse light at 488 nm (Fig. 2A) and measured
CaSiR-1 fluorescence emitted at the base (Fig. 2 B and E dark
red), the center (Fig. 2B, orange), and at the tip (Fig. 2B, green).
We observed a clear light-induced decrease in DF/F in each rod
compartment, but the drop in DF/F was larger at the base than at
the tip ((DF/F)base − (DF/F)tip, or gradient in responsiveness for
simplicity) (Fig. 1C) (n = 15; P < 0.001). This gradient in re-
sponsiveness along the OS is in agreement with the drop in
sensitivity observed with electrical recordings with localized spots
of light, along the OS (11). Interestingly, the drop in respon-
siveness was larger in intact rods from pieces of retina (hereafter
referred to as “intact retinal rods”) (Fig. 2 D–F), suggesting an
important role for the integrity of the retinal tissue. In some of
these rods, following a flash at 488 nm, no visible decrease in

A B C D

E F G H

Fig. 1. Light-evoked calcium drops in IS+OS rods. (A) Fluorescence images of isolated IS+OS rods loaded with CaSiR-1. The IS is usually brighter than the OS.
(B) Fluorescence intensity profile for the five IS+OS rods shown in A. (C) Light-evoked fluorescence drops evoked by a flash of light of 1 s, eliciting ∼2,100 R*
per rod at 488 nm at the times indicated by the blue trace at the top of the image. The slight decrease of DF/F observed at the second flash of light is caused by
dye bleaching. In A–C, the same color corresponds to the same rod. (D) Ratio of the number of isolated IS+OS over the total number of rods present in the
preparations (n = 15 experiments, 0.6368 ± 0.145). (E) Example of two unresponsive rods. (F) As in B but for two IS+OS shown in E. (G) Fluorescence intensity
profile for an IS+OS rod loaded with Fura Red in light-adapted conditions. Top is the intensity profile, and at Bottom is the fluorescence image. In this case,
the base of the OS is brighter than the tip. (Scale bars, 10 μm.) (H) Responsiveness ratio between IS+OS rods (n = 15 experiments, 0.92 ± 0.108).
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fluorescence was detected at the tip of the OS (Fig. 2E, green
trace). However, a clear decrease in fluorescence was observed
at the base of the OS (Fig. 2E, dark red trace) (n = 15;
P < 0.001).
Collected data from 15 IS+OS rods and 15 intact retinal rods

showed that the drop in responsiveness was correlated to the
relative amplitude of increase of the fluorescence emitted by
CaSiR-1 ((Ftip − Fbase)/Fbase) at the OS tip (Fig. 2 C and F),
mirroring the increase of [Ca2+]i measured with Fura Red
(Fig. 1G and SI Appendix, Fig. S3). A better visualization of the
gradient in responsiveness is obtained by the map of DF/F, where
F is the fluorescence in a time window of 1 s before the light flash
at 488 nm and DF is the fluorescence drop caused by the light in
a time window of 1 s centered around the time of maximum
fluorescence drop. This map was obtained in dissociated rods
(Fig. 2G) and in rods from pieces of retinas (Fig. 2H), showing a
clear gradient in responsiveness falling at the center of the OS.
From these maps, we obtained the profile of responsiveness
along the OS by averaging the values of DF/F along the direction
perpendicular to the OS (Fig. 2I).
To analyze in greater detail the time course of the light-

induced calcium changes, we averaged the light-induced drop
in fluorescence over the first five photoresponses. The emitted
fluorescence and possibly [Ca2+]i fell with a fast and a slower
component (SI Appendix, Fig. S2 A–C), as predicted from the
model of ref. 16. The fast drop in calcium was caused by the

closure of light-sensitive channels permeable to Ca2+ ions, and
the slower component was associated with the dynamics of in-
tracellular (native and exogenous, such as the introduced dye)
Ca2+ buffers.
The experiments illustrated in Figs. 1 and 2 were obtained with

diffuse illumination at 488 nm. To explore the response to highly
localized flashes of light, we used a confocal microscope allowing
illumination with blue light at 488 nm of specific regions of the
OS (see colored boxes in Fig. 3 A and B, Left). When we illu-
minated a region of ∼5 × 5 μm2 at the base (Fig. 3A), we ob-
served a clear light-induced calcium decrease, whereas no
response at the center or at the tip of the OS was detected. We
also illuminated the bright IS with the same light, and we could
not detect any light-induced fluorescence decrease (Fig. 3B). We
constructed a map of responsiveness along the OS when the
same spot of illuminating light was moved along its axis. Data
collected from six experiments showed that with confined illu-
mination, there was a marked decrease in responsiveness from
the base to the tip of the OS (Fig. 3C) (n = 6; P < 0.001). The
trend of responsiveness obtained with localized illumination was
similar to that obtained with diffuse illumination, but in this case
the change in fluorescence was measured in localized regions.

Spontaneous Calcium Flares. During imaging recordings (∼8–15
min) of the fluorescence emitted by CaSiR-1, we observed
spontaneous calcium flares i.e., spontaneous bursts of increased

Fig. 2. Gradient of light-evoked calcium drops. (A) Rods fluorescence images of Fig. 1A. The green (tip), orange (center), and dark red (base) semitransparent
stripes indicate the regions of the OS. (B) Light-evoked DF/F drops, for five rods in A, at the tip, center, and base (traces colors as stripes in A). The evoked DF/F
of the three regions are superimposed. Light stimulus of 1 s, eliciting ∼2,100 R* per rod. (C) Relation between calcium gradient (DF/Fbase − DF/Ftip) and re-
sponse gradient ((Ftip − Fbase)/Fbase)) for n = 15 rods. The straight red line is a linear fit given by y = 0.02075 × x + 0.03047 (R2: 0.3431). Fluorescent images pieces
of retina loaded with CaSiR-1 (D): DF/F for intact retinal rods (n = 4) at the base, center, and tip with diffuse illumination and the same color coding as in B (E).
(F) Fit for intact retinal rods (n = 15, brown points) superimposed over the graph in C; the straight brown line is a linear fit given by Y = 0.02945*X + 0.02607
(R2: 0.6707). (G) Gradients of responsiveness of two dissociated rods (scale bar DF/F). (H) Gradients of responsiveness of two rods from pieces of retinas.
(I) Dependence of responsiveness (DF/F) along the OS length for G and H. (Scale bars, 10 μm.).
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fluorescence, both in isolated rods (Fig. 4 A and B) and in intact
retinal rods (Fig. 4C). These flares (see red stars in Fig. 4A)
occurred more often at the tip than at the center or base of the
rods, and only occasionally spontaneous flares were seen at the
base of the rods. The rods that exhibited calcium flares were
functional, and a bright flash at 488 nm induced the expected
drop in intracellular calcium (Fig. 4A). Calcium flares in isolated
rods (Fig. 4B) and in intact retinal rods (Fig. 4C) had a similar
amplitude, occurred preferentially at the tip, and occasionally
could also be seen in the IS (see bottom traces in Fig. 4 B and C).
Calcium flares could be triggered by light flashes at 488 nm. In

the experiment illustrated in Fig. 4 D and E, diffuse light flashes
induced the usual drop in intracellular calcium at the base of the
OS (dark red trace), but at the center of the OS, we measured a
large increase in DF/F of ∼0.45 (orange trace in Fig. 4E) (SI
Appendix, Fig. S4). The occurrence of these flares was not as-
sociated with the death of the rod, as after the appearance of one
flare, it was still possible to observe a light-induced calcium de-
crease (Fig. 4 D and E). The calcium flare occurring in the
middle of the OS remained localized and did not propagate to
the neighboring portion of the OS. Similarly, flares occurring in
the IS did not propagate in any appreciable way into the OS. In
several of these experiments, we collected not only fluorescence
images (Fig. 4 F, Left) but also bright field images (Fig. 4 F,
Right) of the rod, verifying the physical integrity of the rod during
and after a calcium flare. We mapped the localization of both
flares, spontaneous as well as induced by a 488-nm flash light
along the OS and collected data from 30 experiments, showing

that these flares occurred primarily at the tip of the OS
(Fig. 4G). Flares were similar in dissociated (Fig. 4H) and intact
rods (Fig. 4I) (SI Appendix, Fig. S5). Therefore, transient and
spontaneous bursts of [Ca2+]i occurring in the OS, primarily at
its center and tip, occurred in healthy rods with similar proper-
ties in dissociated and intact retinal rods. It is possible, how-
ever, that these [Ca2+]i flares occur at locations inside the OS
where the phototransduction pathways physiologically lose their
efficiency.

Coupling of Calcium in the OS and IS. The OS and IS are connected
by the cilium, which allows the transmission of electrical signals
generated in the OS to the IS (25). The cilium also allows the
migration of large proteins synthesized in the nucleus necessary
for the maintenance of the biological integrity of the OS (26).
Therefore, it is of interest to see how changes in intracellular
calcium occurring in the OS or IS propagate through the cilium.
We recently showed that a single stimulation or a train of three
mechanical stimulations of ∼15 pN locally applied either to the
IS or OS induce a transient and localized increase in [Ca2+]i
(23). Therefore, it is possible to induce localized transient in-
creases in [Ca2+]i by mechanical stimulations and by light
flashes, allowing the propagation of [Ca2+]i transients through
the cilium to be investigated. As shown in Fig. 5, localized in-
creases in [Ca2+]i caused by the mechanical stimulation of either
the OS (Fig. 5A) or the IS (Fig. 5B) do not propagate across the
cilium. Similarly, a green light at 488 nm induces a drop in
[Ca2+]i at the base of the OS, which does not propagate to the IS

C

A B

Fig. 3. Calcium drops in response to localized illuminations. (A) The fluorescence image shows an example of an IS+OS rod loaded with CaSiR-1 and the
colored boxes indicate where the localized illumination of 1 s at the base (dark red), center (orange), and tip (green), eliciting ∼1,500 R* per rod was applied.
Colored traces were obtained from averaging fluorescence changes inside the boxes on the Left with the same color. The blue line indicates the timing of the
localized illumination. (B) As in A but for a localized illumination of the IS (brown) and the OS base (dark red). (C) Quantification of the DF/F changes in
response to localized stimuli (n = 6; base stimulation DF/F: meanbase −0.057 ± 0.002 SEM, meancenter −0.036 ± 0.004 SEM, meantip −0.020 ± 0.004 SEM; center
stimulation DF/F: meanbase −0.028 ± 0.003 SEM, meancenter −0.045 ± 0.004 SEM, meantip −0.022 ± 0.002 SEM; tip stimulation DF/F: meanbase −0.024 ± 0.006
SEM, meancenter −0.033 ± 0.002 SEM, meantip −0.041 ± 0.002 SEM; Student’s t test meantip (tip stimulation) vs. meanbase (base stimulation) P < 0.001). (Scale
bars, 10 μm.)
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(Fig. 5C). Therefore, the cilium acts as a powerful blocker of
calcium propagation flow between the OS and IS. The blockage
of calcium propagation across the cilium could be caused by
buffering organelles around it (27). Therefore, we tested the
buffering ability of mitochondria by using the MitoTracker mi-
tochondrial label. We found clusters of mitochondria in the IS
close to the cilium (a comparison of the bright field images with
the Red staining of mitochondria is shown in Fig. 5D). A similar
observation has already been made in cones where mitochondria
form a dense cluster that acts as a diffusion barrier between the
OS and the IS (28). These mitochondria were mobile and moved
by 1–3 microns per minute, remaining localized in the IS.
However, a bright flash of light at 488 nm (see the blue arrow in

Fig. 5E) drove the mitochondrial motion in a direction opposite
to the location of the cilium and the OS (Fig. 5 E, F, J, and K) (SI
Appendix, Fig. S6). These results suggest that mitochondria in
the rod IS could be the molecular structures impeding the flow of
intracellular calcium between the OS and IS and that their lo-
cation could be modified by light.

Structural and Functional Gradient in the OS. To confirm and ana-
lyze the presence of the structural gradient along the OS, we
examined the longitudinal profile of some components of the
cytoskeleton and of the cell membranes. We found that the
concentration of actin (Fig. 6 A, D, and G); tubulin (Fig. 6 B, E,
and H), and cholesterol (Fig. 6 C, F, and I) along the OS is not

A B C

D E F

G H I

Fig. 4. Calcium flares. (A) IS+OS loaded with CaSiR-1. DF/F from five regions circled, showing spontaneous flares (red stars). Immediately after, two light-
evoked DF/F drops. Light flashes of 1 s, eliciting ∼2100 R* per rod; timing indicated by blue trace. (B and C) Magnification of the DF/F changes induced by
spontaneous flares in isolated rods (B) and in rods from pieces of retina (C). Different colors represent different rods. (D) Spontaneous flares and light-evoked
drops of DF/F at the tip, center, and base of an intact rod. (E) Light-evoked calcium flares. Light flashes in A. (F) Fluorescence and DIC images before, during,
and after the calcium flare shown in E. The calcium flare (red box) remained localized and the rod remained unaltered. (Scale bar, 10 μm.) (G) Occurrence of
calcium flares in isolated rods and pieces of retinas. Dissociated IS+OS n = 30, flare frequency: meanbase 0.081 ± 0.03 SEM, meancenter 0.238 ± 0.089 SEM,
meantip 0.905 ± 0.112 SEM, P < 0.001 tip vs. base; intact retinal rods n = 30, flare frequency: meanbase 0.077 ± 0.024 SEM, meancenter 0.372 ± 0.066 SEM,
meantip 0.914 ± 0.194 SEM, P < 0.001 tip vs. base. (H and I) Frequency of spontaneous calcium flares with an amplitude equal to DF/F at tip (green), center
(orange), and base (dark red) in dissociated IS+OS (n = 30) and pieces of retinas (n = 30).
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homogeneous and that immunolabeling of these molecules is
more evident at the OS base and less evident at the OS tip.
Therefore, OS is not only functionally inhomogeneous but also
structurally inhomogeneous, and some hints of structural non-
uniformity are present in the distribution profiles of proteins and
lipids obtained by combining serial sectioning of the retina with
quantitative mass spectrometry (29). The spatial resolution of
these profiles, however, is not adequate to establish in a conclusive
way the existence of gradients of structural proteins inside the OS,
and similar data with better spatial resolution are needed.

Discussion
Our work reveals and confirms that several functional (Figs. 1–5)
and structural properties (Fig. 6) of the rod OS vary longitudi-
nally: there is a sharp gradient of [Ca2+]i, responsiveness, the
occurrence of calcium flares, and the structural components of
OS (summarized in Fig. 7). Early (29) and more recent electron
micrographs (30) of the rod OS show a perfect stack of discs in
the OS, which have the same shape and geometrical dimensions
from the base to its tip. In contrast with these pictures, however,
the rod OS is not a homogeneous structure and displays both a
functional and a structural gradient, where new discs are syn-
thetized and shed (31). The present manuscript also describes

a—to some extent—unexpected feature of the rod OS: the ex-
istence of spontaneous and light-induced calcium flares,
i.e., highly localized increases in [Ca2+]i.

Calcium Flares. The observation of 488-nm light-induced flares of
[Ca2+]i (see Fig. 4 and see SI Appendix, Figs. S4 and S5) at the
center and tip of the rod OSs, both in isolated rods and in intact
retinal rods, is remarkable and unexpected. However, it has been
previously shown that upon light stimulation, calcium can be
released from the discs (19, 20). This evidence suggests that light
stimuli can transiently and locally increase [Ca2+]i in the OS. The
calcium flares described here were observed using the fluores-
cent dye CaSiR-1, which works when excited at 650 nm and,
therefore, not under conditions of dark adaptation. Indeed,
calcium flares can also appear during imaging recordings of the
fluorescence emitted by CaSiR-1, and their occurrence is ran-
dom (Fig. 4 B and C). It is possible, therefore, that the observed
calcium flares occur as a consequence of the activation of rho-
dopsin on the discs: Indeed, on some occasions, we observed that
following several minutes of continuous stimulation at 650 nm,
light flashes at 488 nm induced calcium flares more frequently, as
shown in the recording of SI Appendix, Fig. S4 A and B. During
electrical recordings in dark-adapted conditions, we did not

IHG

FED

A B C

Fig. 5. Compartmentalization of calcium dynamics between IS and OS. (A) DF/F transients evoked by a mechanical stimulation of the IS. The force was ∼8 pN
for each mechanical pulse. Bright-field image at Top. Below, DF/F maps before, during, and after the stimulus, with respective timing. (B) As in A, but for the
OS. (C) Localized light stimulation of the OS base with a 488-nm light pulse of 1 s, equivalent to ∼2,100 R* per rod. (D) Map of MitoTracker labeling indicating
the localization of mitochondria in four rods: bright-field images (Left) and the fluorescence emitted by Mitotracker (Right). (E) Images of mitochondria over
∼1 min and the effect of a bright flash of diffuse light at 488 nm. (F) In blue, the trajectory of mitochondria following a light stimulation of 1 s and ∼2100 R*
per rod. (G) Three-dimensional plot of mitochondria trajectory (x, y, Time), horizontal bar indicates the light stimulus. (H) Average mitochondria displacement
on the y axes. The vertical bar represents the light stimulus onset (blue trace is the mean, and the bars represent the SEM) (n = 5). (I) As in H, but for the x axes
(n = 5). (Scale bars, 10 μm.)
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observe any event that could be attributed to the spontaneous
calcium flares described in Fig. 4. We are not able to establish
whether calcium flares occur in the complete absence of any light

stimulation, because they are detected with a fluorescent dye—
i.e., CasIR—requiring an excitation light in the near-infrared
perceived by the rods.

A B C

D E F

G H I

J K L

Fig. 6. Actin, tubulin, and cholesterol gradients in rods OSs. (A) IS+OS rods, stained with phalloidin. (B) As in A, but rods were stained with Bodipy marker. (C)
As in A, but rods were stained with tubulin marker. (D) Normalized intensity profile obtained from the six representative IS+OS rods in A, from the OS base to
the tip. (E) Same as in D but for the cholesterol staining in B. (F) Same as in D but for the tubulin staining in C. (G) Averaged intensity profile obtained from the
six representative IS+OS rods in A. (H) Same as in G but for the cholesterol staining in B. (I) Same as in G but for the tubulin staining in C. (J) Quantification of
the actin staining intensity profile. Base and tip average intensity were 0.687 ± 0.051 SEM and 0.112 ± 0.030 SEM, respectively (n = 8; t test P < 0.001). (K) As in
J but for the cholesterol staining. Base and tip average intensity were 0.714 ± 0.039 SEM and 0.295 ± 0.037 SEM, respectively (n = 9; t test P < 0.001). (L) As in J
but for the tubulin staining. Base and tip average intensity were 0.762 ± 0.034 SEM and 0.086 ± 0.018 SEM, respectively (n = 7; t test ***P < 0.001).
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Calcium flares at the OS tip can be triggered by a flash of light at
488 nm, and in these circumstances the same flash of light induces a
drop of [Ca2+]i at the OS base (Fig. 4 E and F).
Our imaging experiments show that these calcium flares always

appear tangentially to the OS and do occur in a restricted longi-
tudinal portion of the OS (Fig. 4F). These results suggest that
calcium flares colocalize with discs inside the OS, indicating that
they probably originate from the discs. We rarely observed light-
induced calcium flares at the OS base, which usually appeared
only at the center and tip of the OS. We propose, therefore, that
calcium flares are part of the disk renewal and shedding process
and could signal retinal pigmented epithelium cells to trigger
phagocytosis of aged and shedding discs (19, 32, 33).

Longitudinal Inhomogeneity of Rod Outer Segments and Disk Turnover.
There are several previous reports indicating heterogeneity in rod

OSs, reviewed by Koch and Dell’Orco (34), which has been ascribed
to natural aging and renewal of OSs. Several observations indicate
that the proteins involved in transduction and adaptation are as-
sembled in complexes forming highly ordered structures that in-
teract with the supporting disk membranes and the local cellular
architecture (24, 32). Key proteins involved in phototransduction,
such as rhodopsin, transducing, and phosphodiesterase, operate
over the discs and are very close to the plasma membrane, where
cyclic nucleotide gated channels are located. Indeed, the efficiency
of the phototransduction machinery depends on the structural
properties of the discs (34, 35), which are affected by the renewal
and shedding processes occurring at the base and tip of OSs, re-
spectively. Moreover, the gradient of concentration/abundancy of
structural proteins along the OS (Fig. 7D) is likely to be the con-
sequence of the renewal and shedding process. In this view, the
presence of a functional and structural gradient along the length of

A B

C D

E

Fig. 7. Structural and functional gradients in OS. (A) The gradient of [Ca2+]i obtained in light-adapted conditions using Fura Red (right axis and see
SI Appendix, Fig. S3) and of the emitted CaSiR-1 fluorescence in semidark-adapted conditions (left axis) (n = 8). (B) The gradient of responsiveness (n = 10).
(C) The distribution of calcium flares (n = 60; meanbase 0.275 ± 0.063 SEM, meancenter 0.450 ± 0.087 SEM, meantip 0.817 ± 0.033 SEM). (D) The gradient of actin,
tubulin, and cholesterol (see also Fig. 6). (E) Summary of the functional and structural gradients presents in the rod OS.
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the OS (Fig. 7) is not surprising, in agreement with previous in-
vestigations based on the use of Lucifer Yellow (36) and the dye
FM1-43 (20).

Calcium Compartmentalization. Previous reports (14, 37) using
Ca2+ Green and Fura 2 in isolated OSs and in isolated IS+OSs
have not detected a calcium gradient in the OS, as observed here
(Fig. 1 and SI Appendix, Fig. S3). This discrepancy is likely caused
by the use of CaSiR-1, which works in the near IR and allows us to
verify whether isolated IS+OS are functional. Indeed, we were
able to observe a photoresponse, i.e., a light-induced drop in in-
tracellular calcium. We did not observe a calcium gradient in
nonfunctional IS+OSs (Fig. 1). The sharp brightness difference in
fluorescence observed in functional rods (Fig. 2) between the IS
and the base of the OS suggests that there is no or limited fusion
of the inner and outer segment membranes (38). Our ratiometric
analysis of calcium concentration in the IS+OS indicates that the
levels of calcium measured in the IS are 65 ± 2.63 nM, a value in
the range of what was previously reported (39). Therefore, the
strong fluorescence observed in IS+OS loaded with CaSiR-1 AM
possibly reflects a calcium concentration at the physiological level.
A remarkable feature of calcium dynamics in rods is the relative

isolation of the OS and IS (Fig. 5). Calcium changes that have
initiated either in the IS or in the OS do not easily propagate
through the cilium connecting the OS and the IS, which is known to
provide electrical coupling (27). The strong compartmentalization
of calcium dynamics between the IS and OS is likely to be caused by
the high density of mitochondria present in the IS near the cilium
(Fig. 5D), which act as a powerful buffer of [Ca2+]i and, thus, as a
barrier for the diffusion of intracellular calcium between the OS and
IS. Calcium flares originating in the OS do not diffuse easily along
the OS, as could be expected in the restricted free space inside the
OSs. Indeed, the presence of the inner segment affects the locali-
zation of proteins already present in the outer segment. In support
of this view (Fig. 2), intact rods from a piece of retina have a much
reduced and often almost absent photoresponse at the tip. This
observation indicates that proteins present in the IS and nucleus
affect properties of the phototransduction cascade in the OS. In-
terestingly, based on a recent study conducted in zebrafish (40), it
was reported that variations in calcium in the mitochondria of cone
photoreceptors can influence both phototransduction and the me-
tabolism of these neurons. Moreover, it has been shown that mi-
tochondria strictly regulate calcium concentration inside rod
photoreceptors and that an imbalance in their membrane potential
leads to apoptosis (41). We have not observed calcium flares in
isolated OS, and we believe that the renewal process of discs ob-
served in intact and functional rods occurs because discs deteriorate
and flares—in our view—are linked to their renewal.
In the rod OS, there is a powerful mechanism for the extrusion of

Ca2+ consisting of Na+: Ca2+, K+ (NCKX1), which has been
characterized in great detail (15). It has been shown that rods in
which the gene encoding NCKX1 has been knocked out are func-
tional to some extent (42). This observation suggests the existence
of additional molecular mechanisms able to extrude calcium from
the interior of the OS. A high density of these molecular mecha-
nisms in the OS can be a barrier impeding the longitudinal diffusion
of intracellular calcium. The extrusion of Ca2+ from the rod OS is
mediated by the Na+: Ca2+, K+ exchanger (43). In darkness, the
extrusion of one Ca2+ and one K+ requires the entry of four Na+

ions (44). Na+ ions entering the OS through the light-sensitive
channels are extruded by the Na+/K+-ATPase located in the IS
(15); therefore, the concentration of intracellular Na+ is higher at
the tip than at the base, where there is a sink for Na+. There are no
known Na+ buffers, and the Na+ diffusion coefficient is ∼1,900
μm2·sec−1, which is much larger than that of cGMP. We expect Na+

to diffuse freely within most of the OS, and we do not expect a large
Na+ gradient for most of the OS length. However, given the steep
dependence of the activity of the Na+: Ca2+, K+ exchanger on the

Na+ concentration, even a shallow Na+ gradient within the OS
could be responsible for the calcium gradient we observed within
the OS. This shallow Na+ gradient is expected to have only a small
effect on the amplitude of the photoresponse, which depends lin-
early on the Na+ gradient.
Given the functional and structural gradient of the photo-

transduction machinery (Fig. 7), in order to maximize the de-
tection of photons, it is convenient that photons arriving from
the external world impinge first on the OS base. Indeed, this
could be one of the reasons for the geometrical arrangement of
the retina inside the eye in which photons travel through the
entire retina before reaching the rods: In this way, the first en-
countered rhodopsin molecules are those located at the OS base
that efficiently initiate phototransduction.

Methods
Immunofluorescence. Single-rod staining was obtained by fixing the retina in
paraformaldehyde solution at 4% for 60 min at 22–25 °C. The tissue was
then permeabilized with a solution of phosphate-buffered saline (PBS) with
0.1% Triton X-100. A PBS solution with bovine serum albumin at 1% was used
to block not-specific binding sites. Then, the retina was washed with cold PBS
three times for 5 min each. The incubation of the retina with Phalloidin (Life
Technologies, A12379, Ringer solution 1:4,000) at room temperature for 1 h
allowed the visualization of the actin in the tissue. Single rods were then
obtained by mechanical dissociation and examined with a confocal microscope
(NIKON A1R) equipped with 488-nm and 640-nm excitation lasers, 40× ob-
jective (N.A. 0.75) and 60× oil immersion objective (N.A. 1.40).

Isolation of Photoreceptors and Electrical Recordings. The experiments de-
scribed in this paper followed the guidelines of the International School for
Advanced Studies ethics committee and the Italian and European procedures
for animal care (d.l. 116/92; 86/609/C.E.). Male and female frogs of the species
X. laevis were dark adapted overnight, anesthetized with tricaine, and eu-
thanized under dim red light. Their eyes were dissected as previously
reported (45). Single rods consisting of an IS+OS were obtained by gentle
mechanical dissociation of a small piece of retina, cut from the whole with
surgical scissors. The integrity of the isolated retinal rods was maintained
immersing them in Ringer solution containing (in mM): 110 NaCl, 2.5 KCl, 1
CaCl2, 1.6 MgCl2, and 3 Hepes-NaOH, 0.01 EDTA, and 10 glucose (pH 7.7–7.8
buffered with NaOH). The experiments were performed at 22–25 °C, and the
salts and chemicals were purchased from Sigma-Aldrich.

The recording of rod photoreceptors light response (SI Appendix, Fig. S2)
were obtained as previously described (45). The Axopatch 200A (Molecular
Devices, LLC) was used in voltage clamp mode to record the sensory neurons
currents, which were digitized at 10 kHz and low-pass filtered at 20 Hz. The
filtering and the correction of the baseline was done with Clampfit 10.3
(Molecular Devices). To activate phototransduction, brief (10-ms) blue laser
light pulses at 491-nm wavelength (Rapp OptoElectronic) emerged from a 10×
objective of an inverted microscope (Olympus IX71; Olympus Corporation). The
resulting circular spot of ∼60 μm in diameter was used to stimulate uniformly
the rods. Two cameras (Hamamatsu ORCA-Flash 4.0, Hamamatsu Corporation;
and Jenoptic ProgRes MF, JENOPTIK I Optical Systems, Goeschwitzer) were
used to visualized the cells to avoid changing the objectives (11).

Calcium Imaging and Other Fluorescence Imaging. Retinas were immersed in
the Ringer solution described in the previous section and loaded with a final
concentration of 5 μΜ of the cell-permeable calcium dye CaSiR-1 AM (previ-
ously Goryo chemicals; currently it is the BioTracker 664 NIR Ca2+ Dye, Millipore
Sigma) at room temperature (22–25 °C) for 45 min. After incubation, the
retinas were washed three times, for 5 min each time, allowing the intracel-
lular deesterification of the dye. Small pieces of retinas were mechanically
dissociated as described above and the isolated rods were transferred into a
light sealed chamber. The chamber was then placed on the stage of an
Olympus IX-81 inverted microscope equipped with a light-emitting diode (LED)
illumination system (X-Cite XLED1 from Excelitas Technologies), which was
used for both calcium imaging (650-nm light) and light stimulations (488 nm).
The experiments were performed at room temperature (between 22 and
25 °C), and the images were acquired using Micromanager software with an
Apo-Fluor 60×/1.4 N.A. objective, at a sampling rate of 5 Hz for 3–10 min.

Mitotracker imaging (Life Technologies, M7512) was performed on very
fresh retinas, which were immersed in Ringer solution and loaded with a final
concentration of the dye of 100 nM, at 22–25 °C for 45 min in darkness. Then,
they were mechanically dissociated, and the fluorescence was imaged using
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560-nm LED excitation, on an Olympus IX-81 inverted microscope system. For
tubulin tracker imaging (Life Technologies, T34077), we used the same incu-
bation protocol as for the mitotracker imaging, but the final concentration of
the dye was 200 nM and the incubation period lasted 1 h at 22–25 °C. The
fluorescent imaging was done with a confocal microscope (NIKON A1R) and a
laser at 640-nm excitation light. The objective used to visualize the cells were
the 40× objective (N.A. 0.75) and 60× oil immersion objective (N.A. 1.40)
mentioned previously. Cholesterol imaging was performed using the Bodipy
dye (Life Technologies, C12680). Retinas were loaded as described above, but
with a final dye concentration of 100 nM, and incubated in darkness for over
3 h or overnight at 4 °C. The imaging was performed with the same Nikon
confocal microscope, but with an excitation laser at 514-nm wavelength. For
Fura Red (Life Technologies, F3020) ratiometric calcium imaging, the dye was
used at a final concentration of 5 μΜ in Ringer solution, and retinas were
incubated for 1 h in darkness at 22–25 °C. The 488-nm LED excitation was
chosen for general fluorescent imaging, and 440 nm/480 nm was used for the
ratiometric experiments. For the localized light stimulations, the Nikon con-
focal microscope was set under the acquisition controls of A1plus stimulation.
Excitation laser was set at low intensity as the stimulation light. Under non-
diffused 488-nm light stimulation, the regions of interest were drawn as
needed on the desired rods for local stimulations of light and then added into
the serial acquisition phases. The frame time was set as less than 150 ms.

Mechanical Stimulation Using the Oscillatory Optical Trap. The mechanical
stimulation of the photoreceptors was performed as previously described
(46). Briefly, a polystyrene bead of 3.5 μm in diameter (G. Kisker GbR) was

manipulated with an oscillatory optical trap, obtained using a Focused
Tunable Lens (FTL) (EL-10-30-NIR-LD, Optotune AG). The bead was moved
above the rods and sealed to the membrane. Rods stimulation was achieved
precisely by tuning the FTL to change the vertical position of a bead trapped
with the infrared laser. A sinusoidal pulse was sent from the computer to the
FTL controller, which resulted in the oscillation of the lens and the change of
the focal plane of the trapped bead. This technique allowed a confined in-
dentation of the rods’ membrane. A complete description of the method
and of all of the components used can be found in the citations (46).

Data and Statistical Analysis. The DF/F of calcium imaging experiments was
quantified using a custom Matlab code (MathWorks, Inc.) and ImageJ soft-
ware v1.6 (NIH). All of the results here described are presented as mean ±
SEM. The Student’s t test (GraphPad Prism 7, GraphPad software) was used
to quantify the statistical significance of the results.

Data Availability. All study data are included in the article and supporting
information. All of the data used to plot panels are available in Dataset S1.
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