
Ablation of the riboflavin-binding protein retbindin reduces
flavin levels and leads to progressive and dose-dependent
degeneration of rods and cones
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The interface between the neural retina and the retinal
pigment epithelium (RPE) is critical for several processes,
including visual pigment regeneration and retinal attach-
ment to the RPE. One of its most important functions is
the exchange of metabolites between the photoreceptors
and RPE because photoreceptor cells have very high energy
demands, largely satisfied by oxidative metabolism. The
riboflavin (RF) cofactors, flavin adenine dinucleotide (FAD)
and flavin mononucleotide (FMN), are two key cofactors
involved in oxidative metabolism. We have previously shown
that retbindin is a photoreceptor-specific RF-binding protein
exclusively expressed in the rods and present in the interpho-
toreceptor matrix at the interface between the RPE and pho-
toreceptor outer segments. Here, we show that retbindin
ablation in mice causes a retinal phenotype characterized by
time- and dose-dependent declines in rod and cone photore-
ceptor functions as early as 120 days of age. Whereas minor
retinal ultrastructural defects were observed at all ages exam-
ined, a significant decline occurred in photoreceptor nuclei
at 240 days of age (�36.8% rods and �19.9% cones). Interest-
ingly, significant reductions in FAD and FMN levels were
observed before the onset of degeneration (�46.1% FAD and
�45% FMN). These findings suggest that the reduced levels
of these flavins result in the disruption of intracellular mech-
anisms, leading to photoreceptor cell death. Altogether, our
results suggest that retbindin is a key player in the acquisition
and retention of flavins in the neural retina, warranting
future investigation into retbindin’s role in photoreceptor
cell death in models of retinal degenerative disorders.

The interface between the neural retina and the retinal pig-
ment epithelium (RPE)4 is where outer segment (OS) phagocy-
tosis, visual pigment regeneration, and retinal attachment to
the RPE occur (1). Another important function of this interface
is the exchange and acquisition of metabolites, such as glucose
(2, 3), between the photoreceptors and RPE. This function is of
utmost importance because photoreceptor cells have arguably
the highest energy demands of any cell type (4 –7). These
energy demands are largely satisfied by oxidative metabolism,
evidenced by the high oxygen consumption in the photorecep-
tor cell layer (4, 5). The riboflavin (RF) cofactors, flavin adenine
dinucleotide (FAD) and flavin mononucleotide (FMN), are two
key cofactors involved in oxidative metabolism. Although Y-79
retinoblastoma cells were shown to have a specialized carrier-
mediated system for RF uptake, it is still unknown how the
retina acquires and concentrates these metabolites (8). The
retina concentrates flavins at levels much higher than those
observed in the blood or other organs (9, 10). This is not sur-
prising, given the high energy consumption of photoreceptors
and the involvement of FAD in citric acid cycle (11). FAD is also
needed as a redox cofactor in �-oxidation. This is of importance
because the photoreceptor OSs contain large amounts of poly-
unsaturated fatty acids (12, 13). Given their importance and
susceptibility to light, a mechanism for binding and protecting
flavins at the interphotoreceptor matrix (IPM) must exist, as
unbound flavins are reduced by light and subsequently cause
lipid peroxidation of unsaturated fatty acids (14). This is best
demonstrated by photoreceptor-specific cell death due to
uncontrolled lipid peroxidation when excess RF is supple-
mented in the diet of mice (15). Conversely, when RF levels are
decreased, known as ariboflavinosis, patients first report poor
dim light vision and photosensitivity (16). Taken together, it is
clear that flavins are needed at high levels but also must be
tightly regulated to ensure proper retinal homeostasis.

We have previously shown that retbindin (Rtbdn) is an extra-
cellular rod-expressed protein capable of binding RF in vitro
(17), making Rtbdn a potential key player in photoreceptor fla-
vin binding and acquisition. To understand the role Rtbdn plays
in flavin regulation and the overall retinal homeostasis, we gen-
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erated a Rtbdn knockout mouse model (Rtbdn�/�) by replacing
the Rtbdn coding sequence with that of eGFP, thereby generat-
ing eGFP reporter protein under the control of the endogenous
Rtbdn promoter. Using eGFP expression, we were able to con-
firm our previous findings that Rtbdn is indeed a rod-specific
protein (17). The ablation of Rtbdn was associated with minor
outer segment changes that caused a time- and dose-dependent
decline in rod and cone function resulting from photoreceptor
cell loss. Rtbdn�/� retinas displayed a significant decrease in
the capacity to bind flavins, which resulted in abnormally low
levels of FAD and FMN in the neural retina. These results show
that Rtbdn plays a key role in regulating flavin levels in the
retina.

Results

Rtbdn�/� retina lacks Rtbdn and expresses eGFP specifically in
rod photoreceptors

We generated a knockout mouse line for Rtbdn along with
eGFP knockin using the strategy demonstrated in Fig. 1A. To
verify that our strategy to ablate Rtbdn expression was success-
ful, we used a polyclonal anti-Rtbdn antibody that has been
described previously (17). In our knockout strategy, we chose to
replace Rtbdn coding sequences with that of eGFP to confirm
our previous findings on the pattern of tissue specificity of
Rtbdn expression (17). To verify whether Rtbdn is specific to
the neural retina, we performed SDS-PAGE followed by immu-
noblot on protein extracts from various organs taken from
postnatal day 30 (P30) Rtbdn�/� (Fig. 1B). The SDS was
removed to renature eGFP, and the gel was then imaged to
visualize native eGFP. Native eGFP expression was found
exclusively in the neural retina and absent from all other tissues
tested (Fig. 1B, top), indicating the specificity of Rtbdn pro-
moter and that it is active only in the neural retina. This obser-
vation was further confirmed by immunoblotting with an anti-
eGFP antibody (Fig. 1B, bottom). As shown in Fig. 1C (left), no
Rtbdn is detected in four independent retinal extracts taken
from Rtbdn�/� mice, whereas a single band at �30 kDa is seen
in WT retinal extracts. Rtbdn levels were quantified in four
independent retinal samples from P30 WT, Rtbdn�/� and
Rtbdn�/� mice, and values were plotted relative to �-actin (Fig.
1C, right). As shown, the resulting reduction in the value of
Rtbdn in Rtbdn�/� relative to that of WT is �50%, and this
reduction was statistically significant using one-way ANOVA
(p � 0.0002).

To identify the retinal cell layer that expresses Rtbdn, native
eGFP was visualized on frozen retinal sections taken from P30
Rtbdn�/� mice. Signal was exclusively observed in the photo-
receptor cell layer (Fig. 1D, left), supporting our previous find-
ings that Rtbdn is exclusively expressed by the rods (17). To
confirm the lack of expression of Rtbdn by cone photorecep-
tors, co-localization of cone arrestin with native eGFP was
investigated. As shown in Fig. 1D (middle and right), no co-lo-
calization of the two proteins was observed, suggesting that the
Rtbdn promoter is not active in cones and it is specific to rods.

To further determine the pattern of localization in the
absence of half the amount of Rtbdn, immunohistochemistry
using anti-Rtbdn antibody was performed on retinal sections

from P30 WT, Rtbdn�/�, and Rtbdn�/� mice. The pattern of
labeling in the WT retina further confirms our previous obser-
vation that Rtbdn is predominantly localized to the tip of the
rod OS, as evident from its apical localization relative to periph-
erin/rds (Fig. 1E, top left image) and around the inner segment
(IS) and the cell body (Fig. 1E, top images). Similar localization,
but at lower levels, is observed in the Rtbdn�/� retina (Fig. 1E,
bottom left image), and no labeling is detected in Rtbdn�/�

retina (Fig. 1E, bottom right image).

Rtbdn�/� and Rtbdn�/� retinas display a time- and
dose-dependent decline in rod and cone function

To evaluate the functional consequence of ablating Rtbdn,
we assessed the rod and cone functions of WT, Rtbdn�/�, and
Rtbdn�/� retinas via electroretinography (ERG). Full-field sco-
topic (a single, 157-cd s/m2 flash) and photopic (25 successive
157-cd s/m2 flashes) ERG responses were comparable with that
of age-matched WT at both P30 and P60 (Fig. 2B). However, at
P120, ERG responses from Rtbdn�/� retinas exhibited a signif-
icant decrease in scotopic a-wave amplitudes (�37.5%) and in
photopic b-wave amplitude (�25%) when compared with age-
matched WT, suggesting a late onset retinal phenotype (Fig.
2B). This finding is of great interest because cone function
declines simultaneously with that of rods, despite the fact that
Rtbdn is exclusively expressed by the rods (Fig. 1) (17). This
decline in Rtbdn�/� ERG response is progressive because by
P240, we observed a �52.8% reduction in scotopic a-wave and a
�32% reduction in photopic b-wave amplitudes when com-
pared with age-matched WT (Fig. 2, A and B). Interestingly, at
P240, the Rtbdn�/� retinas also exhibited a statistically signifi-
cant decline (�23%) in scotopic a-wave and photopic b-wave
(�20%) amplitudes when compared with age-matched WT.
However, no significant changes were observed in Rtbdn�/�

ERG responses at P120, indicating a dose-dependent effect.
Fig. 2C shows representative scotopic ERG responses at P120

of WT and Rtbdn�/� retinas in response to a subset of strobe-
flash stimuli ranging from �4.0 to 1.8 log cd s/m2. At P60,
Rtbdn�/� retinas displayed similar responses compared with
WT retinas at all light intensities tested (data not shown). At
P120, Rtbdn�/� scotopic responses at higher intensities were
significantly reduced, as we have detected with a single 157-cd
s/m2 flash (Fig. 2D). These data show that without Rtbdn, reti-
nas display a time- and dose-dependent decrease in light-
evoked responses of both rods and cones.

Ablation of Rtbdn leads to significant reduction in the number
of rods and cones

To assess the causes of the decrease in ERG responses, we
counted the number of photoreceptor nuclei in the outer
nuclear layer of P60 and P240 Rtbdn�/�, Rtbdn�/� and WT.
Whereas the number of photoreceptor nuclei in the Rtbdn�/� and
Rtbdn�/� retinas were similar at P60 to that of WT (Fig. 3A), at
P240, there was a significant reduction in the number of photore-
ceptors in the Rtbdn�/� (�36.8%) and Rtbdn�/� (�19.9%) retinas
when compared with age-matched WT (Fig. 3B). This reduction
was significant for all retinal regions evaluated except at the
periphery. Because of the high number of rods in the photorecep-
tor cell layer, these images do not give an accurate representation
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of potential reduction in cone cell number. To count the number
of cones, we stained WT, Rtbdn�/�, and Rtbdn�/� retinal flat
mounts with peanut agglutinin (PNA) to mark the extracellular
matrix surrounding cones (Fig. 4, A and B) or WT and Rtbdn�/�

retinal flat mounts with cone arrestin to label the cone OSs (Fig.
4C). Again, no significant cell loss was observed at P60 (Fig. 4, A
(top images) and B (left panel)). However, at P240, we observed a

significant decrease in the number of cones in Rtbdn�/� (�45%)
and in Rtbdn�/� (�23%) retinas (Fig. 4, A (bottom images) and B
(right panel)). Similar results were obtained from P240 Rtbdn�/�

when flat mounts were stained with anti-cone arrestin (Fig. 4C).
These results demonstrate that the observed decrease in both sco-
topic and photopic ERG responses is a consequence of rod and
cone photoreceptor loss, respectively.

Figure 1. Confirmation of eGFP knockin and Rtbdn knockout. A, schematic overview of Rtbdn knockout eGFP knockin strategy. The long homology arm
(not drawn to scale) extends 5.48 kb to the ATG codon in exon 2. The short homology arm extends 2.13 kb to the TAG codon in exon 6. Neomycin resistance was
used to positively select embryonic clones (via geneticin) and was bred out by crossing to FLPeR mice. B, native fluorescence of eGFP in protein extracts of
different organs taken from P30 Rtbdn�/� mice and separated via SDS-polyacrylamide gel electrophoresis. Immunoblots with antibodies against �-actin and
�-actin were used as loading controls. Anti-eGFP antibody was used to show eGFP expression only in the Rtbdn�/� neural retina. PECS, pigment epithelium,
choroid, and sclera; N. Ret., neural retina. C, on the left is an immunoblot of four independent WT, Rtbdn�/�, and Rtbdn�/� neural retina lysates using the
anti-Rtbdn antibody. �-Actin was used as a loading control. Right, scatter plot of Rtbdn levels from four independent samples per genotype presented as
mean � S.D. (error bars). Relative values were analyzed by one-way ANOVA to determine statistical significance (**, p � 0.001; ***, p � 0.0002; ****, p � 0.0001).
D, retinal cross-sections of a P30 Rtbdn�/� retina showing native fluorescence of eGFP in green (left) and immunofluorescence with anti-cone arrestin antibody
in red (middle E). A higher-magnification image is shown on the right. Scale bar, 10 �m. DAPI staining of nuclei is shown in blue. ONL, outer nuclear layer; INL,
inner nuclear layer; GCL, ganglion cell layer; cArr, cone arrestin. E, cross-sections of P30 WT, Rtbdn�/�, and Rtbdn�/� retinas showing the expression pattern of
Rtbdn. Staining for retinal degeneration slow (RDS) protein was used to highlight the OS. DAPI staining of nuclei is shown in blue.
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To determine whether photoreceptor cell loss is associ-
ated with abnormalities in the ultrastructure of the cell, we
performed transmission electron microscopic analyses on
Rtbdn�/� and WT retinas at P60, P120, and P240. Repre-
sentative ultrastructural images are shown in Fig. 5. No obvi-
ous morphologic changes were observed at the OS/RPE
interface or at the junction of the OS/ARE (Fig. 5A). How-
ever, there were minor but obvious morphological differ-

ences observed at the central area of the OS between both
genotypes and at all ages examined (Fig. 5 (B and C), arrows).
These results indicate that the observed functional decline
and photoreceptor cell loss in Rtbdn�/� and Rtbdn�/� reti-
nas are not the result of a major structural defect(s). Rather,
the functional decline in the absence of major structural def-
icits suggests that the elimination of Rtbdn probably leads to
the disruption of intracellular molecular events.

Figure 2. Rtbdn ablation leads to a time- and dose-dependent reduction in scotopic and photopic ERG amplitude. A, representative scotopic and
photopic ERG waveforms for P240 WT, Rtbdn�/�, and Rtbdn�/� mice. B, mean values � S.D. (error bars) of scotopic a- and b-wave amplitudes as a function of
age (WT, n � 5; Rtbdn�/�, n � 6; Rtbdn�/�, n � 5). C, representative wave forms from WT and Rtbdn�/� retinas at P120. D, amplitude of the dark-adapted a-wave
and b-wave plotted as a function of stimulus intensity.
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Rtbdn�/� neural retinas harbor lower flavin levels and a
decreased capacity for RF binding

To investigate the effects of Rtbdn ablation on the levels of
retinal flavins, a determination of their levels in the retina was
performed. Before experimental samples were tested, known
quantities of FAD, FMN, and RF standards were run on an
HPLC column as described under “Experimental procedures.”
These standards were run to optimize the detection conditions,
establish a standard curve for each flavin (Fig. 6A), and assess/
separate the elution time for FAD, FMN, and RF in experimen-
tal samples (Fig. 6B). Fig. 6C shows that Rtbdn�/� neural retina
contains significantly lower levels of FAD (�46.1%), FMN
(�45%), and RF (�32%) when compared with age-matched
WT. Importantly, these measurements were made using P45
mice, a time point preceding photoreceptor degeneration.
Although Rtbdn�/� retinas harbored considerable amounts of
flavins, functional decline and degeneration of rods and cones
ensued. This points to the tight regulation of flavins in the ret-
ina and to the importance of having sufficient amounts, hence
explaining why the levels of flavins are so high in the retina
(10, 18).

To assess whether the early reduction in the levels of retinal
flavin is the only hallmark of lack of Rtbdn, we evaluated the
level of another common metabolite (ATP) in P45 and P120
Rtbdn�/� retinas and compared with age-matched WT (Fig.
6D). Unlike Rtbdn, ATP levels at P45 are comparable with that
of WT retinas. However, a significant reduction in ATP level
(36.03 � 4.864) was observed at P120 Rtbdn�/� retinas when
compared with age-matched WT.

Previously, we showed that ectopically expressed Rtbdn
binds RF (17). To determine whether the reduced flavin levels
in the Rtbdn�/� retina are a reflection of reduced RF uptake
and delivery to the retina, we performed an ex vivo radiolabeled
(14C) RF binding assay. To eliminate the dietary effect on the

steady-state levels of flavins in the neural retina, we maintained
animals on RF-free diet for 4, 8, or 16 days and assessed FAD
level as a marker for total flavins. We observed a reduction in
FAD level to 14.9% of WT at 4 day, 11.3% at 8 days, and 2.3% at
16 days (data not shown). Therefore, both Rtbdn�/� and WT
mice at P45 were fed a RF-free diet for 16 days to reduce the
levels of flavins in the retina. To account for the nonspecific
background binding of [14C]RF, we designed a control in which
a 100-fold excess of cold RF was added to the [14C]RF incuba-
tion medium. Background readings were subtracted from the
entire data set of each sample and plotted as pmol/mg proteins
(Fig. 7). Over 30% reduction was observed in total uptake of
[14C]RF by the Rtbdn�/� neural retinas when compared with
WT. Furthermore, membranous fractions from Rtbdn�/� ret-
inas also displayed significantly lower levels of bound [14C]RF
when compared with WT counterparts (Fig. 7). The mem-
brane-bound [14C]RF was then dissociated from the mem-
brane using 100 mM Na2CO3, a well-known procedure to
dissociate peripheral membrane proteins (19). Again, the
level of [14C]RF released from Rtbdn�/� membrane is signif-
icantly lower than that released from WT control. These
results show that the elimination of Rtbdn is sufficient to
negatively influence retinal ability to bind RF, suggesting
that this is probably why total retinal flavin levels are signif-
icantly reduced in Rtbdn�/� retina (Fig. 6C). Because
Rtbdn�/� neural retinal membranes still contained consid-
erable amounts of RF before and after Na2CO3 (Fig. 7), it is
reasonable to suggest that there must exist another mecha-
nism for RF delivery to the retina. Taken together, these data
show that without Rtbdn, retinas were not able to accumu-
late flavins to normal physiological levels. These data also
suggest that Rtbdn plays a role in the flavin regulation mech-
anism(s) present in the neural retina.

Figure 3. Rtbdn�/� and WT rod photoreceptor cell numbers are decreased at P240. Shown is a spider graph (top) depicting the average number � S.D.
(error bars) of rod photoreceptor nuclei measured in 410-�m window images taken at �20 magnification and at increasing distance from each side of the optic
nerve head at P60 (A) and P240 (B) (n � 4 eyes/genotype). Bottom panels, representative images of the outer nuclear layers of retinal section taken from P60 and
240 WT, Rtbdn�/�, and Rtbdn�/� retinas. PR, photoreceptor; ONH, optic nerve head; ONL, outer nuclear layer. Scale bar, 10 �m. ***, p � 0.001; **, p � 0.01; *, p �
0.1; ns, not significant.
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Discussion

In this study we utilized a Rtbdn knockout/eGFP knockin
mouse model to further verify the retina and rod photoreceptor
specificity of Rtbdn expression and to determine the functional
and structural consequence(s) of its ablation. Elimination of
Rtbdn resulted in a time- and dose-dependent decline in rod-
and cone-mediated electroretinogram responses. This decrease
in retinal function was due to a decline in the number of rod and
cone photoreceptors, indicating that ablation of Rtbdn results
in rod and cone photoreceptor cell death. In our previous study,
we showed that RF was a potential Rtbdn-binding ligand using
an in vitro model. Here, we show that ablation of Rtbdn caused
changes in the levels of retinal flavins, and using ex vivo neural
retina membranes, we showed that Rtbdn�/� retinas have a
decreased capacity for RF binding. Here we conclude that
Rtbdn is a key regulator of retinal flavin homeostasis and in its

absence; levels of both FAD and FMN are significantly reduced,
resulting in photoreceptor cell death.

It was previously found that the rabbit and rat neural retina
have a high concentration of flavins (9, 10, 18). In this study, we
show that the concentration of flavins is higher in the mouse
retina than what has been reported for the rabbit and rat reti-
nas. However, it should be noted that this higher concentration
could be due to the higher sensitivity (0.2 pmol of FAD, 0.1
pmol of FMN, and 0.016 pmol of RF) of our method compared
with 2 pmol in the method of Batey et al. (9). Furthermore, this
study shows that Rtbdn plays a central role in flavin regulation
by the neural retina.

RF deficiency has been long documented by physicians to
cause light sensitivity (16); however, until this study, it was not
known whether RF deficiency caused cell death in the retina.
Whereas the mechanism of cell death in the Rtbdn�/� retina

Figure 4. Rtbdn�/� and WT cone photoreceptor cell numbers are decreased at P240. A, representative images of P60 and 240 WT, Rtbdn�/�, and Rtbdn�/�

PNA-labeled retinal flat mounts. B, scatter plot representation of the number � S.D. (error bars) of cone photoreceptors in 0.168-mm2 areas taken at �20
magnification from the central regions of P60 and P240 retinas of the indicated genotypes. C, left, representative images taken from the central regions of P240
WT and Rtbdn�/� cone arrestin-labeled flat mounts. Right, scatter plot representation of the number � S.D. of cone photoreceptors in 0.02-mm2 areas taken
at �40 magnification from the central regions of P240 retinas of the indicated genotypes. PR, photoreceptor; ONH, optic nerve head; ONL, outer nuclear layer;
cArr, cone arrestin. Scale bar, 10 �m. ***, p � 0.001; *, p � 0.1; ns, not significant.
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still needs to be determined, it is clear from the current study
that changes in flavin levels precede photoreceptor degenera-
tion. Interestingly, whereas Rtbdn is produced specifically by
the rods, its absence also results in the death of cones. This is
not surprising because defects in IPM-specific proteins (like
Rtbdn) and RPE-specific proteins can lead to photoreceptor
degeneration both in animal models and in humans (20 –26).
Furthermore, a rod-expressed factor has been shown to be nec-
essary for cone survival (27). Taken together, these findings
suggest that proteins in the IPM are needed for the proper
homeostasis of both rod and cone photoreceptors even if the
IPM protein is specifically produced by the rods, such as Rtbdn
or the rod-derived cone viability factor (27).

In vitro studies by Said et al. (28) showed that RPE cells
(ARPE-19) uptake RF in a specific and time-dependent manner

and that this uptake was trans-stimulated and saturated by
increasing amounts of RF, suggesting a carrier-mediated pro-
cess. Similarly, Kansara et al. (8) showed that cultured retino-
blastoma cells (Y-79) are also capable of trans-stimulated spe-
cific RF uptake. These studies, taken together, indicate that the
retina contains RF transport mechanisms. In both studies, this
process was modulated by Ca2�-calmodulin (8, 28), suggestive
of an interconnected flavin transport pathway existing between
the RPE and neural retina. Taking the data from this study in
the context of retinal flavin literature, a potential flavin regula-
tion pathway can be conceived, in which flavins are acquired
from the choroidal and/or retinal blood supply and transported
to the photoreceptors. Given that photoreceptors acquire most
of their metabolites from the choroidal blood supply via the
RPE, this is the most likely scenario. To this point, a similar
molecule (folate) is transported from the basal surface of
ARPE-19 cells to the apical side in vitro (29).

Because Rtbdn does not contain any transmembrane
domains or membrane-anchoring moieties (30, 31), it is
unlikely that it is capable of actually transporting flavins into
cells by itself. Rather, Rtbdn may participate in shuttling flavins
to another, yet to be discovered transport protein(s). This
would be consistent with Rtbdn being predominantly located at
the OS/RPE interface but also, to a lesser extent, at the IS, where
the bulk of photoreceptor metabolism occurs. Rtbdn at the
OS/RPE interface (17) could also serve as a “sink” to prevent
unbound flavins from flooding (post-feeding) the IPM and
causing lipid peroxidation in the OS. Flavins from this pool
could then be shuttled to the OS and IS as they are needed.
Further study of Rtbdn in the context of retinal flavin acquisi-
tion and transport is needed.

FAD is the predominant flavin cofactor in the retina. It is also
the predominant cofactor used in biological processes. This is
because FAD has a very positive reduction potential and is used
to facilitate energetically unfavorable reactions, such as the
conversion of succinate to fumarate by succinate dehydroge-
nase in the citric acid cycle (32). Similarly, FAD is utilized by the
enzyme acyl-CoA dehydrogenase in the �-oxidation pathway
(33). The breaking of high energy bonds in both of these reac-
tions is utilized to generate ATP in their respective pathways.

Although the exact cause of photoreceptor degeneration
cannot be determined from these studies, the results strongly
suggest that lowered FAD may contribute to the observed cell
loss. Given the role of FAD in metabolism, we first speculated
that reduced FAD levels will probably lead to reduced ATP
levels available for photoreceptors. However, ATP levels in
Rtbdn�/� retinas before the onset of degeneration were com-
parable with that of WT, confirming the presence of a yet to be
discovered mechanism that leads to photoreceptor cell death.
Our future investigations will be focused on identifying the
causes of photoreceptor degeneration in association with the
lack of Rtbdn and in a scenario where flavin levels are reduced
in the presence of Rtbdn. There is, however, the possibility of
affecting metabolites other than ATP in the Rtbdn�/� retinas
because photoreceptors have perhaps the highest energy
demands of any mammalian cell type (4 –7). Without the
proper levels of these metabolites, many important photore-
ceptor processes could be altered. Affecting retinal metabolism

Figure 5. Rtbdn ablation leads to minor ultrastructural changes in OS. A,
top, images of retinal sections showing the photoreceptor OSs and RPE of
P120 WT, P60 Rtbdn�/�, P120 Rtbdn�/�, and P240 Rtbdn�/� mice. Middle,
images taken at the interface between the OS tips and RPE from the indicated
genotypes. Bottom, images taken at the OSs, connecting cilium, and inner
segments. B and C, images taken at the minor ultrastructural changes (arrows)
in the middle regions of OS. BM, Bruch’s membrane; MV, microvilli; CC, con-
necting cilium. Scale bar, 2 �m.
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in Rtbdn�/� mice is the most straightforward scenario to
explain the observed retinal phenotype; many yet to be discov-
ered processes could also have been affected, as retinal flavo-
proteins have not yet been studied in depth.

In conclusion, this study shows that the rod-produced IPM-
specific protein, Rtbdn, is a key player in the concentration of
flavins by the retina and that alterations in flavin levels lead to
degenerative changes that encompass both rods and cones.
Future studies will be aimed at elucidating the flavin transport
mechanism(s) that exists between the RPE and photoreceptors
and/or between the photoreceptor and retinal blood vessels

and how Rtbdn is involved. Although this study indicates that
Rtbdn is a key player, the Rtbdn�/� retinas were still able to
concentrate flavins in the retina, albeit at lower levels. This
indicates that there are other redundant mechanism(s) in place
to help concentrate flavins. These potential mechanisms also
need to be elucidated to better understand the role of Rtbdn and
flavins in normal photoreceptor homeostasis. Undoubtedly, the
levels of flavins measured in the Rtbdn�/� retinas must reflect
the flavin levels present in the inner retina. Furthermore, the
mechanism of cone cell death in Rtbdn�/� retinas needs to be
further explored not only in the absence of Rtbdn but also in

Figure 6. Rtbdn�/� retinas contain significantly less FAD and FMN. A, HPLC profiles of FAD, FMN, and RF standards. Blue line, data; black line, linear
regression used for data quantification. B, HPLC elution profiles of FAD, FMN, and RF. C, levels of FAD, FMN, and RF in neural retinal samples from WT (n � 10),
Rtbdn�/� (n � 4), and Rtbdn�/� (n � 10) mice presented as pmol/mg of total protein. Data show that Rtbdn�/� neural retinas contain lower levels of FAD and
FMN when compared with WT retinas. Two-way ANOVA (Bonferroni’s multiple-comparison test) was used for statistical analysis. D, levels of ATP (nM ATP/mg
of protein) in WT and Rtbdn�/� neural retinas at P45 and P120 (n � 6 independent experiments/group). The statistical test used was a two-tailed t test (****, p �
0.0001; **, p � 0.01; *, p � 0.1; ns, not significant). Error bars, S.D.
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models of retinal degeneration. Gleaned evidence could lead to
important information regarding secondary cone cell loss in
retinal degenerations. Finally, given the role of FAD and
FMN in energy metabolism, the Rtbdn knockout model can
be a powerful tool in understanding how alterations in flavin
levels and metabolic changes can lead to retinal degenera-
tion under circumstances where another photoreceptor
protein(s) is mutated.

Experimental procedures

Animals

All experiments involving mice were approved by the local
institutional animal care and use committee at the University of
Houston and adhered to the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Insti-
tutes of Health and the Association for Research in Vision and
Ophthalmology on the use of animals in research. All mice
tested negative for the rd8 allele and harbored the RPE65 Leu
variant. Animals were reared under cyclic lighting conditions
(12 h light/dark, �30 lux). Mice were euthanized using CO2
asphyxiation followed by decapitation, and then the neural ret-
ina and/or PECS (pigment epithelium, choroid, and sclera)
were harvested and used as indicated below.

Generation of Rtbdn�/� mouse model

Rtbdn�/� mice were generated by inGenious Targeting Lab-
oratory (Ronkonkoma, NY). The targeting vector was con-
structed from a 13.33-kb region subcloned from a positively
identified bacterial artificial chromosome. The long homology
arm extends 5.48 kb to the initiation (ATG) codon in exon 2.
The short homology arm extends 2.13 kb to the stop (TAG)
codon in exon 6. A 2.64-kb eGFP cassette (eGFP-LoxP-FRT-
Neo-FRT-LoxP) replaces the 5.72-kb Rtbdn genomic sequence,
which flanks the Rtbdn start (ATG) codon and stop (TAG)
codon (Fig. 1A). This construct was linearized by NotI digestion
and electroporated into mouse embryonic stem cells (c57BL/

6 � 129/SvEv hybrid). Embryonic stem cells were selected
using G418 antibiotic and screened for proper eGFP cassette
insertion via PCR and Southern blotting. Positive cells were
injected into C57BL/6 blastocysts and implanted. The resulting
chimeric founders were bred to identify mice with germ line
transmission and then bred to FLPeR-expressing mice (stock
no. 003946, Jackson Laboratories, Bar Harbor, ME) to remove
the Neo cassette. Mice lacking the Neo cassette were then con-
sistently outbred onto a C57BL/6 background. PCR genotyping
was used to confirm proper deletion of Rtbdn and proper inser-
tion of eGFP. Furthermore, PCR analysis was used to confirm
the absence of the rd8 mutation and the presence of the Leu
variant of RPE65. Mice heterozygous or homozygous for Rtbdn
were used from the same colony and are hereby referred to as
Rtbdn�/� and Rtbdn�/�, respectively. WT littermates were
used from the same Rtbdn knockout crosses as controls.

Immunoblots

Mouse neural retinas from the indicated genotypes were
extracted and then homogenized using a handheld motor and
pestle tip (VWR, Radnor, PA) in 1� PBS (pH 7.2) containing 1%
Triton X-100 and complete protease inhibitor mixture (Roche,
Basel, Switzerland). Following a 1-h incubation at 4 °C, the
insoluble material was separated via centrifugation at 4,000 � g.
Supernatants were incubated for 1 h at room temperature in
Laemmli buffer containing �-mercaptoethanol. Samples were
size-fractionated via 10% SDS-PAGE. Because denatured eGFP
does not fluoresce, SDS was removed from the gel so that the
eGFP expression could be visualized. Therefore, gels were incu-
bated in SDS removal buffer (0.5% SDS in 1� PBS) for 1 h while
shaking at room temperature. Gels were imaged for eGFP fluo-
rescence using 488-nm light excitation. Images were captured
using a Bio-Rad ChemiDoc MP Imaging System equipped with
Image Lab version 5.0 software (Bio-Rad). Gels were then trans-
ferred to PVDF membranes, and immunoblotting was carried
out as described previously (17). Anti-Rtbdn antibody was used
at a concentration of 1:500; anti-�-actin (HRP-conjugated)
(Bio-Rad) was used at a concentration of 1:50,000; anti-�-sar-
comeric actin (Sigma-Aldrich) was used at a concentration of
1:1000; and anti-eGFP antibody (Invitrogen) was used at a con-
centration of 1:1000.

Levels of Rtbdn protein in total retinal extracts were deter-
mined as indicated above, analyzed from all genotypes by West-
ern blotting, and visualized using antibodies specific to Rtbdn
and �-actin (Fig. 1C). Equal amounts of total protein (30 �g) for
each sample were loaded onto the gel, separated, and blotted on
PVDF membrane using standard protocols. Protein detection
was performed with the antibodies mentioned above, and
membranes were imaged with a ChemiDocTM MP imaging sys-
tem (Bio-Rad). Densitometric analysis of the bands was per-
formed on non-saturated bands with Image Lab software ver-
sion 4.1 (Bio-Rad), and band intensities were normalized to
�-actin in the same lane, and data are presented as mean � S.D.
from four independent retinal samples for each genotype. Rel-
ative values were analyzed by one-way ANOVA to determine
statistical significance (**, p � 0.001; ***, p � 0.0002; ****, p �
0.0001).

Figure 7. Rtbdn�/� neural retinal membranes have a decreased capacity
for RF binding. Shown is a scatter plot representation of pmol of [14C]RF (per
mg of total protein) bound to retinal membranes taken from individual P45
Rtbdn�/� and WT mice. [14C]RF is dissociated from these membranes by incu-
bation with 100 mM Na2CO3 (n � 4 independent experiments). These data
show that Rtbdn�/� retinas cannot bind RF as effectively as WT. These data
also show that RF binding to the membranes is specific to peripheral mem-
brane proteins. ***, p � 0.001; *, p � 0.1; ns, not significant.
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Immunohistochemistry

Eyes were processed, sectioned, and stained as described pre-
viously (34). Briefly, eyes were fixed in 4% paraformaldehyde for
2 h. A hole was then made in the corneas (near the ora serrata),
and the eyes were returned to 4% paraformaldehyde for 2 h. The
cornea and lens were then dissected away, and the eye cups
were placed into a sucrose gradient at 4 °C (10% for 1 h, 20% 1 h,
and 30% overnight). The following morning, cryoprotected eye
cups were embedded in Shandon M1 matrix (Thermo Scien-
tific, Waltham, MA) and frozen on dry ice. 10-�m sections were
prepared using a Leica Cm 3050 cryostat (Leica Biosystems,
Buffalo Grove, IL) at �20 °C. Sections were treated for autofluo-
rescence using a fresh solution of 1% sodium borohydride in
water and then blocked in a solution containing 2.5% donkey
serum, 0.5% Triton X-100, and 1% fish gelatin in 1� PBS (pH
7.2) (blocking solution) for 30 min at room temperature. Anti-
cone arrestin antibody (1:5000; a generous gift from Dr. Cheryl
Craft, University of Southern California) was applied overnight
in blocking solution. Secondary antibody (1:500; Life Technol-
ogies, Inc.) was applied in blocking solution at room tempera-
ture for 1.5 h. Slides were mounted, imaged, and analyzed, as
described previously (17), with the exception that eGFP was
visualized directly using an excitation wavelength of 488 nm.

Electroretinography

Full-field ERGs were recorded as described previously (35).
Briefly, mice were dark-adapted overnight and, before electro-
retinography, were anesthetized using 85 mg/kg ketamine and
14 mg/kg xylazine (Henry Schein Animal Health, Dublin, OH).
Eyes were dilated with 1% cyclogel and covered in Gonak (Phar-
maceutical Systems, Tulsa, OK). Platinum wire loops were
placed in contact with the cornea through a layer of methylcel-
lulose (Pharmaceutical Systems). Using the UTAS system
(LKC, Gaithersburg, MD) full-field ERG profiles were recorded
from both eyes and averaged. Full-field scotopic (rod) ERGs
were recorded in response to either a single 157-cd s/m2 flash or
a subset of flash intensities ranging from �4.0 to 1.8 log cd s/m2

(presented to dark-adapted mice). Following light adaptation
for 5 min at 29 cd s/m2, photopic (cone) ERGs were recorded in
response to 25 successive 157-cd s/m2 flashes. Recordings were
analyzed and plotted in GraphPad Prism version 5 (GraphPad
Software, La Jolla, CA), and statistical analysis was performed
using a two-way ANOVA followed by Bonferroni post-test.

Photoreceptor nucleus counts

Eyes were prepared for paraffin sectioning as described pre-
viously (36 –38). Briefly, whole eyes were fixed overnight at 4 °C
in Davidson’s fixative (32% ethanol, 11% acetic acid, 2% form-
aldehyde) (39), washed once with 1� PBS, and stored in 70%
ethanol overnight at 4 °C. The following day, eyes were dehy-
drated, paraffin-embedded, and sectioned at 10 �m. Nuclei
were counterstained using methyl green (Vector Laboratories,
Burlingame, CA). Images were captured using a Zeiss Axioskop
equipped with a Zeiss Axiocam (Zeiss, Jena, Germany) using a
�20 objective. Images were captured every 0.435 mm migrat-
ing peripherally (both inferior and superior) from the optic
nerve head. Images were analyzed using ImageJ software (40).
For nuclear count, nuclei were enumerated in 410-�m-wide

portions of the retina centered at the indicated distances from
the optic nerve, and all nuclei in the outer nuclear layer within
this area were counted using ITCN (image-based tool for
counting nuclei) (41). Data were plotted using GraphPad Prism
version 5 (GraphPad Software), and statistical analysis was per-
formed using a two-tailed unpaired t test.

Retinal flat mounts

Neural retinas were dissected away from the RPE, immedi-
ately fixed in 8% paraformaldehyde for 30 min at room tem-
perature, and washed once with 1� PBS. Neural retinas were
incubated with either fluorescently tagged PNA (1:500; Life
Technologies) for 1 h at room temperature and/or with anti-
cone arrestin antibody (1:5,000; a generous gift from Dr. Cheryl
Craft, University of Southern California) overnight in blocking
solution. Retinas were washed four times for 5 min each in 1�
PBS. Then four incisions were made, and retinas were laid flat
in a 1:10 dilution of prolong gold DAPI (Life Technologies) in
1� PBS and mounted on a glass microscope slide. Separate
images were captured at various positions around the optic
nerve head, and cones labeled with PNA or with anti-cone
arrestin were enumerated using ImageJ software (40). Data
were plotted using GraphPad Prism version 5, and statistical
analysis was performed using a two-tailed unpaired t test.

Transmission electron microscopy

Transmission electron microscopy was performed as described
previously (34, 36, 42). Briefly, whole eyes were dissected, and a
hot needle was used to mark the superior portion of the cornea
to maintain a recognizable orientation. A small slit was made in
the cornea (near the ora serrata), and the eyes were fixed for 2 h
at 4 °C in 2% glutaraldehyde and 2% paraformaldehyde in 1�
PBS. The cornea and lens were then removed, and the resulting
eye cup was returned to fixative overnight at 4 °C. Sections at
600 – 800 Å were stained with 2% uranyl acetate and Reynolds’
lead citrate on copper 75–300-mesh grids. Images were cap-
tured on a JEOL 100CX electron microscope at an accelerating
voltage of 60 kV.

[14C]RF ex vivo binding assay

[14C]RF was obtained from American Radiolabeled Chemi-
cals (ARC 3649) containing one 14C atom per RF molecule
(American Radiolabeled Chemicals, St. Louis, MO). Before
experimentation, animals were maintained on an RF-free diet
for 4, 8, and 16 days to assess the percentage reduction in
steady-state levels of flavins in the neural retina using FAD as a
marker. Experimental animals were kept on an RF-free diet for
16 day. Neural retinas extracted from P45 WT or Rtbdn�/�

mice were placed directly into RF-free DMEM supplemented
with either 10 �mol of [14C]RF or 10 �mol/100 �mol of
[14C]RF/[12C]RF. Individual neural retinas were incubated in
250 �l of medium at 37 °C for 30 min under 95%/5% O2/CO2.
Neural retinas were washed three times in 1� PBS and then
homogenized in 250 �l of 1� PBS with complete protease
inhibitor mixture for 30 s using a pestle tip and motor. For each
sample, a 50-�l aliquot was set aside for protein quantification
via Bradford assay (Bio-Rad), following digestion in 1% Triton
for 1 h shaking at 4 °C. The remaining 200 �l (total uptake
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fraction) was centrifuged at 30,000 � g for 20 min in a Sorvall
Discovery M150 ultracentrifuge (Thermo Scientific) using a
fixed angle rotor (Sorvall catalog no. S55S-1009). The pellet
(membrane-bound fraction, containing membranes, organ-
elles, cytoskeletal components, and insoluble IPM) was resus-
pended in 200 �l of 100 mM Na2CO3 in 1� PBS buffer. A 75-�l
aliquot was removed and placed into 1 ml of scintillation fluid
and counted in a Beckman Coulter LS6000 IC scintillation
counter (Beckman Coulter, Brea, CA). After 30 min in 100 mM

Na2CO3 (4 °C), the remaining 125 �l was centrifuged at
30,000 � g for 20 min. The supernatant was removed, and the
pellet was resuspended in the same buffer. 100 �l each of the
100 mM Na2CO3 supernatant and resuspended pellet was
pipetted into 1 ml of scintillation fluid and counted. Curies of
radiation from [14C]RF (50 mCi/mmol) were back-calculated to
moles of RF. Picomoles of RF were then normalized to protein
content from the 50-�l aliquot set aside before processing, giv-
ing a final measurement of pmol of RF/mg of protein. Samples
incubated in 10 �mol of [14C]RF, 100 �mol of [12C]RF were
processed side by side with samples incubated in 14C alone and
were used to measure background radiation, which was then
subtracted from the “radiolabeled” data during analysis. Data
were plotted using GraphPad Prism version 5, and statistical
analysis was performed using a two-tailed unpaired t test.

HPLC analysis of flavins

All flavin extraction steps were carried out in the dark under
dim red light. Four frozen neural retinas or three RPEs were
placed in a foil-wrapped tube containing 500 �l of 0.05 M

ammonium acetate in water (pH 5.5; filtered through a 0.2-�m
filter). Samples were homogenized for 30 s using a pestle tip and
motor. A 50-�l aliquot of the homogenate was used for protein
quantification via Bradford assay following extraction in 1%
Triton for 1 h with shaking at 4 °C. Samples were then heated at
80 °C for 5 min to release all protein-bound flavins and centri-
fuged at 4,000 � g for 5 min at 4 °C to separate away all insoluble
components. Supernatants were moved to a fresh tube contain-
ing 3.25 �l of 37% HCl, bringing the sample to a pH of 2. Sam-
ples were centrifuged again at 4,000 � g for 5 min at 4 °C. Super-
natants were removed using a sterile syringe and filtered
through a sterile 0.2-�m filter tip directly into HPLC screw cap
vials wrapped in foil. Samples were immediately injected into a
Waters 4.6 mm � 250-mm column using a Dionex AS50
autosampler and GP50 gradient pump (Dionex, Sunnyvale,
CA). The mobile phase used was 0.05 M ammonium acetate
90:10 water/acetonitrile. Each run lasted 46 min at a 0.5 ml/min
flow rate, followed by a 5-min 50:50 water/acetonitrile and a
5-min 95:5 water/acetonitrile wash to ensure no contamination
across runs. FAD, FMN, and RF peaks were measured at an
excitation wavelength of 447 nm and emission wavelength of
530 nm using a Shimadzu RF-10Axl fluorescence detector (Shi-
madzu, Kyoto, Japan). Peak areas were quantified using FAD,
FMN, and RF standards purchased from Sigma-Aldrich. Linear
regressions of standard quantifications are shown in Fig. 6A.
Data from 10 WT, 4 Rtbdn�/�, and 10 Rtbdn�/� were averaged
and plotted using GraphPad Prism version 5, and statistical
analysis was performed using two-way ANOVA (Bonferroni’s
multiple-comparison test).

ATP analysis

ATP level in retinal samples was measured using lumines-
cent ATP detection assay (ab113849, Abcam) as recommended
by the supplier. In brief, a stock solution (10 mM ATP standard
provided with the kit) was prepared in 1� PBS (pH 7.2). Fresh
retinas were collected for all measurements, and all steps were
carried out in a dark room on ice. Each retina was immediately
placed in 100 �l of 1� PBS (pH 7.2), and the tissue was dis-
rupted by sonication. Then a 50-�l aliquot of retinal homoge-
nate was transferred to a single well of a 96-well white plate, and
the rest was kept aside for protein quantification. Fifty microli-
ters of the cell lysis buffer provided with the kit were added to
each well, and the plate was shaken at 700 rpm for 10 min to lyse
the cells and stabilize the ATP. Then 50 �l of the reconstituted
substrate solution was added to each well, kept on a shaker at
700 rpm for 5 min, and incubated for 10 min at 37 °C. Following
this, the plate was placed in a microplate reader (Spectramax
M5, Molecular Devices, Sunnyvale, CA), and the luminescence
ofeachwellwasmeasuredatanintegrationtimeof1,500ms/mea-
surement as random luminescence units. The quantification of
ATP levels was done by integrating the random luminescence
units of the unknown samples against those of the standard
curve, averaged from six replicates of each cohort, and plotted
as mean � S.D. per mg of protein present in each sample. One-
way ANOVA (Bonferroni’s multiple-comparison test) was used
to test the significance of six replicates for each group.
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