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  Article  

 Introduction 

 In the vertebrate retina, photoreceptors carry out light 
capture through the visual pigment Rhodopsin (Rh), 
triggering phototransduction in the Outer Segment 
(OS).  1   The OS is an elongated stack of membrane disks, 
housing the proteins involved in phototransduction,  1 

surrounded by the plasma membrane and connected 
to the Inner Segment (IS) by a cilium. Rods, associ-
ated with scotopic vision, are among the most meta-
bolically active cells with a high rate of ATP 
consumption, coupled with a high anabolic demand 
due to the daily turnover of the OS.  2   Despite these 
needs, they are devoid of mitochondria, which in the 
rod are confi ned to the IS. Notably, phototransduction 
is known to be a high-energy demand process, in the face 
of a poor knowledge of its bioenergetics. Glycolysis  3   or 
diffusion of ATP and phosphocreatine from the IS have 

been considered,  4    –  6   but these may not provide enough 
ready-to-use ATP to support phototransduction.  7 

In recent years, our new fi ndings on rod metabolism 
demonstrated the presence of an extramitochondrial 
aerobic metabolism in the mammalian rod OS, which 
would better account for its light-stimulated ATP 
need.  8 , 9   Proteomic and biochemical analysis showed 
that bovine isolated purifi ed rod disks conduct 
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    Summary    
 Previous studies on purified bovine rod outer segments (OS) disks pointed to Oxidative Phosphorylation (OXPHOS) as being 
the most likely mechanism involved in ATP production, as yet not fully understood, to support the first phototransduction 
steps. Bovine and murine rod OS disks, devoid of mitochondria, would house respiratory chain complexes I to IV and ATP 
synthase, similar to mitochondria. Zebrafish ( Danio rerio ) is a well-suited animal model to study vertebrate embryogenesis 
as well as the retina, morphologically and functionally similar to its human counterpart. The present article reports 
fluorescence and Transmission Electron Microscopy colocalization analyses of respiratory complexes I and IV and ATP 
synthase with zpr3, the rod OS marker, in adult and larval zebrafish retinas. MitoTracker Deep Red 633 staining and assays 
of complexes I and III – IV activity suggest that those proteins are active in OS. Results show that an extramitochondrial 
aerobic metabolism is active in the zebrafish OS at 4 and 10 days of larval development, as well as in adults, suggesting that 
it is probably maintained during embryogenesis. Data support the hypothesis of an extramitochondrial aerobic metabolism 
in the OS of zebrafish.  (J Histochem Cytochem 66:497 – 509, 2018)  

   Keywords 
   ATP synthase  ,   MitoTracker  ,   ND1  ,   oxidative phosphorylation  ,   rod outer segments  ,   zebrafish retina        

https://journals.sagepub.com/home/jhc
https://sagepub.com/journalsPermissions.nav


498	 Calzia et al. �Calzia et al.﻿

Oxidative phosphorylation (OXPHOS), housing active 
electron transfer chain (ETC) complexes I to IV and 
F

0
F

1
-ATP synthase (ATP synthase).8,10 Moreover, the 

complete glucose oxidation occurs in the mammalian 
rod OS cytosol, thanks to the expression of glycolytic 
and tricarboxylic acid (TCA) cycle enzymes, which 
are, in fact, required for aerobic respiration.9

Zebrafish (D. rerio) has long been recognized as a 
useful model for the study of the human retina, as well 
as ocular development and disease.11–14 Zebrafish and 
human retinas are quite comparable from the morpho-
logical and functional point of view. Like the human 
retina, zebrafish retinal cell bodies are organized in 
three laminae, the ganglion cell layer (GCL), inner 
nuclear layer (INL), and outer nuclear layer (ONL).15 
Zebrafish retina consists of one type of rod photore-
ceptor and four distinct classes of cones sensitive to 
ultraviolet, short, medium, and long wavelength of 
light, respectively. Similar to other vertebrate retinas, 
rod and cone OSs display distinct morphologies, coni-
cal in cones, and rod-like in rods, and contain the com-
ponents of the phototransduction apparatus, including 
opsins. Zebrafish is also a well-suited animal model to 
study vertebrate embryogenesis,16–18 due to the trans-
parency of larval stages and the fast external embry-
onic development. In zebrafish, the photoreceptor OS 
develops at 54 hpf (hours postfertilization) with the 
appearance of opsin expression.15

The aim of this study was to assess the presence of 
an extramitochondrial OXPHOS in the zebrafish rod 
OS by immunostaining of retinal sections and to test 
the timing of the functional expression of the ETC 
complexes and ATP synthase, at different develop-
mental stages.

Overall, the results confirm that zebrafish retina, 
like its mammalian counterpart, expresses functional 
ETC and ATP synthase, suggesting its suitability as a 
model where future studies may address the mecha-
nism involved in the transfer of the OXPHOS com-
plexes from the IS mitochondria to the OS.

Materials and Methods

Zebrafish Maintenance

Raising, maintaining, and spawning of adult zebrafish 
(D. rerio) were performed according to standard meth-
ods. In particular, zebrafish were maintained in water 
conductivity of 500–530 Ω/cm at a water temperature 
of 28.5C, pH 7.0–7.5 under a constant 14/10 light/dark 
photoperiod, and fed three times a day with newly 
hatched brine shrimp. Embryos were obtained via nat-
ural mating and raised at 28.5C in E3 Medium. For 
histochemistry, some embryos were immersed in 0.2 

mM N-phenylthiourea (PTU) since 20 hpf to inhibit 
melanin production in retinal pigmented epithelium.

Electrophoresis, Semiquantitative Western Blot 
(WB), and Quantification

Eyes and hearts were excised from zebrafish adults. 
Both retinas and hearts were isolated and homoge-
nized in 0.25 M sucrose, 5 mM HEPES pH 7.2, 0.15 M 
KCl, 1 mM EDTA, protease inhibitor cocktail, and 0.060 
mg/ml ampicillin, for WB analysis. Denaturing electro-
phoresis (sodium dodecyl sulfate polyacrylamide 
[SDS-PAGE]) was performed using a Laemmli protocol19 
on gradient of 4.20% acrylamide gels (SDS-PAGE). 
For each lane, 25 µg of total protein was loaded. After 
blot, nitrocellulose membrane was labeled with the fol-
lowing primary antibodies: rabbit polyclonal antibody 
against ND1 subunit of NADH-ubiquinone oxidoreduc-
tase (ETC complex I; dilution 1:100; Abcam, 
Cambridge, UK) or rabbit polyclonal antibody against 
β subunit of F

o
F

1
-ATP synthase (dilution 1:400; Sigma-

Aldrich; St. Louis, MO). Bands were visualized by che-
miluminescence with Immun-Star Western C kit 
(Bio-Rad Lab; Hercules, CA), and images were 
acquired with the molecular imager ChemiDoc XRS+ 
System (Bio-Rad), which enables direct digital visual-
ization of chemiluminescent WB allowing quantitation 
of bands. Protein Molecular Weight (MW) markers 
were from Bio-Rad. Quantitative densitometry was 
performed using the ChemiDoc XRS þ System soft-
ware, as the ratio of the Relative Optical Density 
(R.O.D.) of a chemiluminescent band with R.O.D. to 
that of the protein pattern in the same lane, as stained 
with Blue Silver Coomassie.

Immunohystochemical Analysis

Embryos at different developmental stages (4 and 10 
days) were collected and fixed overnight (o.n.) in 4% 
paraformaldehyde (PFA) for immunohistochemical 
analysis. Before fixation, animals (adults or larvae) 
were euthanized in 500 mg/L Tricaine (Sigma-Aldrich). 
Eyes from euthanized zebrafish adults were immedi-
ately dissected on ice and fixed for immunohistochem-
istry. Eye sections were obtained by transversally 
cutting adult eyes and larvae. All procedures were car-
ried out according to the Italian Ministry of Health 
authorization (n. Prot. DGSAF0009769-2015). Then, 
eyes were washed in PBS, sequentially cryoprotected 
in 30% sucrose in PBS and embedded in Tissue-Tek 
OCT (Electron Microscopy Sciences; Fort Washington, 
PA). Sections were preincubated in Blocking Buffer 
(BB) containing 10% normal goat serum, 0.1% Triton 
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X-100, and PBS, then incubated o.n. at 4C in a mixture 
of primary antibodies appropriately diluted in BB con-
taining polyclonal rabbit anti-ND1 (dilution 1:100, No. 
ab181848; Abcam) with mouse anti-zpr3 (dilution 
1:200; purchased from ZIRC [Zebrafish International 
Resource Center]; Eugene, OR); polyclonal rabbit anti-
ATP synthase (dilution 1:400, No. HPA001528; Sigma-
Aldrich) with mouse anti-zpr3. Anti-zpr3 is a monoclonal 
antibody against rod opsins that was developed by 
ZIRC, University of Oregon, and is widely used as a 
rod photoreceptor marker in zebrafish retinas.20–22

Sections were washed several times in PBS, and 
incubated in a mixture of two secondary antibodies: 
Alexa-488-tagged anti-rabbit and/or Alexa-594-tagged 
anti-mouse IgG antibody (Molecular Probes; Eugene, 
OR; dilution 1:800 in BB). Incubations were carried out 
for 3 hr at room temperature. Controls were performed 
by omitting primary antibodies. Omission of primary 
antibodies resulted in no immunofluorescence (see 
Supplementary Material). Images were taken with an 
Olympus IX71 microscope (Olympus Italia Srl; Milan, 
Italy) equipped with a Soft Imaging System chilled 
color digital camera ColorView II (Soft Imaging System 
GmbH; Münster, Germany), and images were pro-
cessed using the analySIS software package (Soft 
Imaging System GmbH).

Transmission Electron Microscopy

Embryos at 4 days of development and eyes immedi-
ately dissected from zebrafish adults were collected 
and fixed o.n. in 4% paraformaldehyde and 0.1% glu-
taraldehyde in PBS buffer solution. Before fixation, ani-
mals (adults or larvae) were euthanized in 500 mg/L 
Tricaine (Sigma-Aldrich). After fixation (1.5 hr), retinas 
were removed from the eye capsule, cut into small 
pieces, washed overnight with 50 mM NH4Cl, dehy-
drated, and embedded in LR White Resin23 and polym-
erized at 58C. Ultrathin sections were placed on 
Formvar-coated nickel grids and used the next day for 
immunogold labeling.

For immunostaining of sections, the postembed-
ding immunogold method was applied. Sections were 
treated with blocking solution (1% BSA, 0.1% Tween 
20, PBS 1×), then incubated o.n. at 4C with the previ-
ously mentioned antibodies: mouse anti-zpr3 (diluted 
1:200) and rabbit polyclonal anti-ND1 subunit of com-
plex I antibody (Ab; diluted 1:50) or polyclonal rabbit 
anti-β subunit of ATP synthase (dilution 1:400; Sigma-
Aldrich) or polyclonal anti-subunit 1 of complex IV 
(COX1; diluted 1:50, No. PA5-26688; Thermo Fisher 
Scientific; Rockford, IL). Ab binding was detected using 
secondary anti-rabbit IgG (British BioCell International; 
diluted 1:100) coupled to gold particles (25 nm), and 

goat anti-mouse IgG (British BioCell International, 
Cardiff, UK; diluted 1:100) coupled to gold particles (5 
nm). Sections were analyzed at an FEI Tecnai G12 
transmission electron microscope operating at 100 kV. 
Images were acquired with OSIS Veleta cameras, col-
lected, and typeset in Corel Draw X4. Controls were 
performed by omitting primary Ab, which resulted in 
absence of cross-reactivity (see Supplementary 
Material).

Histochemical Reactions for ETC Activity.  For histochemical 
reactions, 4-day-old larvae developed in the presence 
or absence of PTU, which inhibits the biosynthesis of 
melanin in the retinal pigment epithelium, were cryo-
protected for 1 hr in 30% sucrose in PBS and then 
embedded in Tissue-Tek OCT (Electron Microscopy 
Sciences), and then cut transversally by cryostat 
Frigocut 2800E (Reichert-Jung; Germany) at 15 µm 
thickness.

For ETC complex I activity, eye sections were incu-
bated in 0.8 mM NADH, 1.3 mM Nitro Blue Tetrazolium 
(NBT) in PBS, as previously reported.24 Activity of ETC 
complex IV was assayed through ETC III activity incu-
bating eye sections with 0.75 mg/ml cytochrome c 
(instead of reduced cytochrome c for only ETC IV 
activity detection), 50 mM phosphate (pH 7.4), 0.75 
mg/ml 3,3′diaminobenzidine (DAB). Histochemical 
reactions were performed at 37C in the dark for 1–2 hr 
and checked every 30 min. When the presence of ETC 
inhibitors was required, reactions were preincubated 
for 10 min at 37C with 10 µM Rotenone or 40 µM 
Antimycin A for ETC complex I and complex IV, respec-
tively. Inhibitors were also added to the reaction mix-
ture at the same concentrations. Incubation was 
stopped in 0.1 M phosphate buffer once clear differen-
tiation between highly reactive and nonreactive por-
tions could be discerned. To test the specificity of the 
reactions, eye sections were incubated with reaction 
mixtures without substrates (i.e., without NADH for 
complex I activity or cytochrome c for complex IV 
assay).

MitoTracker Deep Red 633 Staining of Larvae 
or Adult Zebrafish Eyes

To detect actively respiring membranes, the fluores-
cent dye MitoTracker Deep Red 633 (absorption/
emission maxima 644/665 nm; Thermo Fisher 
Scientific; Waltham, MA) was used. Eyes excised from 
zebrafish adult or 4-day larvae developmental stages 
were immersed for 24 hr in a staining solution contain-
ing 500 nM MitoTracker Deep Red 633, glucose 2 mM 
and PBS, and then fixed o.n. in 4% paraformaldehyde 
(PAF). Samples were cryoprotected in 30% sucrose in 
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PBS and embedded in Tissue-Tek OCT (Electron 
Microscopy Sciences). They were cut by a cryostat 
Frigocut 2800E (Reichert-Jung; Germany) at 12 µm 
thickness. Images were taken with an Olympus IX71 
microscope (Olympus Italia Srl) equipped with a Soft 
Imaging System chilled color digital camera ColorView 
II (Soft Imaging System GmbH), and images were pro-
cessed using the analySIS software package (Soft 
Imaging System GmbH).

Results

Considering our previous data on bovine and murine 
rod OS,8,9,24,25 immunohistochemical analysis on cryo-
sections of adult eye and larval zebrafish were con-
ducted to verify if OXPHOS proteins were expressed in 
the adult rod OS, and in positive case, to detect at 
which larval developmental stage these proteins 
became detectable.

First, the cross-reactivity of the anti-ND1 subunit of 
complex I and anti-β subunit of ATP synthase anti-
body was characterized in zebrafish by WB analysis 
(see Supplementary Fig. 1). Such analysis was con-
ducted on two zebrafish samples, retinal and heart 
homogenates. Panels A and B of Supplementary Fig. 
1 report a chemiluminescent signal at about 36 kDa 
using anti-ND1 antibody and at about 56 kDa using 
anti-ATP synthase antibody in both zebrafish retinal 
(lane 1) and heart (lane 2) homogenate. Data show a 
good cross-reactivity of the cited antibodies in zebraf-
ish samples, confirming their specificity for mitochon-
drial proteins, being heart homogenate enriched in 
mitochondria. The same applies to zebrafish retinal 
samples.

To avoid the risk of contamination and also for 
intrinsic procedure difficulties, here intact eye or 
whole larval sections were utilized. Figure 1 shows a 
co-localization of zpr3, a marker of rod OS, with the 
ND1 subunit of the mitochondrial respiratory complex 
I in adult eye and larvae (4 and 10 days) sections. In 
all samples, merged images show a good level of 
colocalization (yellow signal) in rod OS between zp3 
(red signal)/ND1 proteins (green signal). Staining is 
also present in distinct dots in the rod and OS 
between the nuclei of the ONL, due to the presence 
of the IS. ND1 staining is also seen in the mitochon-
dria of the outer plexiform layer (OPL; Fig. 1, Panel 
F). Double immunostaining was also performed in 
adult and larval (4 and 10 days) eye sections, using 
antibodies against zpr3 (red signal) and against β 
subunit of ATP synthase (green signal), as reported 
in Fig. 2. Data show a colocalization of zpr3/ATP syn-
thase. In controls, experiments were performed omit-
ting primary Ab (see Supplementary Fig. 2).

To improve the resolution of colocalization experi-
ments, immunogold Transmission Electron Microscopy 
(TEM) analysis was performed on retinal sections from 
4 dpf (days postfertilization) and adult zebrafish, using 
anti-zpr3 antibody (rod OS opsin marker) and anti-
ND1 subunit of complex I or anti-subunit I of complex 
IV (COX1) or anti-beta-subunit of ATP synthase. Data 
(Figs. 3 and 4) confirmed the presence of complexes I, 
IV, and V (ATP synthase) in the rod OS as well as in 
the IS mitochondria, considered as a positive control. 
In controls, experiments were performed omitting pri-
mary Ab (see Supplementary Fig. 3).

The mere presence of the OXPHOS proteins in the 
OS may not mean that these are functional, therefore, 
we conducted histochemical assays to detect the 
activity of complex I and complex III–IV on eye trans-
versal sections obtained from 4-day-old larvae.

Activities of complexes I and III–IV could be clearly 
detected in mitochondria of ganglion cells in the inner 
plexiform layer (IPL), as well as in rod OS layer (Fig. 5, 
Panels A and C). To test the specificity of the reactions, 
activity of ETC complex I and complex III–IV was 
assayed in the presence of their specific inhibitors, 
that is, Rotenone and Antimycin A, respectively (Fig. 5, 
Panels B and D). Violet color in Fig. 5 Panels A and B 
represents the product of the reaction of NBT reduc-
tion to NBT-formazan, with parallel oxidation of NADH 
by complex I. Brown precipitate in Fig. 5 (Panels C and 
D) represents the complex IV activity coupled with the 
activity of complex III. In the presence of cytochrome c, 
complex III reduces it that is oxidized by complex IV in 
parallel with DAB, producing a brown precipitate. By 
densitometric analysis (Fig. 5, Panel E), Rotenone-
inhibited ETC complex I activity of about 56% in OS 
and of about 51% in IPL (as positive control being 
enriched in mitochondria). ETC complex IV activity 
decreased by about 30% in the OS and 50% in the IPL 
after Antimycin A treatment. No activity was detected 
in negative control samples (i.e., retinal sections incu-
bated with reaction mixtures deprived of substrates, 
that is, NADH for ETC complex I activity or cytochrome 
c for ETC complex III–IV activity; see Supplementary 
Fig. 4).

To verify whether the whole OXPHOS pathway is 
active, zebrafish adult eye and 4-day-old larvae were 
incubated for 24 hr with MitoTracker Deep Red 633 
(MT), and then sections were processed by immunos-
taining with Ab against zpr3 (Fig. 6). MT is a permeant 
fluorescent vital dye that passively diffuses across 
membranes, accumulating in actively respiring mem-
branes due to its reduction dependent on the pres-
ence of an electron transport.26 Figure 6 shows that in 
adult and 4-day-old larval eye sections, MT red fluores-
cence appears distributed on the rod, and colocalized 
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with the zpr3 signal. Data minimally mean that the 
milieu in the OS is oxidative.

Discussion

In recent years, new findings about mammalian rod OS 
metabolism suggest that, although devoid of mitochon-
dria, these aerobically produce ATP, expressing func-
tional mitochondrial OXPHOS proteins,8,10,27 a 
phenomenon we have called extramitochondrial aero-
bic metabolism. This would be accomplished through 
the functioning of ETC and ATP synthase.8,9,24,25,27,28 

The present results suggest the occurrence of an active 
OXPHOS also in zebrafish (D. rerio) rod OS. Animal 
models are needed to explore the mechanism involved 
in the transfer of OXPHOS proteins from the IS mito-
chondria to the OS. Here, the use of the zebrafish retina 
as a model allowed us to follow the expression of the 
OXPHOS proteins during embryogenesis, thanks to the 
larval transparency. This study examined the larval 
expression of OXPHOS proteins starting at 4 dpf, 
because only at this time point, zpr3, the rod OS marker, 
is expressed. Results pointed out that the OXPHOS 
was present and functional at 4- and 10-day-old larval 

Figure 1.  ND1 protein expression in ROS of retinal sections from zebrafish adults and larvae of 4 and 10 days. A, E, I/B, F, J: zpr3/
ND1 immunofluorescence signal in adult and larvae longitudinal sections of zebrafish retina. C, G, K: Colocalization of zpr3 (red) and 
ND1 (green) labeling in adults (merged image of A and B), 4 days larvae (merged image of E and F), and 10 days larvae (merged image 
of I and J). The colocalization is visible at level of ROS. (D) Adult zebrafish retina stained with H&E. Scale bars = 50 µm. Abbreviations: 
ROS, rod outer segment; COS, cone outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; 
IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 2.  ATP synthase protein expression in ROS of retinal sections from zebrafish adults and larvae of 4 and 10 days. A, D, G/B, E, 
H: zpr3/ATP synthase immunofluorescence labeling in adult and larvae longitudinal sections of zebrafish retina. C, F, I: Colocalization of 
zpr3 (red) and ND1 (green) labeling in adults (merged image of A and B), 4 days larvae (merged image of D and E), and 10 days larvae 
(merged image of G and H) in ROS. Scale bars = 50 µm. Abbreviations: ATP synthase, F

o
F

1
-ATP synthase; ROS, rod outer segment.
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stages as well as in adult zebrafish. This suggests that 
the OXPHOS pathway, that likely supplies the chemical 
energy, is a feature necessary for the functioning of the 
rod OS since the beginning of its buildup.

In vertebrates, there is a plan of organization com-
mon to all retinas represented by five major neuronal 
cell classes arranged in stereotypic patterns.29,30 
However, differences are found in the gross 

Figure 3.  TEM on zebrafish adult retinal section. Zebrafish retina double labeled with antibodies anti-zpr3 (small, 5 nm-width gold par-
ticles; arrowheads) and anti COX1 (A–A″), anti ND1 (B–B″), and anti-subunit of ATP synthase (C–C″), respectively (large, 25 nm-width 
gold particles; arrows). Squared area in C is enlarged in C″, to show a detail of mitochondria expressing the subunit of ATP synthase; 
dotted d area in C is enlarged in C′, characterized by colocalization of zpr3 signal and ATP synthase signal in OS. Controls were per-
formed by omitting primary Ab, which resulted in absence of cross-reactivity (see Supplementary Fig. 3). Scale bar = 2 µm in Panel A, 1 
µm in Panels A″ and B, and 500 nm in Panels A′, B′, B″, C, C′, and C″. In the inset of Panels A′ and C″, scale bar = 250 nm. Abbreviations: 
TEM, Transmission Electron Microscopy; ATP synthase, F

o
F

1
-ATP synthase; IS, rod inner segment; m, mitochondrion; OS, rod outer 

segment; Ab, antibodies.
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morphological characters and cell connectivity 
between several vertebrate species. As mammals, 
zebrafish retina is formed by three nuclear layers sep-
arated by two plexiform layers: Photoreceptors occupy 
the outer layer, while the ganglion cells reside in the 

innermost neuronal layer, and the amacrine, bipolar, 
horizontal cells, and Muller glia are located between 
the photoreceptor and ganglion cell layers.

Vertebrate photoreceptors have a characteristic 
polarized morphology and are subdivided into ISs 

Figure 4.  TEM on retina of embryo (4 dpf) zebrafish. Zebrafish retina double labeled with antibodies anti-zpr3 (small, 5 nm-width 
gold particles; arrowheads) and anti-COX1 (A–A″), anti-ND1 (B–B″), and anti-subunit of ATP synthase (C–C″), respectively (large, 25 
nm-width gold particles; arrows). Squared area in A is enlarged in A′, whereas squared area in A′ is enlarged in A″. Squared area in B is 
represented in B′. Squared area in C is enlarged in C′; dotted d area in C is represented in C″. Controls were performed by omitting 
primary Ab, which resulted in absence of cross-reactivity (see Supplementary Fig. 3). Scale bar = 2 µm in Panel A, 1 µm in Panel B, and 
500 nm in Panels A′, A″, B′, B″, C, C′, and C″. In the inset of Panels A″, B″, and C″, scale bar = 250 nm. Abbreviations: TEM, Transmission 
Electron Microscopy; dpf, days postfertilization; ATP synthase, F

o
F

1
-ATP synthase; IS, rod inner segment; m, mitochondrion; OS, rod 

outer segment.
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(continued)
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and OSs connected by a connecting cilium. The OS 
contains several components of visual cascades 
and visual pigments. Zebrafish retina contains five 
types of photoreceptor cells: rods, short single 
cones, long single cones, and short and long mem-
bers of double cone pairs. Rod OS contain the visual 
pigment rhodopsin within membrane-bound discs, 
and cones contain several visual pigments, known 
as opsins. In adult zebrafish, cones are organized in 
regularly alternating rows of single and double 
cones, and between these rows rods occur. The 
cones organization is not so regular at the larval 
stage,31 because during development, new cells are 
produced and arranged to give the mature definitive 

structure of adult retina. As other vertebrates, the 
two photoreceptor types are adapted to different illu-
mination levels with rods being functional at low light 
conditions and the cones mediating vision at bright-
light levels.

However, photoreceptors of zebrafish are character-
ized by different visual pigments and their absorption 
spectra: Rods express rod opsin, short and long single 
cones express ultraviolet (UV)-sensitive and blue light-
sensitive opsin, respectively, whereas double cones 
express red-sensitive and green-sensitive opsins.32,33 
In contrast, mouse retina comprises two types of cone: 
Very few cones express a short wavelength sensitive 
opsin (S opsin, “blue”), and the majority of cones 

Figure 6.  MT and zpr3 staining in adult and 4 days larvae (A, B, D, E). Overlay in C and F shows a clear colocalization of MT with zpr3 
in ROS. Note the presence of MT also in the ONL. Scale bars = 50 µm. Abbreviations: MT, MitoTracker Deep Red 633; ROS, rod outer 
segment; ONL, outer nuclear layer.

Figure 5.  Activity of OXPHOS complexes I and II–IV on unfixed 4 days zebrafish larval eye sections in the presence or absence of ETC 
inhibitors. (A, B) Violet signal represents complex I activity due to the reduction of NBT in NBT-formazan in presence of NADH in 
zebrafish larvae in the presence (B) and absence (A) of Rotenone, ETC complex I inhibitor. (C, D) Brown precipitate represents complex 
III–IV activity due to the DAB oxidation in the presence of cytochrome c; in zebrafish larvae grown in absence (C) and in the presence 
(D) of Antimycin A, ETC complex III inhibitor. (D) Histogram reported densitometric analysis of ETC complexes I and II–IV activity 
staining in OS and OPL. Data are expressed as R.O.D. measures using Image J software. Scale bars = 50 µm. Abbreviations: OXPHOS, 
oxidative phosphorylation; DAB, 3,3′diaminobenzidine; ETC, electron transfer chain; NBT, Nitro Blue Tetrazolium; OS, outer segments; 
OPL, outer plexiform layer; R.O.D., Relative Optical Density; ROS, rod outer segment; ONL, outer nuclear layer; IPL, inner plexiform 
layer.
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coexpress a middle wavelength-sensitive opsin (M 
opsin, “red”) together with S opsin.34 Finally, human 
retina has three types of cones that are mid- and long-
wavelength sensitive (“red” and “green”) and short-
wavelength sensitive (“blue”). Several differences were 
also found in other cell types of retina: For example, 
zebrafish contains four horizontal cell types, against 
two in the mouse35 and three in macaque.36

It is well known that, during its development, the 
zebrafish retina arises at around 11 hpf from an 
evagination of the anterior neural keel (a solid rod of 
cells analogous to the mammalian neural tube) as a 
two-layer optic cup.37 At 24 hpf, the presumptive 
retina consists of a single, pseudostratified epithelial 
layer that undergoes rapid cell proliferation over 
the next 12 hr.15 The first retinal cells to differentiate 
are the ganglion cells around 28 hpf,38 then, the inner 
nuclear layer cells (amacrine cells, bipolar cells, 
Muller glia, and horizontal cells), and, finally, rod 
and cone photoreceptors.39 The latter become dif-
ferentiated by 43 hpf and, by 48 hpf, develop their 
characteristic elongated morphology.20,38,40 Rod 
opsin (here identified by the zpr3 antibody) is 
expressed at 50 hpf at the ventral patch, a small area 
of the eye cup,41 then, it progressively appears in 
more dorsal regions. By 60 hpf, the retina has 
become fully laminated, with three distinct nuclear 
layers separated by two plexiform layers37 and by 
72–96 hpf, it is composed of one type of rod photo-
receptor and four distinct classes of cones sensitive 
to UV, blue, red, and green light.

By immunohistochemistry (Figs. 1 and 2) and TEM 
(Figs. 3 and 4), we show that the ETC complexes I and 
IV and ATP synthase are expressed in the zebrafish 
rod OS. In fact, the specific antibodies colocalize with 
anti-zpr3 antibody, marker of rod opsin OSs.42 
Fluorescence images reporting ND1 subunit of ETC 
complex I and ATP synthase staining also the plexi-
form layer, and the presence of complex IV signal in 
the mitochondria of rod IS by TEM experiments, were 
considered as positive control due to the presence of 
mitochondria therein.

Although we have utilized fluorescence microscopy 
for colocalization analysis, this technique is more appro-
priately utilized to determine the actual interaction of 
two proteins on the same subcellular structure.43 
Notably, neither complex I nor ATP synthase function-
ally interact with Rh, being involved in unrelated path-
ways. Our aim here was to document the contiguity of 
these proteins on the OS. Specificity is shown by the 
absence of signal when primary Ab are omitted (see 
Supplementary Figs. 2 and 3). Other limits to the colo-
calization technique are that labeling conditions require 
that the fluorescence of the two probes occurs in similar 

proportion44: Here, Rh is a high abundance protein, 
accounting for about 85% of the OS protein comple-
ment, while ATP synthase and complex I are low abun-
dance ones. The relatively poor colocalization signal 
(i.e., low yellow signal in Figs. 1 and 2) may essentially 
be due to the largely different relative abundance of the 
two proteins. To overcome this problem, TEM analysis 
was performed. Data prove the colocalization of ETC 
complexes I and IV and ATP synthase in the rod OS on 
larval and adult retinal sections (Figs. 3 and 4).

Colocalization of MT staining, a photostable per-
meant fluorescent vital dye that accumulates in 
actively respiring membranes,26 with zpr3 signal in 
4-day larval and adult zebrafish eye sections, sug-
gests that OXPHOS proteins are active in zebrafish 
rod OS (Fig. 4). In fact, our previous results on bovine 
OS45 reported that the rod photoreceptor OS, even 
though devoid of mitochondria, selectively stains with 
mitochondrial vital dyes. These cationic lipophilic 
dyes localize to mitochondria due to the steep mem-
brane potential of these organelles. In fact, a pharma-
cological disruption of the rod membrane potential 
affected OS staining as well.45 This intriguing finding 
not only provided a marker for rod OS, but also sug-
gested that the phototransduction process in the 
membrane discs that harbor the photopigment might 
involve the buildup of a proton potential by an ETC in 
its membranes.

The functionality of the whole ETC in the zebrafish 
rod OS is also confirmed by histochemical activity 
assays performed in situ on unfixed 4-day-old larval 
eye sections. Complex I and complex III–IV were 
active in the rod OS, and activity was specific, as 
shown by its decrease in the presence of specific 
inhibitors, such as Rotenone for ETC complex I and 
Antimycin A for ETC complex III–IV (Fig. 5). Data sug-
gest that the OXPHOS machinery is a bona fide part 
of the protein complement of the rod OS, where ATP 
supply is more necessary. Likely the transparent lar-
vae need an early visual function, and this is inextri-
cably intertwined with its ability to supply chemical 
energy, suggesting that as soon as the rod zpr3 starts 
its expression, the ATP need for the newly forming 
rod OS is high.

Data are consistent with a previous hypothesis 
about the poor sensitivity of current assays for the 
measuring of the first rod signaling. In fact, it was 
reported that rods are not functional until 14 dpf by 
behavioral assays46 and that rod signaling, measured 
by electroretinogram (ERG), cannot be detected until 
about 15 dpf, and it is not particularly robust until about 
21 dpf.11 Then, it appears necessary to develop a more 
sensitive system to detect the timing of zebrafish OS 
photoreceptor signaling.

https://journals.sagepub.com/doi/suppl/10.1369/0022155418762389


508	 Calzia et al. �Calzia et al.﻿

Acknowledgment

The authors would like to thank Dr. Matteo Bozzo and 
Valentina Obino for zebrafish embryos care and 
maintenance.

Competing Interests

The author(s) declared no potential conflicts of interest with 
respect to the research, authorship, and/or publication of 
this article.

Author Contributions

All authors have contributed to the manuscript as follows: DC 
performed immunohistochemical and histochemical assay 
and western blotting analyses, analyzed and interpreted the 
results, and contributed to writing the paper; GG performed 
samples preparation for immunohistochemical and histo-
chemical analysis, zebrafish maintenance, and acquired 
immunohistochemical images; MP provided expertise of 
immunohistochemical and histochemical analysis, contrib-
uted to the analysis of these data, and discussed prepublica-
tion results; FC performed Transmission Electron Microscopy 
(TEM) immunogold experiments on larval and adult zebraf-
ish eye sections, analysis and interpretation, and graphic 
illustration; LM provided expertise of TEM immunogold anal-
ysis on zebrafish eye sections, and performed analysis and 
interpretation of results; CET provided clinical expertise, con-
tributed to the analysis of these data, and discussed prepub-
lication results; IP contributed to the design of the research 
study, overall interpretation of these data, and wrote the 
paper; SC designed the research study, contributed to per-
form histochemical assay experiments and analysis and 
overall interpretation of the data, and wrote the paper; and all 
authors have read and approved the final manuscript.

Funding

The author(s) disclosed receipt of the following financial 
support for the research, authorship, and/or publication of 
this article: This work was supported by University of Genoa 
(grant 100022-2015-FRA 2015).

Literature Cited

	 1.	 Ridge KD, Abdulaev NG, Sousa M, Palczewski K. 
Phototransduction: crystal clear. Trends Biochem Sci. 
2003;28(9):479–87.

	 2.	 Okawa H, Sampath AP, Laughlin SB, Fain GL. ATP 
consumption by mammalian rod photoreceptors in dark-
ness and in light. Curr Biol. 2008;18(24):1917–21.

	 3.	 Chinchore Y, Begaj T, Wu D, Drokhlyansky E, Cepko 
CL. Glycolytic reliance promotes anabolism in photore-
ceptors. eLife. 2017;6:1–22.

	 4.	 Ames A 3rd, Walseth TF, Heyman RA, Barad M, Graeff 
RM, Goldberg ND. Light-induced increases in cGMP 
metabolic flux correspond with electrical responses of 
photoreceptors. J Biol Chem. 1986;261(28):13034–42.

	 5.	 Wallimann T, Wegmann G, Moser H, Huber R, 
Eppenberger HM. High content of creatine kinase in 

chicken retina: compartmentalized localization of cre-
atine kinase isoenzymes in photoreceptor cells. Proc 
Natl Acad Sci U S A. 1986;83(11):3816–9.

	 6.	 Hsu SC, Molday RS. Glucose metabolism in photo-
receptor outer segments. Its role in phototransduc-
tion and in NADPH-requiring reactions. J Biol Chem. 
1994;269(27):17954–9.

	 7.	 Pepe IM. Recent advances in our understanding of 
rhodopsin and phototransduction. Prog Retin Eye Res. 
2001;20(6):733–59.

	 8.	 Panfoli I, Calzia D, Bianchini P, Ravera S, Diaspro 
A, Candiano G, Bachi A, Monticone M, Aluigi MG, 
Barabino S, Calabria G, Rolando M, Tacchetti C, Morelli 
A, Pepe IM. Evidence for aerobic metabolism in reti-
nal rod outer segment disks. Int J Biochem Cell Biol. 
2009;41(12):2555–65.

	 9.	 Panfoli I, Calzia D, Ravera S, Bruschi M, Tacchetti C, 
Candiani S, Morelli A, Candiano G. Extramitochondrial 
tricarboxylic acid cycle in retinal rod outer segments. 
Biochimie. 2011;93(9):1565–75.

	10.	Panfoli I, Musante L, Bachi A, Ravera S, Calzia D, 
Cattaneo A, Bruschi M, Bianchini P, Diaspro A, Morelli 
A, Pepe IM, Tacchetti C, Candiano G. Proteomic analy-
sis of the retinal rod outer segment disks. J Proteome 
Res. 2008;7(7):2654–69.

	11.	Bilotta J, Saszik S. The zebrafish as a model visual sys-
tem. Int J Dev Neurosci. 2001;19(7):621–9.

	12.	Goldsmith P, Harris WA. The zebrafish as a tool for 
understanding the biology of visual disorders. Semin 
Cell Dev Biol. 2003;14(1):11–8.

	13.	Fadool J, Dowling J. Zebrafish: a model system 
for the study of eye genetics. Prog Retin Eye Res. 
2008;27(1):89–110.

	14.	Gross JM, Perkins BD. Zebrafish mutants as models for 
congenital ocular disorders in humans. Mol Reprod Dev. 
2008;75(3):547–55.

	15.	Schmitt EA, Dowling JE. Early retinal development in 
the zebrafish, Danio rerio: light and electron microscopic 
analyses. J Comp Neurol. 1999;404(4):515–36.

	16.	Driever W, Solnica-Krezel L, Schier AF, Neuhauss 
SC, Malicki J, Stemple DL, Stainier DY, Zwartkruis F, 
Abdelilah S, Rangini Z, Belak J, Boggs C.  A genetic 
screen for mutations affecting embryogenesis in zebraf-
ish. Development. 1996;123:37–46.

	17.	Malicki J, Neuhauss SC, Schier AF, Solnica-Krezel L, 
Stemple DL, Stainier DY, Abdelilah S, Zwartkruis F, 
Rangini Z, Driever W.  Mutations affecting development 
of the zebrafish retina. Development. 1996;123:263–73.

	18.	Thisse C, Zon LI. Organogenesis—heart and blood 
formation from the zebrafish point of view. Science. 
2002;295(5554):457–62.

	19.	Laemmli UK. Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature. 
1970;227(5259):680–5.

	20.	Larison KD, Bremiller R. Early onset of phenotype 
and cell patterning in the embryonic zebrafish retina. 
Development. 1990;109(3):567–76.

	21.	Yin J, Brocher J, Linder B, Hirmer A, Sundaramurthi 
H, Fischer U, Winkler C. The 1D4 antibody labels 



Oxidative Phosphorylation in Zebrafish Rod OS	 509

outer segments of long double cone but not rod pho-
toreceptors in zebrafish. Invest Ophthalmol Vis Sci. 
2012;53(8):4943–51.

	22.	Yokoi H, Yan YL, Miller MR, BreMiller RA, Catchen JM, 
Johnson EA, Postlethwait JH. Expression profiling of 
zebrafish sox9 mutants reveals that Sox9 is required for 
retinal differentiation. Dev Biol. 2009;329(1):1–15.

	23.	Craig S, Miller C. LR white resin and improved on-grid 
immunogold detection of vicilin, a pea seed storage pro-
tein. Cell Biol Int Rep. 1984;8(10):879–86.

	24.	Calzia D, Garbarino G, Caicci F, Manni L, Candiani S, 
Ravera S, Morelli A, Traverso CE, Panfoli I. Functional 
expression of electron transport chain complexes in 
mouse rod outer segments. Biochimie. 2014;102:78–82.

	25.	Calzia D, Barabino S, Bianchini P, Garbarino G, Oneto 
M, Caicci F, Diaspro A, Tacchetti C, Manni L, Candiani 
S, Ravera S, Morelli A, Enrico Traverso C, Panfoli I.  New 
findings in ATP supply in rod outer segments: insights 
for retinopathies. Biol Cell. 2013;105(8):345–58.

	26.	Uckermann O, Iandiev I, Francke M, Franze 
K, Grosche J, Wolf S, Kohen L, Wiedemann P, 
Reichenbach A, Bringmann A. Selective staining by 
vital dyes of Muller glial cells in retinal wholemounts. 
Glia. 2004;45(1):59–66.

	27.	Panfoli I, Calzia D, Bruschi M, Oneto M, Bianchini P, 
Ravera S, Petretto A, Diaspro A, Candiano G. Functional 
expression of oxidative phosphorylation proteins in the 
rod outer segment disc. Cell Biochem Funct. 2013;31(6): 
532–8.

	28.	Panfoli I, Calzia D, Ravera S, Morelli AM, Traverso 
CE. Extra-mitochondrial aerobic metabolism in retinal 
rod outer segments: new perspectives in retinopathies. 
Med Hypotheses. 2012;78(4):423–7. doi:10.1016/j.
mehy.2011.12.012.

	29.	Raymond PA, Barthel LK, Curran GA. Developmental 
patterning of rod and cone photoreceptors in embryonic 
zebrafish. J Comp Neurol. 1995;359(4):537–50.

	30.	Curcio CA, Sloan KR, Kalina RE, Hendrickson AE. 
Human photoreceptor topography. J Comp Neurol. 
1990;292(4):497–523.

	31.	Carter-Dawson LD, LaVail MM. Rods and cones in the 
mouse retina. I. Structural analysis using light and elec-
tron microscopy. J Comp Neurol. 1979;188(2):245–62.

	32.	Allison WT, Barthel LK, Skebo KM, Takechi M, 
Kawamura S, Raymond PA. Ontogeny of cone pho-
toreceptor mosaics in zebrafish. J Comp Neurol. 
2010;518(20):4182–95.

	33.	Vihtelic TS, Doro CJ, Hyde DR. Cloning and character-
ization of six zebrafish photoreceptor opsin cDNAs and 
immunolocalization of their corresponding proteins. Vis 
Neurosci. 1999;16(3):571–85.

	34.	Suzuki SC, Bleckert A, Williams PR, Takechi M, 
Kawamura S, Wong ROL. Cone photoreceptor types 
in zebrafish are generated by symmetric terminal divi-
sions of dedicated precursors. Proc Natl Acad Sci U S 
A. 2013;110(37):15109–14.

	35.	Ebrey T, Koutalos Y. Vertebrate photoreceptors. Prog 
Retin Eye Res. 2001;20(1):49–94.

	36.	 Peichl L, González-Soriano J. Morphological types of hor-
izontal cell in rodent retinae: a comparison of rat, mouse, 
gerbil, and guinea pig. Vis Neurosci. 11(3):501–17.

	37.	Dacey DM. Primate retina: cell types, circuits and color 
opponency. Prog Retin Eye Res. 1999;18(6):737–63.

	38.	Schmitt EA, Dowling JE. Early-eye morphogenesis 
in the zebrafish, Brachydanio rerio. J Comp Neurol. 
1994;344(4):532–42.

	39.	Hu M, Easter SS. Retinal neurogenesis: the formation 
of the initial central patch of postmitotic cells. Dev Biol. 
1999;207(2):309–21.

	40.	Nawrocki LW. Development of the neural retina in the 
zebrafish, Brachydanio rerio (neurogenesis) [PhD the-
sis]. University of Oregon, USA. 1985.

	41.	Easter SS, Nicola GN. The development of vision in the 
zebrafish (Danio rerio). Dev Biol. 1996;180(2):646–63.

	42.	Watanabe K, Nishimura Y, Oka T, Nomoto T, Kon 
T, Shintou T, Hirano M, Shimada Y, Umemoto N, 
Kuroyanagi J, Wang Z, Zhang Z, Nishimura N, Miyazaki 
T, Imamura T, Tanaka T. In vivo imaging of zebrafish 
retinal cells using fluorescent coumarin derivatives. 
BMC Neurosci. 2010;11(1):116.

	43.	Pompey SN, Michaely P, Luby-Phelps K. Quantitative 
fluorescence co-localization to study protein-receptor 
complexes. Methods Mol Biol. 2013;1008:439–53.

	44.	Comeau JWD, Costantino S, Wiseman PW. A guide to 
accurate fluorescence microscopy colocalization mea-
surements. Biophys J. 2006;91(12):4611–22.

	45.	Bianchini P, Calzia D, Ravera S, Candiano G, Bachi A, 
Morelli A, Bruschi M, Pepe IM, Diaspro A, Panfoli I.  Live 
imaging of mammalian retina: rod outer segments are 
stained by conventional mitochondrial dyes. J Biomed 
Opt. 2008;13(5):054017.

	46.	Clark DT. Visual responses in developing zebraf-
ish (Brachydanio rerio) [PhD dissertation]. Eugene: 
University of Oregon; 1981.


