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A primary pathological defect in the heritable eye disorder
Stargardt disease is excessive accumulation of cytotoxic lipofus-
cin bisretinoids in the retina. Age-dependent accumulation of
lipofuscin in the retinal pigment epithelium (RPE) matches the
age-dependent increase in the incidence of the atrophic (dry)
form of age-related macular degeneration (AMD) and therefore
may be one of several pathogenic factors contributing to AMD
progression. Lipofuscin bisretinoid synthesis in the retina
depends on the influx of serum retinol from the circulation into
the RPE. Formation of the tertiary retinol-binding protein 4
(RBP4)–transthyretin–retinol complex in the serum is required
for this influx. Herein, we report the pharmacological effects of
the non-retinoid RBP4 antagonist, BPN-14136. BPN-14136
dosing in the Abca4�/� mouse model of increased lipofuscino-
genesis significantly reduced serum RBP4 levels and inhibited
bisretinoid synthesis, and this inhibition correlated with a
partial reduction in visual cycle retinoids such as retinalde-
hydes serving as bisretinoid precursors. BPN-14136 adminis-
tration at doses inducing maximal serum RBP4 reduction did
not produce changes in the rate of the visual cycle, consistent
with minimal changes in dark adaptation. Abca4�/� mice
exhibited dysregulation of the complement system in the retina,
and BPN-14136 administration normalized the retinal levels
of proinflammatory complement cascade components such
as complement factors D and H, C-reactive protein, and C3.
We conclude that BPN-14136 has several beneficial charac-
teristics, combining inhibition of bisretinoid synthesis and
reduction in retinaldehydes with normalization of the retinal
complement system. BPN-14136, or a similar compound,

may be a promising drug candidate to manage Stargardt dis-
ease and dry AMD.

Stargardt disease (STGD1;2 MIM 248200) is characterized by
the abnormal accumulation of lipofuscin in the retina that trig-
gers degeneration of macular rods and cones (1–4). STGD1 is
the most common form of inherited juvenile– onset macular
dystrophy with an estimated prevalence of 1:10,000 (5–7) and a
carrier frequency for mutant ABCA4 alleles reaching as much
as 5% in the general population (8, 9). The primary biochemical
defect in STGD1 patients is excessive formation of cytotoxic
lipofuscin bisretinoids in the retinal pigment epithelium (1, 2)
due to recessive mutations in the ABCA4 gene. The atrophic
(dry) form of age-related macular degeneration (AMD) repre-
sents a slowly progressing maculopathy that is associated with
abnormalities in the RPE (10, 11). Dry AMD is a multifactorial
and multigenic disorder with several different pathways con-
tributing to its pathogenesis. Age-dependent accumulation of
cytotoxic lipofuscin in the RPE matches the age-dependent
increase in the prevalence of dry AMD and thus is frequently
cited as one of the potential pathogenic factors contributing to
the disease progression (3, 12–17). An emerging complemen-
tary view on the role of lipofuscin bisretinoids in dry AMD
stresses the causative role of retinal aldehyde toxicity in the
disease pathology over the contribution of bisretinoids (18 –
20). A more established hypothesis of dry AMD etiology and
pathogenesis stipulates that dysregulation of the complement
system in the retina seems to underlie the most important
aspects of the disease (21–24). There are no Food and Drug
Administration–approved treatments for Stargardt disease and
dry AMD. Developing a drug therapy for these forms of macu-
lar degeneration addresses a highly significant unmet medical
need in ophthalmology. In addition to inhibiting the formation
of lipofuscin bisretinoids, an optimal pharmacological therapy
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for macular degeneration would normalize complement sys-
tem dysregulation in the retina and ameliorate symptoms of
retinaldehyde toxicity prolonging RPE and photoreceptor sur-
vival in a patient’s retina. Assuming that accumulation of cyto-
toxic lipofuscin bisretinoids contributes to the disease pathol-
ogy, it was hypothesized that pharmacological inhibition of
bisretinoid formation by small molecule drugs may provide a
means by which to delay or suppress degenerative processes in
Stargardt disease and AMD (25–29).

Uptake of serum retinol (vitamin A, Fig. 1) from circulation
to the RPE fuels the visual retinoid cycle reactions leading to
retinaldehyde and bisretinoid synthesis (10). The primary and
specific carrier of retinol in the serum is retinol-binding protein
4 (RBP4), which is essential for the transport of retinol from the
liver to extrahepatic tissues. In the serum, the RBP4 –retinol
holoprotein is present as a tertiary complex with transthyretin
(TTR), which increases the molecular weight of the retinol-
delivery vehicle, thus protecting the RBP4 –retinol complex
from rapid glomerular filtration and catabolism in the kidney.
Retinol binding to RBP4 is required for the formation of the
RBP4 –TTR complex; apo-RBP4 (devoid of retinol) has reduced
affinity for TTR. The synthetic retinoid drug fenretinide (Fig. 1)
displaces all-trans-retinol from RBP4 by competing for retinol-
binding sites on RBP4 (30), disrupting the retinol-dependent
RBP4 –TTR interaction (30, 31). Fenretinide administration
inhibited the accumulation of lipofuscin bisretinoids in the RPE
of Abca4�/� mice (26). Fenretinide was evaluated in clinical
trials for late-stage atrophic AMD (32), where the post hoc
analysis revealed a positive correlation between the reduction
of serum RBP4 below 1 �M and inhibition of the atrophic lesion
growth rate (32). However, only 51% of patients from the high-
est dose group, 300 mg/day, achieved this level of serum RBP4
reduction, although there was no correlation between the rates
of atrophic growth and serum RBP4 levels at RBP4 concentra-
tions higher than 1 �M (32). Because of the insufficient RBP4-
lowering efficacy, only a limited number of patients achieved
the desired level of RBP4 reduction, which prevented the atro-
phy growth rate difference between the 300 mg/day and pla-
cebo groups to reach statistical significance (32). Theoretically,
adequate RBP4 lowering could be achieved by increasing the
fenretinide dose. However, similarly to other retinoid drugs,
fenretinide is non-specific and toxic at elevated doses. Indepen-
dent of its action as an antagonist of retinol binding to RBP4,
fenretinide induces apoptosis in the RPE (33), promotes
hemangiosarcoma in mice, and is teratogenic (34, 35). Teratoge-
nicity makes fenretinide’s use problematic in STGD1 patients of
childbearing age. Thus, identification of new classes of non-reti-
noid RBP4 antagonists with adequate potency and acceptable
safety profile is of significant importance.

We recently reported the discovery and characterization of
several classes of non-retinoid RBP4 antagonists disrupting
retinol-induced RBP4–TTR interaction (36–38). One of the iden-
tified analogs, BPN-14136 (Fig. 1), has excellent drug-like char-
acteristics and demonstrates exceptional in vitro efficacy and
selectivity (37). Here, we describe the in vivo efficacy of BPN-
14136 in inducing partial reduction of serum RBP4 and visual
cycle retinoids such as retinaldehydes, robust inhibition of bis-
retinoid synthesis, and normalization of complement system

dysregulation. Notably, we report that positive attributes of
BPN-14136 are not associated with inhibition of the visual cycle
or significant suppression of the visual function in dark-
adapted eyes, which is consistent with the favorable ocular
safety profile of compounds from this pharmacological class.

Results

Compound identification

In our recent reports, we described medicinal chemistry
efforts conducted in pursuit of designing novel non-retinoid
RBP4 antagonists (36, 37). The starting point for ligand-based
rational drug design and optimization was A1120 (Fig. 1),
which was previously developed by Amgen for the potential
treatment of diabetes (39). Our efforts led to the discovery of
the novel RBP4 antagonist BPN-14136, which contains a
pyrimidine-4-carboxylic acid appended to a bicyclic [3.3.0]-oc-
tahydrocyclopenta[c]pyrrolo core (Fig. 1) (37). BPN-14136
exhibited excellent in vitro RBP4 – binding potency as well as
the robust in vitro ability to antagonize retinol-dependent RBP4
interaction with TTR (37). In light of the exceptional in vitro
potency, good selectivity, and optimal drug-like characteristics,
the compound was selected for further in vivo evaluation.

Pharmacokinetics (PK) and pharmacodynamics (PD) of
BPN-14136 in mice

Given that mouse genetic models of enhanced retinal lipo-
fuscinogenesis are widely used for characterization of com-
pounds capable of inhibiting bisretinoid synthesis, it was
important to determine mouse pharmacokinetic parameters
for BPN-14136 to ensure that adequate compound exposure
can be achieved in this animal species. Single-dose PK studies
conducted at 2 mg/kg intravenous and 5 mg/kg oral doses
showed very low plasma clearance (39.9 ml/h/kg), which is
optimal for the compound engaging its target in the systemic
blood circulation. BPN-14136 was very well-absorbed resulting
in oral bioavailability of about 100%, and it was slowly elimi-
nated from plasma after oral administration with an observed
Cmax of 11,027 ng/ml (28.2 �M) and corresponding Tmax at
2.0 h. The greater than 100% oral bioavailability may be related
to the low plasma clearance of BPN-14136. The high exposure
observed for BPN-14136 in mice (AUCINF of 129,400 ng/ml�h
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Figure 1. Chemical structure of RBP4 ligands retinol, fenretinide, A1120,
and BPN-14136.
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after the oral dose) fully justifies the use of mouse models for
characterization of in vivo efficacy of this compound. The
mouse PK properties of BPN-14136 are summarized in Table 1.
The overall favorable PK profile of BPN-14136 defined in this
mouse study (good oral bioavailability, low clearance and high
exposure) is similar to the one that we previously reported for
this compound in rats (37).

To confirm the in vivo target engagement in mice, we studied
the effect of a single dose of BPN-14136 on the level of plasma
RBP4. Aliquots of plasma samples collected during the PK
experiments were used to analyze plasma RBP4 concentrations.
After a single 5 mg/kg oral dose of BPN-14136, a maximum 90%
decrease in plasma RBP4 was observed (Fig. 2A), whereas a 75%
plasma RBP4 reduction was achieved following intravenous
dosing of 2 mg/kg (Fig. 2B). The dynamics of in vivo RBP4
lowering after oral and intravenous dosing of BPN-14136
showed a correlation between the presence of the compound in
circulation (Fig. 2, C and D) and a reduction in serum RBP4 (Fig.
2, A and B). The long exposure and slow clearance of BPN-
14136 achieved after a single oral dose (Table 1) correlated very
well with the magnitude of the RBP4 reduction (90% reduction
at the 8-h time point) and the duration of the RBP4 lowering
effect (65% reduction at the 24-h time point). These data pro-
vide evidence for a good PK–PD relationship between com-
pound exposure and biological response.

Effects of BPN-14136 on visual cycle retinoids and
regeneration rate of visual chromophore

Visual cycle retinoids such as all-trans- and 11-cis-retinalde-
hyde serve as precursors in the biosynthesis of cytotoxic bisreti-
noids (40, 41). To prove that BPN-14136 – evoked reduction in
serum RBP4 can induce the desired partial reduction in levels of
visual cycle retinoids, we examined retinoid content in the eye-
cup extracts of 12-week-old light- or dark-adapted BALB/cJ
mice that were orally administered BPN-14136 for 2 weeks at a
dose that induced maximal serum RBP4 reduction. The 2-week
BPN-14136 treatment induced the desired partial visual cycle
retinoid reduction in dark-adapted mice, as well as in light-
adapted animals (Table 2). It is noteworthy that despite the

maximally possible 90% serum RBP4 reduction induced by
BPN-14136, only a partial 40 –50% decrease in visual cycle ret-
inoids (retinyl ester, 11-cis-retinal, and all-trans-retinal) was
induced by the compound treatment. The concentration of the
visual chromophore, 11-cis-retinal, was reduced by 40% in
dark-adapted mouse eyes (Table 2). To determine whether
BPN-14136 treatment affected the rate of chromophore regen-
eration (which reflects the rate of the visual cycle), we measured
11-cis-retinal regeneration following the exposure of dark-
adapted animals to photobleaching. Dark-adapted mice were
subjected to 1000 lx light for 5 min, which bleached �90% of
rhodopsin. We conducted visual cycle retinoid measurements
immediately following bleaching (0 min) as well as at 10, 20, 30,
and 40-min time points after returning animals to the dark.
Bleaching of dark-adapted mice induced the expected decrease
in 11-cis-retinal and a concomitant increase in all-trans-retinal
(Table 2). The amount of 11-cis-retinal increased during recov-
ery in the dark environment, and the rate of 11-cis-retinal
regeneration was not different in BPN-14136 –treated animals
compared with vehicle-treated controls (Fig. 3). These data
indicate that BPN-14136 treatment does not reduce the rate of
the visual cycle while partially reducing the retinoid load in the
retina.

BPN-14136 treatment does not cause delayed dark adaptation
in mice

Delayed dark adaptation, which represents a period of
reduced light sensitivity following exposure to bright light, can
be assessed by measuring recovery of the ERG a- and b-wave
amplitude following exposure to the bleaching light (26, 42, 43).
Kinetics of the ERG amplitude recovery after bleaching physi-
ologically reflects the rate of the visual retinoid cycle (42). To
determine whether BPN-14136 influences the rate of ERG a-
and b-wave recovery, BALB/cJ mice were orally administered
BPN-14136 for 2 weeks at the dose that induced a maximal
serum RBP4 reduction. After the overnight dark adaptation,
mice were subjected to photobleaching (1000 lx for 5 min to
bleach �90% of visual pigment). ERG a- and b-wave amplitudes
were recorded using dim light flashes delivered immediately
before and after photobleaching, as well as at regular intervals
after returning animals to the dark (Fig. 4). There was no differ-
ence in pre-bleach ERG a- and b-wave amplitudes in treated
and control animals, and we found no significant difference in
rates of b-wave recovery in BPN-14136- and vehicle-treated
mice in a 12 time-point study (Fig. 4). The lack of delay in return
of rod photoresponse after photobleaching in compound-
treated animals supports the conclusion that BPN-14136 treat-
ment did not induce physiological inhibition of the visual cycle.

Electroretinography and rhodopsin measurements

Significantly reduced concentration or activity of rhodopsin
in the retina may lead to decreased rod sensitivity that mani-
fests in humans as nyctalopia (poor or no vision in low-light
conditions) (44). Rhodopsin, which mediates low-illumination
vision, is a complex of opsin protein and 11-cis-retinaldehyde.
Given that 2-week BPN-14136 treatment induced a 40% reduc-
tion in dark-adapted levels of 11-cis-retinaldehyde (Table 2),
we assessed the effect of compound administration on dark-

Table 1
In vivo pharmacokinetics data for BPN-14136 following intravenous
(i.v.) and oral (p.o.) administration in mice
Dosing cohorts consisted of three groups of drug-naive adult male CD-1 mice.
Mean BPN-14136 concentrations per time point were used to calculate the
composite PK parameters by non-compartmental analysis using the WinNonlin
program.

Route Dose Tmax
a Cmax

b T1⁄2
c Vss

d Cle AUClast
f AUCINF

g %Fh

mg/kg h ng/ml h ml/kg ml/h/kg h�ng/ml h�ng/ml
i.v. 2 0.083i 10,930 5.6 233 39.9 49,960 50,140 NAj

p.o. 5 2 11,027 5.0 NAj NAj 129,300 129,400 103.2
a Time of maximum observed concentration of BPN-14136 in plasma.
b Peak plasma concentration of BPN-14136 is shown.
c Apparent half-life of the terminal phase of elimination of compound from

plasma is shown.
d Volume of distribution is at steady state.
e Cl is total body clearance.
f Area under the plasma concentration versus time curve from 0 to the last time

point that compound was quantifiable in plasma is shown.
g Area under the plasma concentration versus time curve from 0 to infinity is

shown.
h Bioavailability is F � (AUCINFpo � doseiv) � (AUCINFiv � dosepo).
i First plasma collection time is shown.
j NA means not applicable.
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adapted ERG parameters. After 2 weeks of BPN-14136 admin-
istration at a dose that induces 90% serum RBP4 reduction, the
ERG waveforms remained normal, and the ERG intensity-re-
sponse curves overlapped for both vehicle- and BPN-14136-
treated BALB/cJ mice (Fig. 5). As ERG gave no physiological
evidence of impaired rod function in dark-adapted eyes, we
studied the effect of 11-cis-retinaldehyde reduction on rhodop-
sin levels. Rhodopsin concentration was spectrophotometri-

cally measured in dark-adapted retina excised from BALB/cJ
mice following the 2-week oral dosing of BPN-14136. As shown
in Fig. 6, we detected a 25% reduction in rhodopsin concentra-
tion in a dark-adapted retina in response to BPN-14136 treat-
ment. Interestingly, this 25% rhodopsin reduction did not man-
ifest itself in detectable functional changes as evidenced by
normal ERG in dark-adapted compound–treated animals.

Figure 2. Pharmacodynamic and pharmacokinetic properties of BPN-14136 in mice. Plasma RBP4 levels in CD-1 mice following a single 5 mg/kg oral (A)
and a single 2 mg/kg intravenous (B) administration of BPN-14136 are shown. Plasma compound levels following administration of a single oral 5 mg/kg dose
(C) and a 2 mg/kg intravenous dose (D) of BPN-14136 are shown. Data are represented as the mean � S.D. Three mice per each time point of blood collection
were used in the study.

Table 2
Effect of BPN-14136 treatment on concentration of visual cycle retinoids in mouse eyes
Recovered visual cycle retinoids were quantified after their extraction from dark-adapted (DA) and light-adapted (LA) mouse eyes as well as from the eyes collected
immediately after exposure to photobleaching (PB) as described under “Experimental procedures.” The number of animals per treatment group is shown in parentheses.
The effect of treatment within each group was analyzed using t tests. Statistical significance was determined using the Holm-Sidak method, with � � 0.05. Each retinoid
group for a given light condition was analyzed individually, without assuming a consistent S.D. Data are represented as mean � S.D. ns, p 	 0.05; **, p � 0.01; ***, p � 0.001;
****, p � 0.0001. RAL is retinaldehyde.

Treatment group 11-cis-RAL All-trans-RAL
All-trans-retinyl

palmitate

pmol/eye pmol/eye pmol/eye
DA

BPN-14136 (n � 6) 188.2 � 27.6**** 14.5 � 3.3** 46.6 � 7.1ns

Control (n � 6) 315.5 � 18.8 21.1 � 3.4 59.3 � 13.5
LA

BPN-14136 (n � 6) 30.8 � 7.5*** 51.9 � 7.0** 56.6 � 18.0**
Control (n � 6) 120.4 � 43.9 90.6 � 28.8 96.2 � 17.6

PB
BPN-14136 (n � 6) 16.9 � 2.6** 111.0 � 7.7**** 58.7 � 5.3****
Control (n � 6) 27.1 � 5.8 182.7 � 17.5 112.4 � 16.4
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BPN-14136 inhibits bisretinoid synthesis in Abca4�/� mice

To determine the effect of BPN-14136 on bisretinoid levels in
the eye, we administered the compound at a daily dose of 20
mg/kg to Abca4�/� mice for a period of 12 weeks. Blood sam-
ples were collected from treatment groups at baseline and
weeks 2, 6, and 12 to measure the level of serum RBP4. Chronic
oral administration of BPN-14136 induced a 90% decrease in
serum RBP4 levels at all time points compared with the baseline
levels (Fig. 7A). Levels of lipofuscin fluorophores (A2E) in
mouse eyecup extracts were chromatographically determined
at the end of the 12-week treatment. The levels of bisretinoid
accumulation were significantly higher in the vehicle-treated

Abca4�/� mice than in WT controls (Fig. 7B). Administration
of BPN-14136 reduced the formation of A2E in BPN-14136 –
treated Abca4�/� mice compared with vehicle-treated
Abca4�/� animals by �50%. To confirm the data obtained
from the biochemical analysis of lipofuscin fluorophores, we
conducted quantification of lipofuscin autofluorescence in
mouse retinal cryosections (Fig. 8). We captured and analyzed
autofluorescence images from mouse retinal sections prepared
from eyes of WT untreated mice as well as from vehicle- and
BPN-14136 –treated Abca4�/� mice. The images were cap-
tured using the excitation wavelength of 488 nm and emission
wavelengths of 500 – 600 nm. The analysis showed significant
fluorophore accumulation in the RPE of the vehicle-treated
Abca4�/� mice compared with the WT controls (Fig. 8). BPN-
14136 administration induced an �75% reduction in lipofuscin
fluorophores in compound-treated Abca4�/� mice compared
with vehicle-treated Abca4�/� animals (Fig. 8G). These data
are consistent with the biochemical analysis of A2E (Fig. 7)
corroborating the profound inhibitory effect of BPN-14136 on
the in vivo accumulation of toxic lipofuscin bisretinoids in the
animal model of enhanced lipofuscinogenesis. We did not note
any obvious signs of systemic compound toxicity, such as weight
loss or reduction in food consumption during the 12-week-long
chronic BPN-14136 dosing (Fig. S1). Analysis of the retina struc-
ture by light microscopy revealed no changes in retinal morphol-
ogy or thickness of the outer nuclear layer in relation to the
12-week-long compound treatment (Fig. S2), which is consistent
with the lack of obvious retinotoxicity for BPN-14136.

Normalization of complement system dysregulation

Previous studies showed that bisretinoids can induce activa-
tion of the complement cascade in RPE cells (45–49). Bisreti-
noid levels are significantly increased in the retina of Abca4�/�

mice where this increase induces secondary complement
system dysregulation and inflammation (46). We studied the
effect of a 12-week BPN-14136 dosing on complement cascade
activation in retinas of Abca4�/� mice. Complement Factor D
(CFD) is involved in activation of the alternative complement
pathway, whereas complement component C3 plays a central
role in activation of all three complement activation pathways.
By quantitative immunoblotting, CFD and C3 were signifi-
cantly increased in Abca4�/� mice compared with WT mice
(Fig. 9, A and G). In addition, specific antibodies detected sig-
nificantly higher CFD and C3 levels in the RPE and inner layers
of the retina of Abca4�/� mice compared with normal controls
(Fig. 9, B, C, H, and I). BPN-14136 treatment normalized up-
regulation of CFD and C3 in the retina as evidenced by the
decrease in specific band intensities on immunoblots (Fig. 9, A
and G) and by reduced immunofluorescence on retinal sections
(Fig. 9, B, C, H, and I). In addition to CFD and C3, complement
factor H (CFH), which acts as a down-regulator of the alternative
pathway activation, was significantly dysregulated in retinas of
Abca4�/� mice. CFH expression was decreased in Abca4�/� mice
versus WT mice, whereas BPN-14136 treatment partially restored
CFH to normal levels (Fig. 9, D–F). C-reactive protein is an acute-
phase reactant and acts as a non-specific serum biomarker for
chronic inflammation. Elevated C-reactive protein level is associ-
ated with cardiovascular disease, type 2 diabetes, and AMD. We

Figure 3. BPN-14136 treatment does not change kinetics of chro-
mophore regeneration in mice. Concentration of 11-cis-retinal was mea-
sured in eyes of BALB/cJ mice treated with BPN-14136 at the 20 mg/kg dose
for 2 weeks as well as in control eyes from vehicle-treated animals. Chro-
mophore concentration was assessed immediately after photobleaching (0
min) as well as at different time points after the bleach. Whereas the post-
bleach level of 11-cis-retinal at 0 min was lower in BPN-14136 –treated ani-
mals, no difference was observed between the two mouse groups at a rate of
11-cis-retinal regeneration. Slopes were plotted and analyzed using linear
regression. The difference between the slopes is not significant (p � 0.9477).
Data points are represented as the mean � S.D. In each treatment group, six
mouse eyes per time point were analyzed in the study.

Figure 4. Effect of BPN-14136 administration on kinetics of rod ERG a-
and b-wave amplitude recovery after photobleaching. ERG a- and b-wave
amplitude measurements (A and B, respectively) were conducted at indicated
time points after a photobleach (1000 lux, 5 min). Analysis was performed in
BALB/cJ mice following 2 weeks of BPN-14136 administration at the oral dose
that induced a maximal 90% serum RBP4 reduction. Six mouse eyes from the
control and compound-treated study groups were analyzed. For each time
point, Amax and Bmax values were normalized to the corresponding Amax

DA

and Bmax
DA (dark-adapted) values. Results are averaged from six eyes in each

group. Error bars show S.D. A two-way repeated measures ANOVA did not
reveal statistically significant differences overall (F(1, 4) � 0.60, p � 0.48) or at
any time point (statistical significance was determined using the Holm-Sidak
method, � � 0.05. Time course curves were fitted using one-phase exponen-
tial association.
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studied the level of C-reactive protein in the eyes of Abca4�/� and
WT mice by quantitative immunoblotting and immunocyto-
chemistry. Both analyses showed that the C-reactive protein levels
are increased in Abca4�/� mice compared with WT controls and
that this up-regulation was partially abolished by BPN-14136
treatment (Fig. 9, J–L).

Discussion

Accumulation of lipofuscin bisretinoids in the retina is asso-
ciated with several retinal degenerative diseases, including dry
AMD and Stargardt disease. Excessive production of lipofuscin
bisretinoids seems to be the major biochemical trigger of
monogenic Stargardt disease caused by recessive mutations in

Figure 5. Analysis of visual function by ERG in BPN-14136–treated and control BALB/cJ mice.Threeserialsingle-flashERGresponsesof increasingintensitywere
obtained for BPN-14136–treated and control mice under dark-adapted (scotopic, A–C) and light-adapted conditions (photopic, D–F). Intensity-response is plotted as
a function of a- and b-wave amplitude versus varying light intensities under dark-adapted (B and C) and light-adapted (E and F) conditions. Mice were orally adminis-
tered BPN-14136 for 2 weeks at a dose that induced 90% serum RBP4 reduction. Six mouse eyes from the control and BPN-14136–treated study groups were analyzed.
A t test did not reveal a statistically significant difference between the treated and untreated groups at any intensity (statistical significance was determined using the
Holm-Sidak method, � � 0.05. Each light intensity was analyzed individually.).
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the ABCA4 gene. In contrast, dry AMD has multifactorial eti-
ology with several different pathways contributing to the
pathophysiology of the disease. Much of the genetic risk for
AMD is associated with DNA polymorphisms in complement
cascade genes, and dysregulation of the complement system in
the retina is thought to underlie critical aspects of dry AMD

(21–24). One other important characteristic of dry AMD is age-
dependent accumulation of retinal lipofuscin (3, 12–17) that
matches the age-dependent increase in dry AMD prevalence.
Pathogenicity of lipofuscin bisretinoids in dry AMD may relate
to their well-documented direct cytotoxicity (50 –54), as well as
to their ability to induce activation of the complement cascade
in RPE cells (45–49). Direct retinaldehyde toxicity may also play
a role in AMD pathogenesis (18 –20). Given that dry AMD is
caused by multiple contributing factors, it seems reasonable to
suggest that an optimal drug therapy for this condition should
combine several positive attributes such as normalization of the
complement system dysregulation in the retina, inhibition of
bisretinoid synthesis, and attenuation of retinaldehyde toxicity.
Here, we describe characterization of the advanced RBP4
antagonist, BPN-14136, as a potential therapy for Stargardt dis-
ease and dry AMD. As part of the Blueprint Neurotherapeutics
(BPN) Network Project (National Institutes of Health), we used
A1120 (Fig. 1) as a starting point in pursuit of designing new
classes of non-retinoid RBP4 antagonists (36, 37). BPN-14136
(Fig. 1) was identified as a novel RBP4 antagonist (37) that dem-
onstrated robust in vitro potency, excellent selectivity, and
highly favorable other drug-like characteristics (37).

Before advancing BPN-14136 to in vivo characterization in
mouse models, we conducted a mouse PK study to ensure ade-
quate compound exposure in this species after oral dosing. One
other goal was to demonstrate in vivo target engagement and to
establish proof of in vivo activity in mice by assessing the
dynamics of plasma RBP4 levels in response to BPN-14136
administration. The mouse PK study confirmed that BPN-
14136 is very well-absorbed resulting in high oral bioavailability
with slow elimination. Very good PK–PD correlation between
the reduction in plasma RBP4 and increase in compound con-
centration was observed.

Visual cycle retinoids such as all-trans- and 11-cis-retinalde-
hyde serve as precursors in the biosynthesis of cytotoxic bisreti-
noids (40, 41). To confirm the mechanistic link between serum
RBP4 reduction and inhibition of bisretinoid formation, we
studied the effect of BPN-14136 on visual cycle retinoids. BPN-
14136 administration elicited the desired 40 –50% partial
reduction in total concentration of visual cycle retinoids in
dark-adapted mice, as well as in light-adapted animals (Table
2). The concentration of retinaldehydes was reduced by 40% in
dark-adapted eyes and by 60% in light-adapted mouse eyes.
This appreciable retinaldehyde reduction is consistent with the
ability of RBP4 antagonists to attenuate aldehyde toxicity in the
retina. It is important to stress that despite the maximally pos-
sible 90% pharmacological inactivation of the RBP4 –TTR
delivery route by BPN-14136, only a partial 30 – 60% decrease in
visual cycle retinoids was induced by the compound treatment.
This may indicate that the residual RBP4 activity is sufficient
for maintaining retinol delivery required to partially sustain
visual retinoid synthesis in the retina. Alternatively, this may
point to the capacity of non-RBP4 routes of retinoid supply to
the retina to provide sufficient amounts of retinoids to maintain
proper visual cycle function. There are several alternative
RBP4-independent pathways for retinoid delivery to the target
organs, including the retina (55–60). Following a consumption
of the vitamin A-containing meal, dietary retinoids are pack-

Figure 6. Comparison of rhodopsin levels in BPN-14136 –treated and
control BALB/cJ mice. The amount of rhodopsin was measured spectropho-
tometrically in retinal extracts from BPN-14136 –treated and control mice (A).
Treated mice (n � 4) were orally administered BPN-14136 at 20 mg/kg for 2
weeks. The amount of pigment is expressed as absorbance difference before
and after light irradiation at the wavelength of maximum absorption of rho-
dopsin (�max � 500 nm). Each data point represents the average of three
measurements from one retinal extract prepared from two BPN-14136-
treated or control animal retinas. An unpaired t test on the ungrouped data
revealed a statistically significant 25% decrease in rhodopsin concentration in
treated animals compared with the control group (p 
 0.05). B, representative
rhodopsin bleaching difference spectra for control and BPN-14136 –treated
mice. The representative bleaching difference spectra are taken from a single
retinal extract prepared from two mouse eyes of control and compound-
treated animals.

Figure 7. Effect of long-term oral BPN-14136 administration in Abca4�/�

mice. A, serum RBP4 levels were measured in vehicle-treated Abca4�/� mice
(black circles; n � 7) and BPN-14136 –treated Abca4�/� mice (blue squares, n �
8) at the indicated time points. BPN-14136 formulated in a chow was dosed at
20 mg/kg. Compared with day 0, statistically significant 90% RBP4 reduction
at weeks 2, 6, and 12 was seen in the BPN-14136 treatment group (two-way
ANOVA with Sidak post hoc test, p 
 0.0001). Error bars show S.D. Each data
point on the graph represents a serum RBP4 concentration from an individual
animal. B, effects of BPN-14136 treatment on the level of the lipofuscin fluo-
rophore A2E in eyes of the Abca4�/� mice. Bisretinoids were extracted from
the eyecups of vehicle-treated Abca4�/� WT mice (black circles, 8 eyes), vehi-
cle-treated Abca4�/� knockout mice (red squares, 14 eyes), and BPN-14136 –
treated Abca4�/� mice (blue triangles, 16 eyes) after 12 weeks of dosing and
analyzed by HPLC. A significant 50% reduction in A2E concentration was
detected in BPN-14136 –treated Abca4�/� mice compared with vehicle-
treated knockout controls (one-way ANOVA with Holm-Sidak post hoc test,
p 
 0.0001 (****)).
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aged in chylomicrons that are delivered predominantly to the
liver. However, 25–33% of postprandial retinoid-laden chylo-
microns are taken by extrahepatic vitamin A-dependent tis-
sues, such as the retina (55). In addition to chylomicron deliv-
ery, retinoic acid can be delivered to the target organs in a
complex with serum albumin (56). Moreover, de novo vitamin
A biosynthesis from dietary �-carotene has been documented
in the RPE cells and other tissues (56, 61) thus exemplifying yet
another RBP4-independent route of retinoid supply to the ret-
ina. Together, these data provide a possible explanation as to
why the visual cycle remains functional in mice despite the
maximally possible pharmacological inactivation of the RBP4 –
TTR delivery route by BPN-14136 and support the view that

it would be incorrect to regard pharmacological reduction of
serum RBP4 as synonymous to systemic vitamin A depriva-
tion. Published reports indicate that Rbp4�/� mice are phe-
notypically normal with no systemic abnormalities (55, 57,
58) or histological signs of retinal degeneration (62). At
weaning (19 –21 days postnatal), Rbp4�/� mice have
reduced ERG amplitudes that normalize on a standard vita-
min A-sufficient chow (55, 57) after RBP4-independent
routes of vitamin A delivery replenish congenitally depleted
retinoid stores in the retina (57). TTR knockout mice do not
display symptoms of vitamin A deficiency despite low serum
RBP4 and the absence of the circulating retinol–RBP4 –TTR
complex (63). It therefore seems unlikely that partial reduc-

Figure 8. Lipofuscin autofluorescence in mouse retinal sections. A–C, autofluorescence images from mouse retinal sections prepared from eyes of WT
untreated mice (A), vehicle-treated Abca4�/� mice (B), and BPN-14136 –treated Abca4�/� mice (C). BPN-14136 formulated into a chow was dosed at 20 mg/kg
for 12 weeks. The images were captured with confocal microscope under the �40 oil objective using the excitation wavelength of 488 nm and emission
wavelengths of 500 – 600 nm. D–F, merged images indicating the localization of peak lipofuscin autofluorescence (green) within retinal layers imaged in a
differential interference contrast mode. Retinal sections are from WT untreated mice (D), vehicle-treated Abca4�/� mice (E), and BPN-14136 –treated Abca4�/�

mice (F). Scale bar, 25 �m. G, quantitative analysis of lipofuscin autofluorescence in mouse retinal sections. Three animals per treatment group were used in the
study. For each eye, an average of 21 image fields (range: 9 – 41) from identical area of the retina was used for autofluorescence measurements. Each data point
on the graph represents an average of autofluorescence intensities in the RPE layer for images collected from a single animal. Statistical significance was
determined using one-way ANOVA with Holm-Sidak post-hoc test, p 
 0.0001 (****).
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tion in serum RBP4 induced by oral administration of RBP4
antagonists will be associated with symptoms of vitamin A
deficiency in patients who maintain a standard vitamin A-
and �-carotene–sufficient diet.

Reduced rate of visual chromophore (11-cis-retinal) regener-
ation after its light-induced isomerization is the underlying
mechanism of delayed dark adaptation, which represents a
period of reduced light sensitivity following exposure to bright
light. The speed of chromophore regeneration after photo-
bleaching reflects the rate of the visual cycle. Given that
BPN-14136 reduced the concentration of 11-cis-retinal by
40% in the dark-adapted eye (Fig. 3A), we wanted to deter-
mine whether BPN-14136 affects the rate of chromophore
regeneration. We conducted visual cycle retinoid measure-
ments immediately after photobleaching as well as at differ-
ent time points after returning animals to the dark. Photo-
bleaching of dark-adapted BALB/cJ mice induced an
expected decrease in 11-cis-retinal and a concomitant

increase in all-trans-retinal (Table 2). Indicating the prop-
erly functioning visual cycle, the amount of 11-cis-retinal
linearly increased during dark recovery in both BPN-14136
and vehicle-treated animals (Fig. 3). Importantly, the rate of
11-cis-retinal regeneration was not different in BPN-14136 –
treated animals compared with vehicle-treated controls (Fig.
3). This indicates that BPN-14136 treatment does not reduce
the rate of the visual cycle in mice while partially reducing
the retinoid load in the retina. Given the fact that RBP4
antagonists do not inhibit the rate of the visual cycle, they
should not be referred to as visual cycle inhibitors.

The rate of the visual cycle as well as the propensity of com-
pounds to induce delayed dark adaptation can be electrophysi-
ologically assessed by measuring recovery of the ERG b-wave
amplitude following exposure to a bleaching light. Kinetics of
the ERG b-wave recovery after photobleaching physiologically
reflects the rate of the visual retinoid cycle. There was no sta-
tistically significant difference in pre-bleach ERG b-wave

Figure 9. Normalization of complement system dysregulation in Abca4�/� mice by BPN-14136 treatment. A, D, G, and J, Western blots and histograms
showing expression levels of CFD (A), CFH (D), C3 (G), and C-reactive protein (J) in neurosensory retinas of WT animals (WT) and untreated Abca4�/� mice (KO)
compared with BPN-14136 –treated knockout animals (KO � BPN-14136). Each treatment group included six animals. The representative blots of at least three
independent experiments are presented. The histograms represent pixel volumes of CFD, C3, CFH, and C-reactive protein bands. The band densities were
normalized to actin. The vertical axes represent the ratio of pixel volume means � S.D. of the scanned bands on the immunoblots in arbitrary units. Statistical
significance was determined by one-way ANOVA with Holm-Sidak post hoc test; *, p �0.05; **, p �0.01; ***, p �0.001; ****, p �0.0001. Representative
whole-retina sections (B, E, H, and K) and confocal images of RPE cryosections (C, F, I, and L) from Abca4�/� WT mice, Abca4�/� knockout mice, and BPN-14136 –
treated Abca4�/� mice labeled for CFD (B and C), CFH (E and F), C3 (H and I), and C-reactive protein (K and L) are shown. Specific immunofluorescence is in red,
and nuclear staining performed using DAPI is in blue. All immunofluorescence images are representative of those collected from three to six individual eyes
from WT mice, untreated Abca4�/� mice, and BPN-14136 –treated KO mice. Scale bar, 25 �m.
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amplitudes in BPN-14136 –treated and control animals, and
the rate of the ERG b-wave recovery was identical in BPN-
14136- and vehicle-treated animals (Fig. 4). This is consistent
with our previous results for another RBP4 antagonist, A1120,
which did not induce the delay in the rate of the b-wave ampli-
tude recovery after a photobleach following 6 weeks of com-
pound dosing in Abca4�/� mice or after 3-week dosing in WT
129 p3/J mice (38). The lack of delay in return of rod photore-
sponse after a photobleach in compound-treated animals sup-
ports the conclusion that BPN-14136 treatment did not induce
physiological inhibition of the visual cycle in mice. This lack of
the visual cycle rate inhibition by RBP4 antagonists is one of the
most conspicuous differences between the pharmacological
classes of RBP4 antagonists and direct visual cycle enzyme
inhibitors, such as RPE65 antagonists. Although the direct
inhibitors of visual cycle enzymes, such as isotretinoin (27),
retinylamine (64), and emixustat (65), are able to decrease the
level of bisretinoids, these inhibitors also can induce a signifi-
cant delay in the recovery of rod function following exposure to
bright light (27, 64, 65).

Given that BPN-14136 induced appreciable reduction of
11-cis-retinal in dark-adapted and light-adapted mouse eyes
(Table 2), we examined the effect of such reduction on retinal
physiology using electroretinography. After 2 weeks of BPN-
14136 administration at a dose that induces 90% serum RBP4
reduction, the ERG waveforms remained normal, and the ERG
intensity-response curves overlapped for vehicle- and BPN-
14136 –treated BALB/cJ mice (Fig. 5). Similarly, no ERG
changes in response to fenretinide treatment were reported in
Abca4�/� mice (26). As ERG gave no physiological evidence of
impaired rod function in dark-adapted (or light-adapted) BPN-
14136 –treated mice, we studied the effect of compound
administration on rhodopsin levels. As shown in Fig. 6, we
detected a 25% reduction in rhodopsin concentration in a dark-
adapted retina in response to BPN-14136 treatment. Interest-
ingly, this 25% rhodopsin reduction was not manifested as
detectable functional changes as evidenced by normal scotopic
and photopic ERG in compound-treated animals. A non-linear
relationship between the extent of 11-cis-retinal lowering (40%
reduction) and a drop in rhodopsin (25% reduction) in dark-
adapted mouse eyes in response to the same extent of serum
RBP4 lowering may imply that more chromophore is produced
in the visual cycle than is required for complete opsin loading. If
an appreciable pool of “free” 11-cis-retinal unbound to opsin
exists in the dark-adapted retina, then pharmacological lower-
ing of 11-cis-retinal by RBP4 antagonists may potentially
reduce aldehyde and bisretinoid toxicity without significant
effect on phototransduction.

To study the ability of BPN-14136 to inhibit the formation of
lipofuscin fluorophores in the retina, we administered the com-
pound at a daily 20 mg/kg dose to Abca4�/� mice for 12 weeks.
BPN-14136 induced a sustained serum RBP4 reduction over
the treatment period (Fig. 7A), which translated to the inhibi-
tion of A2E formation by �50% in compound-treated animals
(Fig. 7B). Corroborating the biochemical analysis of A2E, quan-
tification of lipofuscin autofluorescence established that BPN-
14136 induced a 75% reduction of lipofuscin fluorophores in
compound-treated Abca4�/� mice (Fig. 8). Consistent with our

published data for A1120 (38) and similar to previously
reported fenretinide results (26), we established that BPN-
14136 was able to significantly inhibit in vivo accumulation of
lipofuscin bisretinoids in the Abca4�/� knockout mouse model
of Stargardt disease.

Dysregulation of the complement system in the retina is one
of the critical features of dry AMD. Fortunately, this inflamma-
tory component of dry AMD phenotype can be partially mim-
icked in the Abca4�/� mouse model where enhanced accumu-
lation of lipofuscin bisretinoids induces dysregulation of the
complement system in the retina and complement-mediated
inflammation in the RPE (46). We studied the effect of BPN-
14136 on dysregulation of complement component C3, C-re-
active protein, CFD, and CFH in the Abca4�/� mouse retina.
BPN-14136 treatment normalized bisretinoid-induced up-reg-
ulation of CFD and C3 in the mouse Abca4�/� retina (Fig. 9,
A–C and G–I). Similarly, levels of C-reactive protein up-regu-
lated in the Abca4�/� mouse retina were reduced as a result of
the compound treatment (Fig. 9, J–L). Expression of CFH,
which was partially suppressed in the Abca4�/� mouse retina
(Fig. 9, D–F), was restored following administration of BPN-
14136. Given that complement system dysregulation in
Abca4�/� mice seems to be secondary to the excessive lipofus-
cin production, the most likely explanation for the beneficial
effect of BPN-14136 on normalization of the complement sys-
tem in this animal model relates to the ability of this RBP4
antagonist to inhibit bisretinoid synthesis (Fig. 7B). However,
emerging evidence suggests that independent of its retinol-traf-
ficking function, RBP4 can act as a direct modulator of inflam-
mation in different tissues (66 –68), including cells of the retina
(67). In addition to the robust inhibitory effect on bisretinoid
synthesis, RBP4 antagonists might potentially modulate direct
pro-inflammatory signaling by RBP4 thus conferring additional
benefits in reducing local retinal inflammation associated with
pathogenesis of dry AMD.

In summary, we have shown that BPN-14136, a highly opti-
mized RBP4 antagonist, can induce partial reduction of serum
RBP4 and visual cycle retinoids such as retinaldehydes, which
translated to robust inhibition of lipofuscin bisretinoid synthe-
sis and normalization of complement system dysregulation in
the retina. Importantly, these positive attributes of BPN-14136
were not associated with inhibition of the visual cycle as mea-
sured biochemically or electrophysiologically. In addition, no
detectable compound-induced suppression of the visual func-
tion in dark- or light-adapted mouse eyes was seen in the ERG
experiments that we conducted. BPN-14136 exemplifies a class
of compounds that may be advanced for characterization as an
oral therapy for dry AMD, Stargardt disease, and other forms of
retinal disease associated with accumulation of lipofuscin, reti-
naldehyde toxicity, or complement system dysregulation in the
retina.

Experimental procedures

Chemical synthesis

BPN-14136 was synthesized as described previously (37)
using the procedure outlined in supporting information.
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Animal experiments

All animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Columbia University and
were performed following the guidelines of the Association for
Research in Vision and Ophthalmology (ARVO) statement for
the “Use of Animals in Ophthalmic and Vision Research.”
Albino BALB/cJ mice, homozygous for the Leu-450 allele of
RPE65, were used in ERG and visual cycle retinoid experiments.
Abca4 null mutant mice (129/SV � C57BL/6J) homozygous for
the Rpe65–Leu-450 polymorphism were bred as described pre-
viously (69, 70) and used to study the BPN-14136 effect on
bisretinoid accumulation. CD-1 mice were used in pharmaco-
kinetic studies. Mice were maintained on a 12-h on/12-h off
light/dark cycle. For long-term oral dosing in Abca4�/� mice,
BPN-14136 was formulated into Purina 5035 rodent chow at
Research Diets, Inc. (New Brunswick, NJ) to ensure consistent
20 mg/kg daily oral dosing over the period of 12 weeks. To test
the effect of BPN-14136 on ERG parameters and to study the
effect of the compound on visual cycle retinoids, BALB/cJ mice
(The Jackson Laboratory) were dosed for 2 weeks with the BPN-
14136 – containing chow to ensure 8 mg/kg daily oral dosing
that induced 90% serum RBP4 reduction. In the rhodopsin mea-
surements experiment, BPN-14136 was administered for 2
weeks at the 20 mg/kg dose that induced 90% serum RBP4
reduction. RBP4-lowering potency for BPN-14136 peaks in
mice at the 5 mg/kg oral dose (90% serum RBP4 reduction) and
does not increase with further dose escalation. No strain-de-
pendent differences in RBP4 lowering potency for BPN-14136
were noticed.

Pharmacokinetic studies

Pharmacokinetic studies were conducted in CD-1 mice at
SRI International, Menlo Park, CA. Mice received a single i.v.
dose of a test compound at 2 mg/kg or a single p.o. dose of a
test compound of at 5 mg/kg. The i.v. vehicle was 3% N,N-
dimethylacetamide, 45% PEG300, 12% ethanol, 40% sterile
water; the p.o. vehicle was 2% Tween 80 in 0.9% saline. Blood
was collected from mice at pre-dose and at 5, 15, and 30 min
and at 1, 2, 4, 8, 12, 24, and 48 h post-dose for processing to
plasma. Following protein extraction with acetonitrile, com-
pound levels in plasma were measured by LC-MS/MS. Com-
pound plasma levels after oral administration of the 5 mg/kg
dose are presented in Table S1. The mean plasma drug level
values were analyzed using WinNonlin package by non-com-
partmental modeling with the sparse sampling feature. Ali-
quots of pre-dose plasma samples, as well as aliquots of plasma
PK samples, were used for the analysis of the serum biomarker
RBP4.

Serum and plasma RBP4 measurements

Given the excellent correlation between serum RBP4 and
serum retinol across a wide range of retinol concentrations, we
used serum RBP4, a surrogate marker for serum retinol in this
study. In the Abca4�/� dosing experiment, blood samples were
collected from a tail vein at pre-dose and after 2, 6, and 12 weeks
of BPN-14136 administration. Blood samples were collected
between 10:00 a.m. and 12:00 p.m. In ERG, rhodopsin measure-
ments, and visual cycle retinoid experiments, blood samples

were collected from BALB/cJ mice at pre-dose and after 2
weeks of compound treatment. Whole blood was drawn into a
centrifuge tube and was allowed to clot at room temperature for
30 min followed by centrifugation at 2000 � g for 15 min at 4 °C
to collect serum. Serum RBP4 was measured using the RBP4
(mouse/rat) dual ELISA kit (AdipoGen, Switzerland) following
the manufacturer’s instructions. Aliquots of plasma samples
collected in the mouse pharmacokinetic study were similarly
analyzed for the RBP4 concentration.

Retinoid extraction and analysis

For bisretinoid analysis, posterior eyecups were pooled and
homogenized in PBS using a tissue grinder. An equal volume of
a mixture of chloroform and methanol (2:1) was added, and the
sample was extracted three times. Bisretinoids were extracted
from the eyecups of untreated WT mice (8 eyes), vehicle-
treated Abca4�/� mice (14 eyes), and BPN-14136-treated
Abca4�/� mice (16 eyes). The pooled organic phases were dried
under a stream of argon and resuspended in 100 �l of methanol.
A2E was separated using a mobile-phase gradient of methanol
in water (85–96% methanol and 0.1% TFA) through a C18
reverse–phase column. A photodiode array detector was used
to monitor the absorbance of A2E at 430 nm. A2E levels were
quantified from the area of each peak using a synthetic A2E
standard for calibration.

For the analysis of visual cycle retinoids (retinyl ester, 11-cis-
retinaldehyde, and all-trans-retinaldehyde), the whole eyes
were homogenized with a glass grinder in lysis buffer (10 mM

NH2OH, 50% ethanol, 50% MES, pH 6.5), and retinoids were
extracted with hexane. Solvent was evaporated under argon
gas, and dried samples were resuspended in 200 �l of mobile
phase (11.2% ethyl acetate, 2.0% dioxane, 1.4% octanol, 85.4%
hexane) and injected into the HPLC at the isocratic flow rate of
1 ml/min for separation using a normal-phase 5-�m column.
Individual retinoids were quantified from the area of its corre-
sponding peak, determined by using synthetic purified retinoid
standards for calibration. Bisretinoid and visual cycle retinoid
extraction and analysis were conducted at EyeCRO, LLC (Okla-
homa City, OK).

Quantification of lipofuscin autofluorescence

Eyes from three freshly euthanized untreated WT mice,
three vehicle-treated Abca4�/� mice (14 eyes), and three BPN-
14136 –treated Abca4�/� mice were enucleated and fixed by
immersion in cold (�20 °C) 90% methanol, 10% MES (100 mM

MES, 1 mM EGTA, 1 mM MgSO4, pH 6.9), rehydrated in PBS,
and processed as described previously (71). Cryosections of 10
�m in thickness were prepared on Leica cryostat (Leica
CM1850) and mounted. Confocal imaging was performed on a
Nikon A1RMP laser-scanning system on an Eclipse Ti stand
(Nikon Instruments, Melville, NY) using a Plan Fluor 40�/1.3
oil objective (Nikon). Lipofuscin autofluorescence datasets
were acquired at 488 nm excitation and emission, and spectra
were collected between 500 and 600 nm as recommended pre-
viously (71). The confocal pinhole was set at 3 Airy units to
produce an optical section of 1.2-�m thick. A single optical
section was collected from the plane with maximum fluores-
cence. All scanning settings were held constant throughout the
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experiment. Autofluorescence intensity was determined by
using Fiji software (National Institutes of Health). For each
mouse eye, autofluorescence was quantified in an average of 21
image fields (range: 9 – 41) for each eye. Confocal microscopy
and the image analysis protocol used in this study were devel-
oped in the Confocal and Specialized Microscopy Shared
Resource facility of the Herbert Irving Comprehensive Cancer
Center at Columbia University, supported by National Insti-
tutes of Health Grant P30 CA013696 (from NCI). The A1RMP
confocal microscope was purchased with National Institutes of
Health Grant S10 RR025686.

Rhodopsin measurements

All procedures were carried out under dim red light. Mice
were dark-adapted overnight and euthanized. The eyes were
removed, and retinas were dissected. Immediately after tissue
collection, each retina was homogenized in 50 mM Tris-HCl,
pH 7.4, containing 100 mM hydroxylamine, and 0.2% cetyltrim-
ethylammonium chloride. Homogenates were centrifuged at
20,000 � g, and the supernatant absorbance (350 –700 nm) was
determined before and after the 2-min bleaching. The differ-
ence in absorbance between pre- and post-bleached samples at
500 nm was used to represent rhodopsin content. Representa-
tive rhodopsin bleaching difference spectra for control and
BPN-14136 –treated mice are shown in Fig. 6B.

Immunohistochemistry

Eyes from freshly euthanized mice were enucleated and
immersed in OCT solution (Tissue Tek, Sakura) and frozen in
liquid nitrogen. 10-�m sections were prepared on a Leica cry-
ostat (Leica CM1850). Sections were fixed in 4% paraformalde-
hyde for 10 min at room temperature. Sections were then
washed three times in PBS for 10 min at room temperature. The
non-specific sites are blocked using 5% host serum in PBS with
1% BSA and 0.5% Triton X-100 for 1 h at room temperature.
Section were then immunostained overnight at 4 °C with pri-
mary antibody in PBS with 1% BSA and 0.5% Triton X-100. The
following antibodies were used: sheep anti-complement Factor
H (1:200; ab8842; Abcam); rabbit anti-complement component
C3 (1:200; NBP1-32080; Novusbio); mouse anti-complement
Factor D (1:100; sc-373860; Santa Cruz Biotechnology, Inc.);
and mouse anti-C-reactive protein (1:100; sc-69770; Santa Cruz
Biotechnology, Inc.). Subsequently, sections were washed three
times in PBS, and donkey anti-sheep Alexa 594-conjugated sec-
ondary antibody (1:500; A11016; Molecular Probes, Life Tech-
nologies, Inc.), rhodamine red-X goat anti-mouse antibody
(1:500; R6393; Molecular Probes, Life Technologies, Inc.), or
rhodamine red-X goat anti-rabbit antibody (1:500; R6394;
Molecular Probes, Life Technologies, Inc.) were applied for 1 h
at room temperature. Sections were then washed with PBS and
covered by Vectashield mounting media with DAPI (Vector
Laboratories). The images of the mouse retina sections were
captured with a confocal microscope (Nikon Ti Eclipse Confo-
cal Microscopy) under �60 oil objective using excitation wave-
lengths of 350 and 570 nm with emission wavelengths of 470
and 590 nm, respectively. Images were processed, and analysis
for this work was performed in the Confocal and Specialized
Microscopy Shared Resource of the Herbert Irving Compre-

hensive Cancer Center at Columbia University, supported by
National Institutes of Health Grant P30 CA013696 from NCI.

Immunoblotting

Retinas were collected from Abca4�/� WT, vehicle-treated
Abca4�/�, and BPN-14136 –treated Abca4�/� mice. Samples
were homogenized in ice-cold isotonic Tris buffer (50 mM, pH
8.0) containing 0.5 mM sodium metavanadate, 1 mM EDTA, and
a protease inhibitor mixture (1:1000, Sigma), and protein con-
centrations were measured using the BCA protein assay (Ther-
moFisher Scientific). Proteins were separated by NuPAGE
BisTris gels (4 –12%) (Novex, Life Technologies, Inc.) and
transferred to polyvinylidene difluoride Novex, Life Technolo-
gies, Inc.). After blocking, membranes were incubated in sheep
anti-complement Factor H (1:1000; NB100-62177; Novusbio),
rabbit anti-complement C3 (1:1000; NBP1-32080; Novusbio);
mouse anti-complement factor D (1:1000; sc-373860; Santa
Cruz Biotechnology, Inc.), and mouse anti-C-reactive protein
(1:1000; sc-69770; Santa Cruz Biotechnology, Inc.) overnight at
4 °C. Membranes were washed six times for 5 min in TBS, pH
7.5, containing 0.2% Tween (TBST) and then incubated in goat
anti-rabbit IgG-HRP secondary antibody (1:2000; sc-2004;
Santa Cruz Biotechnology, Inc.), rabbit anti-sheep IgG-HRP
(1:2000; sc-2770; Santa Cruz Biotechnology, Inc.), and anti-
mouse IgG-HRP (1:2000; 7076; Cell Signaling Technology) for
1 h at room temperature. �-Actin loading control was detected
using mouse anti-�-actin antibody (1:2000; A5441; Sigma). The
protein bands were visualized with enhanced chemilumines-
cence labeling using an ECL immunoblotting detection system
(Pierce, ThermoFisher Scientific, 32106). The developed films
(CL-XPosureTM Film, X-Ray Film; ThermoFisher Scientific)
were scanned, and the pixel volumes of the bands were deter-
mined by using ImageJ software (National Institutes of Health),
with the values in ratios of intensity. Each experiment was
repeated a minimum of three times.

Electroretinography

Mice were dark-adapted overnight before ERG experiments,
and recordings were carried out under dim red-light illumina-
tion. Mice were anesthetized with ketamine (100 mg/kg) and
xylazine (10 mg/kg). Body temperature was maintained at 37 °C
using a heating pad. Mouse pupils were dilated with 1% phen-
ylephrine and 1% cyclopentolate. Gold electrodes were placed
on the corneas, and gonioscopic prism solution (Alcon) was
applied to each eye. Subcutaneous 30-gauge needles on the
forehead and trunk were used as reference and ground elec-
trodes, respectively. The light stimulus was obtained from a
Ganzfeld dome. Maximum flash intensity was measured with a
calibrated light meter (J16; Tektronics Instruments, Beaverton,
OR). ERG responses were recorded simultaneously from both
eyes using an Espion Visual Electrophysiological System (Diag-
nosys) followed by an exposure to 1000 lux of bleaching light for
5 min. Under these conditions, 	90% of the rhodopsin was
bleached. The ERG was recorded from the cornea with gold
electrodes for 50 min immediately after bleaching for b-wave
recovery study. During the scotopic and photopic study, rod
and mixed rod-cone responses were recorded in dark-adapted
mice using pulses of 0.001 and log �2.8 cd � s/m2 (white 6500
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K), log �1 cd � s/m2 (white 6500 K), and log 1.9 cd � s/m2

(white 6500 K). Then, mice were light-adapted for photopic
responses for at least 5 min in the Ganzfeld dome. Recordings
were carried out under rod-suppressing continuous back-
ground illumination of 30 cd/m2 (white 6500 K), and cone
responses were recorded using pulses of log �0.6 cd � s/m2

(white 6500 K), log 0.4 cd � s/m2 (white 6500 K), and log 1.47
cd � s/m2 (xenon). Results were analyzed by Espion V6
software.

Statistical analyses

SigmaPlot 14 (Systat Software, Inc.) and GraphPad Prism
7.03 (GraphPad Software, Inc.) software packages were used for
statistical analyses. Data are represented as the mean � S.D. To
mark statistical significance on figures, the GraphPad style was
used: ns, p 	 0.05; *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****,
p � 0.0001. For the analysis of ERG data, a t test was used.
Statistical significance was determined using the Holm-Sidak
method, � � 0.05. Data for each light intensity was analyzed
individually. Comparison of rhodopsin levels was performed
using an unpaired t test. In the long-term oral BPN-14136
administration experiment, serum RBP4 concentrations were
analyzed using two-way ANOVA with Sidak post hoc test, and
A2E lowering was analyzed using one-way ANOVA with
Holm-Sidak post hoc test.
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