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Opposing Effects of Valproic Acid Treatment Mediated by
Histone Deacetylase Inhibitor Activity in Four Transgenic
X. laevis Models of Retinitis Pigmentosa
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Retinitis pigmentosa (RP) is an inherited retinal degeneration (RD) that leads to blindness for which no treatment is available. RP is
frequently caused by mutations in Rhodopsin; in some animal models, RD is exacerbated by light. Valproic acid (VPA) is a proposed
treatment for RP and other neurodegenerative disorders, with a phase II trial for RP under way. However, the therapeutic mechanism is
unclear, with minimal research supporting its use in RP. We investigated the effects of VPA on Xenopus laevis models of RP expressing
human P23H, T17M, T4K, and Q344ter rhodopsins, which are associated with RP in humans. VPA ameliorated RD associated with P23H
rhodopsin and promoted clearing of mutant rhodopsin from photoreceptors. The effect was equal to that of dark rearing, with no additive
effect observed. Rescue of visual function was confirmed by electroretinography. In contrast, VPA exacerbated RD caused by T17M
rhodopsin in light, but had no effect in darkness. Effects in T4K and Q344ter rhodopsin models were also negative. These effects of VPA
were paralleled by treatment with three additional histone deacetylase (HDAC) inhibitors, but not other antipsychotics, chemical chap-
erones, or VPA structural analogues. In WT retinas, VPA treatment increased histone H3 acetylation. In addition, electron microscopy
showed increased autophagosomes in rod inner segments with HDAC inhibitor (HDACi) treatment, potentially linking the therapeutic
effects in P23H rhodopsin animals and negative effects in other models with autophagy. Our results suggest that the success or failure of
VPA treatment is dependent on genotype and that HDACi treatment is contraindicated for some RP cases.
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Introduction
Retinitis pigmentosa (RP) is a disorder involving progressive
death of retinal rod photoreceptors (Berson, 1993; Hartong et al.,
2006; Daiger et al., 2013). Mutations in Rhodopsin, encoding the

photosensitive rod pigment, cause 30% of autosomal-dominant
RP (ADRP) (Daiger et al., 2013). Some mutant rhodopsins re-
semble WT in yield and localization, fold correctly, and regener-
ate with 11-cis-retinal, whereas others have low expression,
aggregate, regenerate poorly, and are transported inefficiently to
the plasma membrane (Sung et al., 1991, 1993; Kaushal and
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Significance Statement

Retinitis pigmentosa (RP) is an inherited, degenerative retinal disease that leads to blindness for which no therapy is available. We
determined that valproic acid (VPA), currently undergoing a phase II trial for RP, has both beneficial and detrimental effects in
animal models of RP depending on the underlying disease mechanism and that both effects are due to histone deacetylase (HDAC)
inhibition possibly linked to autophagy regulation. Off-label use of VPA and other HDAC inhibitors for the treatment of RP should
be limited to the research setting until this effect is understood and can be predicted. Our study suggests that, unless genotype is
accounted for, clinical trials for RP treatments may give negative results due to multiple disease mechanisms with differential
responses to therapeutic interventions.
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Khorana, 1994; Kaushal et al., 1994). Rhodopsin misfolding likely
causes retinal degeneration (RD) via ER stress or proteasome
overload and proteostatic crisis (Lin et al., 2007; Chiang et al.,
2012, 2015; Lobanova et al., 2013). In patients, some mutants
cause uniform degeneration, whereas others cause sector RP
(Cideciyan et al., 1998), suggesting light-exacerbated disease. In
animal models, some mutants cause light-exacerbated RD due to
destabilization of mutant rhodopsin in the absence of chro-
mophore (Organisciak et al., 2003; Zhu et al., 2004; Paskowitz et
al., 2006; Tam and Moritz, 2007; White et al., 2007; Moritz and
Tam, 2010; Tam et al., 2010). Using Xenopus laevis models of RP,
we demonstrated that rhodopsin mutants cause cell death by at
least three pathways involving mutant opsin destabilization, pho-
toactivated rhodopsin destabilization, and rhodopsin mislocal-
ization (Tam et al., 2006, 2014, Tam and Moritz, 2007, 2009).

A controversial study of a cohort of seven patients suggested
that valproic acid (VPA) shows promise as an RP treatment
(Clemson et al., 2011), but was criticized for lack of supporting
research demonstrating a therapeutic mechanism (Sandberg et
al., 2011; Tzekov et al., 2011; van Schooneveld et al., 2011).
Follow-up reports suggested detrimental effects on acuity (Sisk,
2012; Bhalla et al., 2013). A recent study indicated opposing
effects of VPA in mice with PDE6B mutations (Mitton et al.,
2014). Nevertheless, a phase II clinical trial is under way.

VPA has anticonvulsant and mood stabilizing activities that are
used to treat epilepsy and bipolar disorder. Its mechanisms of action
are unclear due to complex pharmacology; it is a histone deacetylase
inhibitor (HDACi) (Phiel et al., 2001), a GABA transaminase inhib-
itor, and a sodium channel blocker (Johannessen, 2000; Löscher,
2002; Owens and Nemeroff, 2003). Its mood stabilizing effects are
due to inositol depletion (Williams et al., 2002). It can reduce ER
stress via glycogen synthase kinase inhibition (Chen et al., 1999;
Bown et al., 2002; Kim et al., 2005) and activate autophagy via PI3K
(Sarkar et al., 2005; Williams et al., 2008; Renna et al., 2010). VPA is
under investigation as a treatment for neurodegenerative diseases,
including Huntington’s (Chiu et al., 2011), Parkinson’s (Monti et al.,
2010) and Alzheimer’s (Loy and Tariot, 2002; Tariot and Aisen,
2009; Fleisher et al., 2011) diseases, and is reported to enhance clear-
ance of protein aggregates by autophagy (Renna et al., 2010; Fleming
et al., 2011).

Here, we investigated the therapeutic potential of VPA using
four transgenic X. laevis models of ADRP-expressing human rho-
dopsin mutants. Because three of the models show marked light
dependence of RD (Tam and Moritz, 2007, 2009), we also as-
sessed the interdependence of the effects of VPA and light
exposure. We found that VPA may ameliorate or exacerbate RD
depending on the underlying mutation. VPA ameliorated RD
and vision deficits caused by P23H rhodopsin, the most common
disease-causing RP mutation in North America (Sohocki et al.,
2001), but dramatically exacerbated RD caused by T17M rho-
dopsin in the presence of light. Effects in other models were neg-
ative and less pronounced. VPA treatment decreased the burden
of misfolded P23H rhodopsin. Similar results were obtained with
three other HDACi’s, but not with other antipsychotics, VPA
structural analogs, or chemical chaperones, indicating that both
the positive and negative effects were due to HDACi activity. Our
results indicate that applicability of VPA treatment in RP is likely
to be dependent on the patient genotype and that VPA treatment
will be contraindicated for some RP cases.

Materials and Methods
Generation, rearing, and drug therapy of transgenic X. laevis. Transgenic X.
laevis tadpoles were generated by mating heterozygous or homozygous

P23H, T17M, T4K, or Q344ter frogs with WT frogs. Embryos were
housed in 4 L tanks in an 18°C incubator on a 12 h light/dark cycle. At 2 d
postfertilization (dpf) (corresponding to developmental stage 23), ani-
mals of either sex were transferred into 1 L bins of 1� Ringer’s solution
with (10 �M) or without VPA or other drugs as indicated and grown in
either the presence or absence of cyclic light. Fresh drug solution was
prepared daily and renewed for 11 d. Animals were killed at 14 dpf
(stage 48). For CI-994, this period was shortened to 9 dpf (stage 46). One
eye was fixed in 4% formaldehyde buffered with 0.1 M sodium phosphate,
pH 7.4; the contralateral eye was solubilized in 100 �l of a 1:1 mixture of
PBS and SDS-PAGE loading buffer containing 1 mM EDTA and 100
�g/ml PMSF, as described previously (Tam et al., 2006) for dot blot
analyses, and the tail was clipped for PCR genotyping.

Dot blot analyses. Dot blots of X. laevis eye extracts were performed as
described previously (Tam et al., 2006). Blots were probed with primary
monoclonal antibody (mAb) B630N (Adamus et al., 1991) at a 1:15
dilution of tissue culture supernatant or mAb 1D4 (MacKenzie et al.,
1984) (University of British Columbia, University-Industry Liaison Of-
fice) at a 1:5000 dilution of 1 mg/ml solution, followed by IR-dye800-
conjugated goat anti-mouse antibody at 1:10,000 of 1 mg/ml solution
(Rockland). Each dot blot included standards containing 100% X. laevis
rod opsin (from WT retinas) and 100% human rod opsin (from trans-
fected cultured cells).

Immunohistochemistry and confocal microscopy. Fixed eyes were em-
bedded and cryosectioned as described previously (Tam et al., 2006).
Frozen sections were labeled with mAb 2B2 cell culture supernatant
(Hicks and Molday, 1986) at a 1:10 dilution or mAb 1D4 at a 1:5000
dilution of 1 mg/ml solution, followed by a 1:750 dilution of Cy3-
conjugated secondary antibody (Jackson ImmunoResearch) and coun-
terstained with Alexa Fluor-488-conjugated wheat germ agglutinin
(WGA; Invitrogen) and Hoechst 33342 (Sigma-Aldrich) as described
previously (Moritz et al., 1999). mAb 2B2 and 1D4 recognize the N and
the C terminus of mammalian rhodopsin, respectively. Sections were im-
aged using a Zeiss 510 laser scanning confocal microscope and 10� (air) or
40� (water-immersion) objectives. Image processing was performed using
Adobe Photoshop. For construction of figures, the fluorescent signals de-
rived from antibody labeling were adjusted linearly (i.e., no changes to
gamma settings). Signals derived from WGA and Hoechst 33342 staining
were adjusted nonlinearly to best demonstrate retinal architecture.

Extraction of genomic DNA and qPCR genotyping. Clipped tails were
immersed in 100 �l of genomic DNA extraction buffer (50 mM Tris, pH
8.5, 0.5% Tween 20, 200 �g/ml proteinase K) and incubated at 55°C for
2 h, 95°C for 10 min. Transgenic DNA was amplified using the
primers 5�-TGAACTGCAAGACGAGGC-3� and 5�-CAAGGTGAGAT
GACAGGAGATC-3� and amplification was detected using the FAM-
labeled probe 5�-CACTGAAGCGGGAAGGGAC-3� (Integrated DNA
Technologies).

Western blot analyses. X. laevis whole eye extracts were obtained as
described above. Briefly, total protein (5 �l/lane) was electrophoresed
through 1D 15% SDS-polyacrylamide gels and transferred to PVDF
membranes. Blots were blocked for 30 min at room temperature with 1%
milk powder in PBS, followed by overnight incubation with antibody
diluted in 0.1% milk powder and 0.05% Tween 20. Antibodies were
rabbit anti-acetyl H3 (1:250; Millipore 06-599) and mouse anti-
acetylated tubulin (Sigma-Aldrich 6-11B-1). Blots were washed with
PBS � 0.05% Tween 20 and similarly incubated for 1 h with secondary
antibodies IR-dye700-conjugated goat anti-mouse and IR-dye800-
conjugated goat anti-rabbit 1:10,000 of 1 mg/ml solution (Rockland).
The anti-acetyl H3 blot was stripped in 67 mM Tris, pH 6.8, 2% SDS, and
100 mM �-mercaptoethanol and reprobed with rabbit anti-H3 (AbCam
1791). A duplicate blot was probed with mouse anti-tubulin (Novus
Biologicals NB100-690). Blots were scanned at 700 and 800 nm using a
LICOR Odyssey Imaging System.

Electroretinography (ERG). Tadpoles (13 dpf) were dark adapted over-
night and all further procedures were done under red light illumination.
Immediately before analyses, tadpoles were anesthetized in 0.01% tric-
aine in 0.1� Marc’s Modified Ringer (MMR) until swimming and twitch
responses to stimuli ceased. Tadpoles were mounted on a gold ECG
electrode using 2% low-melting-point agarose containing 0.01% tricaine
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and a silver wire electrode housed in a glass microcapillary filled with 1�
MMR was positioned on the cornea using a micromanipulator. The elec-
trodes were connected to the head stage of a Model 1800 AC amplifier
(AM Systems) and the output of the amplifier was in turn connected to
the input of an Espion electroretinography unit designed for analysis of
human subjects (Diagnosys). A Ganzfeld dome was lowered over the
tadpole and the responses to a series of blue light flashes of increasing
intensity were recorded by the Espion unit. Each intensity was presented
five times and the results were averaged. After ERG analysis, tadpoles
were immediately fixed for histology and processed for genotyping as
described above. In the ERG experiment involving sodium butyrate
treatment, animals were derived from a homozygous/WT cross and
therefore genotyping was unnecessary. For each ERG experiment, all
animals were derived from the same mating and analyzed on the same
day using the same electrode.

Electron microscopy. Procedures for electron microscopy were per-
formed essentially as described previously (Tam et al., 2015). Briefly,

tadpoles treated with 10 �M VPA, 300 �M sodium butyrate, or untreated,
as described above, were killed at 6 dpf and fixed in 4% paraformalde-
hyde 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. Eyes were
infiltrated with 2.3 M sucrose in 0.1 M phosphate, embedded in optimal
cutting temperature medium (TissueTek) and cryosectioned (20 �m).
Cryosections were osmicated, dehydrated, infiltrated with Eponate 12
resin, and embedded as described previously (Tam et al., 2015). Sections
70 nm thick were cut, stained with uranyl acetate and lead citrate, and
examined in a Hitachi H7600 transmission electron microscope.

Statistics. Statistical analysis of dot blot data was performed on log-
transformed integrated intensity values. Dose–response data were ana-
lyzed by one-way ANOVA conducted separately on WT and transgenic
data, followed by Dunnet’s test. Experiments involving single drug con-
centrations and measurements of transgenic rhodopsin expression were
analyzed by two-way ANOVA. For two-way ANOVA, the reported
p-values were as follows: pg, effect of genotype; pt, effect of treatment; and
pi, interaction between treatment and genotype. Experiments involving

Figure 1. Effect of VPA on RD in transgenic X. laevis expressing P23H rod opsin. Top, Dot blot analysis of total rod opsin from whole eye extracts of P23H X. laevis (gray bars) and their WT siblings
(black bars). VPA ameliorates RD significantly in a dose-dependent manner (ANOVA, p � 1.5 � 10 �12). At 10 �M, the effect of VPA is equivalent to the effect of dark rearing. WT animals are
unaffected by VPA (ANOVA, p�0.363). p-values shown on chart are Dunnet’s multiple comparisons. n�10 –17 animals per condition. Error bars indicate SEM. Bottom, Representative cryosections
of contralateral eyes confirm that effects of VPA in dot blot assays are due to reduced RD in P23H-transgenic animals. OSs were stained with WGA (green) and Hoechst dye (blue). VPA treatment
resulted in greater density of OSs in P23H X.laevis. WT animals were unaffected. Scale bar, 50 �m.
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Figure 2. VPA ameliorates light-induced RD in a P23H rod opsin model. A, Dot blot analysis of P23H X. laevis and their WT siblings treated with 10 �M VPA in cyclic light and dark-reared conditions.
In cyclic light, the effect of genotype and treatment were significant (two-way ANOVA, pg � 6 � 10 �9, pt � 2 � 10 �5) and VPA treatment significantly modified the effect of genotype ( pi �
2 � 10 �5). In the dark, the effect of genotype was significant ( pg � 4 � 10 �5), the effect of treatment was minimally significant ( pt � 0.047), and treatment did not significantly modify the
effect of genotype ( p � 0.22). n � 5–13 animals per group. Error bars indicate SEM. B, Representative low-magnification confocal micrographs of (Figure legend continues.)
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Western blot detection of acetylated proteins were analyzed by Student’s
t test. ERG data were analyzed by two-way ANOVA (intensity vs condi-
tion, where condition is the combination of genotype and treatment),
followed by Tukey’s test for multiple comparisons or three-way ANOVA
(intensity vs genotype vs treatment). Statistical tests were performed
using SPSS software.

Results
VPA treatment provides dose-dependent protection from
retinal degeneration in transgenic X. laevis expressing P23H
rhodopsin
The P23H mutation in rhodopsin is the most common cause of
ADRP in North America. Previously, we developed lines of trans-
genic X. laevis that express human RP-associated rhodopsin mu-
tants such as P23H rhodopsin in rod photoreceptors under
control of the X. laevis rod opsin promoter (originally described
in Tam and Moritz, 2007). Transgenic tadpoles express human
P23H rhodopsin at very low levels (�1% of total rhodopsin) due
to a biosynthetic defect involving ER retention. To determine
whether VPA is a potentially effective treatment for RP, we ex-
posed P23H-transgenic X. laevis and their WT siblings to 10, 3, 1,
and 0 �M VPA in their aqueous environment for 11 d. The ani-
mals were reared in normal cyclic light (1700 lux, 12 h on, 12 h
off) or dark reared as a positive control for rescue of RD (Tam and
Moritz, 2007). Eyes were solubilized for rod opsin dot blot or
processed for confocal microscopy. In P23H animals, both VPA
treatment and dark rearing resulted in significantly higher rod
opsin signals, which were confirmed by histology to represent
decreased loss of rod photoreceptors (Fig. 1). The protective ef-
fect of VPA treatment was dose dependent, resulting in threefold
to sixfold higher levels of total rod opsin compared with un-
treated P23H animals. Log-transformed dot blot data were ana-
lyzed by one-way ANOVA followed by Dunnet’s multiple
comparisons and showed no effect of VPA on WT animals
(ANOVA, p � 0.36) and a significant effect on transgenic animals
(ANOVA, p � 1.5 � 10�12; p � 3.0 � 10�8 for 0 vs 10 �M; p �
0.0016 for 0 vs 3 �M). In addition, two-way ANOVA showed a
significant interaction between treatment and genotype, indicat-
ing that VPA treatment significantly modified the effect of
genotype (pi � 7 � 10�19).

VPA ameliorates light-induced retinal degeneration in a
P23H rhodopsin model of RP
Light-induced RD caused by misfolding of P23H rhodopsin has
been well described in the literature (Paskowitz et al., 2006; Tam
and Moritz, 2007; Tam et al., 2010). Previously, we determined
that dark rearing results in partial rescue of RD in X. laevis ex-
pressing human P23H rhodopsin (Tam and Moritz, 2007; Fig. 1)
and that the effects of light exposure are equivalent to those of
vitamin A deprivation (Tam et al., 2010). To determine whether
the rescue mechanism of VPA is analogous to dark rearing, we
exposed the animals to four experimental conditions: cyclic light

with or without 10 �M VPA and dark rearing with or without 10
�M VPA (Fig. 2). In cyclic light conditions, transgenic animals
treated with VPA had significantly less RD as assessed by total rod
opsin levels and histology compared with the nontreated group
(Fig. 2A–C,). Two-way ANOVA analysis of the results from ani-
mals reared in cyclic light shown in Figure 2A indicated signifi-
cant effects of both genotype and treatment (pg � 6 � 10�9; pt �
2 � 10�5) and a significant interaction between genotype and
treatment (pi � 2 � 10�5), indicating that treatment with VPA
altered the effects of genotype significantly. In contrast, al-
though the effect of genotype remained significant ( pg � 4 �
10 �5) in dark reared animals, treatment was marginally sig-
nificant ( pt � 0.047) and there was no significant interaction
of treatment and genotype ( pi � 0.22). Therefore, the effects
of dark rearing and VPA treatment on total rod opsin levels
were not additive, indicating that the rescue mechanisms of
VPA treatment and dark rearing are likely to be related and
redundant (Fig. 2A–C).

VPA does not alter P23H rhodopsin distribution, but reduces
P23H rhodopsin levels
As reported previously (Tam and Moritz, 2007), immunolabel-
ing of frozen sections using mAb 2B2, which binds mammalian
rhodopsin specifically, showed that P23H rhodopsin was trans-
ported from the inner segment (IS) to the outer segment (OS) in
greater quantities in dark reared animals relative to animals
reared in cyclic light (Fig. 2C) as a consequence of the pharma-
cological chaperone effect of 11-cis-retinal chromophore, which
is more abundant in dark-reared retinas (Tam and Moritz, 2007;
Tam et al., 2010). Unlike mAb 1D4, mAb 2B2 labels full-length
P23H rhodopsin specifically and not proteolytic degrada-
tion products such as N-terminally truncated forms (Tam and
Moritz, 2007). In contrast, VPA treatment had no appreciable
effects on the relative distribution of P23H rhodopsin between
outer and ISs (Fig. 2C). Interestingly, comparisons of animals
that were dark reared and either treated or untreated with VPA
(having indistinguishable levels of RD) demonstrated that VPA
treatment reduced the levels of P23H rhodopsin markedly in
both inner and OSs of rod photoreceptors (Fig. 2C) to the point
where it was difficult to detect the mutant protein in the majority
of cells. We quantified the effects of VPA on the mAb 2B2 label in
both inner and OSs by confocal microscopy (Fig. 2D) compared
with effects on WGA labeling of rod OSs, which served as a mea-
sure of rod photoreceptor content of the retina. (Antibody label-
ing of endogenous rhodopsin was not used because previous
experience indicated that the results are extremely nonlinear.)
We found a significant effect of VPA treatment on mAb 2B2
labeling in ISs (t test p � 7 � 10�5) and OSs (t test p � 9 � 10�7)
in the absence of significant change in WGA labeling (two-way
ANOVA Pi � 3.5 � 10�9). Tukey post hoc test after two-way
ANOVA did not indicate a significant difference between the
effects of VPA on IS versus OS 2B2 labeling (p � 0.817), although
the effect was significant by t test (p � 0.004), suggesting a greater
decrease in OS labeling relative to IS labeling. Overall, the results
do not support a chaperone mechanism in which VPA pro-
motes trafficking of P23H rhodopsin to the OS, but rather
indicate that clearing of misfolded P23H rhodopsin in dark-
reared animals was enhanced by VPA treatment, suggesting
that both dark rearing and VPA treatment act by reducing IS
levels of P23H rhodopsin.

4

(Figure legend continued.) cryosections from transgenic retinas expressing P23H rod opsin
stained with WGA. Scale bar, 200 �m. C, Representative high-magnification confocal micro-
graphs of transgenic retinas expressing P23H rod opsin stained with 2B2 anti-mammalian
rhodopsin (green), WGA (red), and Hoechst dye (blue). Dark rearing promotes OS localization of
P23H rhodopsin (arrowheads). VPA treatment does not alter P23H rhodopsin localization. ONL,
Outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar, 50 �m. D, OS
WGA and whole-retina 2B2 (P23H rhodopsin) signals were quantified in confocal microscopy
images of dark reared transgenic animals. 2B2 signal was markedly reduced in both IS and OS of
treated animals, whereas WGA signal was unchanged (two-way ANOVA pi � 3.5 � 10 �9,
t tests p � 7 � 10 �5, p � 9 � 10 �7, p � 0.004).
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Figure 3. VPA exacerbates light-induced RD in a T17M rod opsin model. A, Dot blot analysis of VPA-treated T17M X. laevis and their WT siblings in cyclic light and dark-reared conditions. In cyclic
light, the effects of genotype and treatment were significant ( pg � 1.7 � 10 �9, pt � 1.8 � 10 �9) and VPA treatment modified the effect of genotype significantly ( pi � 1.2 � 10 �6). In the
dark, there was no significant effect of genotype and no interaction between VPA and genotype ( pg � 0.56, pt � 0.029, pi � 0.67). n � 6 –16 animals per group. Error bars indicate SEM. B,
Representative low-magnification confocal micrographs of cryosections from transgenic retinas expressing T17M rod opsin stained with WGA. Scale bar, 200 �m. C, Representative high-
magnification confocal micrographs of transgenic retinas expressing P23H rod opsin stained with 2B2 anti-mammalian rhodopsin (green), WGA (red), and Hoechst dye (blue). Neither dark rearing
nor VPA treatment altered the distribution of T17M rod opsin significantly. ONL, Outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer. Scale bar, 50 �m. D, Total rod opsin (B630N)
and T17M rhodopsin (1D4) signals were quantified in dot blot analyses of dark-reared animals. Two-way ANOVA analysis showed no significant effects of treatment on antibody signals, indicating
that VPA treatment did not alter T17M rhodopsin expression levels. n � 11–13 animals for each condition.
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Figure 4. VPA has negative effects in a T4K rod opsin model and exacerbates RD in a Q344ter rod opsin model. A–D, Effects of VPA in a T4K rod opsin model. A, In cyclic light, effects
of genotype and treatment were significant ( pg � 5.8 � 10 –5, pt � 1.2 � 10 – 4) and negative, but treatment did not modify the effect of genotype ( pi � 0.45). In the dark, there
was no effect of genotype ( p � 0.111) and no interaction between treatment and genotype ( p � 0.133). n � 6 –11 animals per group. B, Representative low-magnification confocal
micrographs of transgenic retinas expressing T4K rod opsin stained with WGA. C, Representative high-magnification confocal micrographs of transgenic retinas expressing T4K rod opsin
stained with 2B2 anti-mammalian rhodopsin (green), WGA (red), and Hoechst dye (blue). VPA treatment did not alter T4K rod opsin distribution. D, Total rod opsin (B630N) and T4K
rhodopsin (1D4) signals were quantified in dark reared animals. Two-way ANOVA analysis showed that VPA treatment reduced the antibody signals ( p � 1.0 � 10 �4), but the effect
was not significantly different between total and transgenic rhodopsins ( p � 0.099). n � 6 –13 animals for each condition. E–G, Effects of VPA in a Q344ter rod opsin model. E, In cyclic
light, the effects of genotype and treatment were significant ( pg � 2 � 10 �7, pt � 1 � 10 �6) and treatment modified the effect of genotype significantly ( pi � 0.016). n � 8 –11
animals for each condition. F, Representative low-magnification confocal micrographs of transgenic retinas expressing Q344ter rod opsin stained with WGA. Scale bar, 200 �m.
G, Representative high-magnification confocal micrographs of transgenic retinas expressing Q344ter rod opsin stained with 2B2 anti-mammalian rhodopsin (green), WGA (red), and
Hoechst dye (blue). VPA treatment did not alter the distribution of Q344ter rod opsin. Scale bar, 50 �m. Error bars indicate SEM.
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Figure 5. The HDACi’s sodium butyrate (NaBu) and CI-994 reproduce the effects of VPA. A, Venn diagram showing overlapping pharmacological activities of compounds examined. B, Effect of
NaBu on total rod opsin levels. NaBu ameliorates RD in P23H X. laevis in a dose-dependent manner (ANOVA, p � 0.0022). Treatment with 300 �M sodium butyrate is equivalent to dark rearing. WT
animals are unaffected (ANOVA, p � 0.10). p-values shown are Dunnet’s multiple comparisons. n � 7–10 animals per group. C, Representative cryosections (Figure legend continues.)
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VPA exacerbates light-induced retinal degeneration in a
T17M rhodopsin model of RP
In transgenic X. laevis, T17M rhodopsin induces RD that is exac-
erbated by light exposure, but prevented by eliminating chro-
mophore binding, indicating that the underlying mechanism of
light-induced cell death requires photoactivation of the mutant
rhodopsin (Tam et al., 2014). Therefore, unlike RD caused by
P23H rhodopsin, this RD is likely caused by destabilization of the
mutant protein in rod OSs (Tam et al., 2014). We also developed
lines of transgenic X. laevis expressing human T17M rhodopsin
under control of the X. laevis rod opsin promoter, with no evi-
dence of biosynthetic defects such as ER retention (Tam and
Moritz, 2009; Tam et al., 2014). In initial experiments examining
the effects of VPA on RD caused by T17M rhodopsin in a line
expressing at 27% of total rhodopsin, we failed to observe a ben-
eficial effect of VPA (data not shown), but rather noted a reduc-
tion of total rod opsin by dot blot analyses in VPA-treated T17M
animals compared with the untreated group, the significance of
which was potentially limited by a “floor effect.” This led us to
reexamine the effect of VPA in a second line of transgenic animals
expressing T17M rhodopsin at relatively low levels (5% of total
rod opsin) causing minimal baseline RD. Surprisingly, we found
that, in cyclic light, VPA dramatically exacerbated RD in these
animals (Fig. 3A–C) and the effect occurred at the same doses that
protected against RD in P23H animals. This effect was not ob-
served in the absence of light exposure, indicating that VPA ex-
acerbates cell death induced by instability of photoactivated
rhodopsin specifically. Two-way ANOVA analysis of the data
shown in Figure 3A showed significant effects of genotype and
treatment in cyclic light conditions and that treatment modified
the effects of genotype significantly (pg � 1.7 � 10�9, pt � 1.8 �
10�9, pi � 1.2 � 10�6), whereas, in dark reared animals, there
was no effect of genotype, minimal effect of treatment, and no
interaction between the two (pg � 0.56, pt � 0.029, pi � 0.665).
Histology of frozen sections showed proper trafficking of T17M
rhodopsin to rod OSs in all four experimental groups, indicating
that VPA treatment does not introduce an alternate cell death
mechanism due to misfolding of T17M rhodopsin in the biosyn-
thetic pathway (Fig. 3C), but rather appears to exacerbate cell
death mechanisms that are already present. Furthermore, we ex-
amined expression levels of T17M rhodopsin by probing dot
blots of dark reared retinal extracts with the antibody B630N,
which recognizes both frog and mammalian rod opsins, and 1D4,
which recognizes mammalian rod opsin. There was no indication

of an alteration in the absolute or relative ratios of transgenic and
total rod opsins by two-way ANOVA (pi � 0.353; Fig. 3D).

VPA exacerbates light-induced retinal degeneration in T4K
and Q344ter rhodopsin models of RP
Previously, we developed lines of transgenic X. laevis expressing
human T4K rhodopsin in rod photoreceptors under control of
the X. laevis rod opsin promoter (Tam et al., 2014). Based on our
previous studies, light-exacerbated RD caused by T4K rhodopsin
and T17M rhodopsin share a common pathological mechanism
involving photoactivated mutant rhodopsin (Tam et al., 2014).
To determine whether VPA consistently exacerbates RD caused
by this mechanism, we treated animals expressing human T4K
rhodopsin (at 4% of total rhodopsin) reared in either cyclic light
or darkness with 10 �M VPA using an identical experimental
paradigm. We found that VPA treatment reduced total rod opsin
levels in T4K animals (Fig. 4A–D). However, the lack of a signif-
icant interaction between treatment and genotype (p � 0.452)
indicates that the effect is not equivalent to that seen in T17M
animals and may mirror a general downward trend in rod opsin
levels in treated WT animals also seen in several other experi-
ments. Nevertheless, the effect on total rod opsin in light-exposed
transgenic animals was unfavorable (pt � 0.00012 for effect of
treatment in two-way ANOVA, p � 0.006 for effect of treatment
on T4K animals by t test). Histology indicated that RD is higher in
these animals (Fig. 4B,C). Overall, we conclude that here was a
detrimental effect of VPA in this model of RP, although it may be
a generalized effect that is not specific to the T4K genotype. Fur-
thermore, despite a common requirement for photoactivated
rhodopsin, these results suggest that there may be significant dif-
ferences in the pathologies underlying RD caused by T4K and
T17M rhodopsin.

Q344ter rhodopsin lacks a C-terminal OS localization signal
and mislocalizes throughout the rod photoreceptor plasma
membrane. Based on our previous results using the equivalent
mutation (Q350ter) in X. laevis rhodopsin, this mutation likely
causes RD via a mechanism distinct from P23H rhodopsin and
T17M/T4K rhodopsins and the phenotype is not exacerbated by
light exposure (Tam et al., 2006). We subsequently developed a
line of transgenic animals expressing human Q344ter rhodopsin
in rods under control of the X. laevis rod opsin promoter at 10%
of total rod opsin levels. To determine whether VPA can influ-
ence this form of RD, we treated Q344ter animals reared in cyclic
light with 10 �M VPA. We found that VPA similarly exacerbated
RD in Q344ter animals (Fig. 4E–G; two-way ANOVA, pg � 2 �
10�7, pt � 1 � 10�6, pi � 0.016). This suggests that, despite
differences in the initiating events of retinal cell death (rhodopsin
mislocalization vs rhodopsin activation), RD caused by T17M
and Q344ter rhodopsins may share a common mechanism.

Similar to results obtained with T17M rhodopsin, VPA did
not alter the abundance or distribution of T4K rhodopsin (Fig.
4B,C). Dot blot data suggested a trend toward decreased trans-
genic rhodopsin, but this was not significantly different from the
effect observed on endogenous rhodopsin (pi � 0.099). Simi-
larly, the distribution of Q344ter rhodopsin was unaltered by
VPA treatment (Fig. 4G). Due to the absence of the C-terminal
1D4 epitope and saturating 2B2 signals in OSs, Q344ter expres-
sion levels could not be quantified as in Figures 2D, 3D, and 4D.

HDAC inhibitors (HDACi’s) ameliorate light-induced retinal
degeneration in a P23H rhodopsin model of RP
The wide spectrum of pharmacological activities ascribed to VPA
makes it difficult to determine which activity is responsible when

4

(Figure legend continued.) of contralateral eyes confirm that effects of NaBu in dot blot assays
are due to reduced RD in P23H-transgenic animals. OSs were stained with WGA (green) and
Hoechst dye (blue). NaBu treatment resulted in greater density of OSs in P23H X. laevis. WT
animals were unaffected. D, Dot blot analysis of total rod opsin from whole-eye extracts of P23H
X. laevis treated with varying concentrations of CI-994. CI-994 increased total rhodopsin signif-
icantly and in a dose-dependent manner (ANOVA, p � 4.5 � 10 �13). p-values shown on chart
are Dunnet’s multiple comparisons. n � 7–10 animals per group. E, Representative cryosec-
tions of contralateral eyes confirm that effects of CI-994 in dot blot assays are due to reduced RD
in P23H-transgenic animals. OSs were stained with WGA (green) and Hoechst dye (blue). CI-994
treatment resulted in greater density of OSs in P23H X. laevis. Scale bar, 50 um. F–K, Same as
described in Figure 2, A–C. F–H, Effects of NaBu on light-exacerbated RD in P23H animals were
identical to the effects of VPA (two-way ANOVA, cyclic light: pg � 3.7 � 10 �15, pt � 1.6 �
10 �9, pi �4.3�10 �6. Two-way ANOVA, dark: pg �0.03, pt �0.005, pi �0.11), n �5–14
animals per group. I–K, Effects of CI-994 on light-exacerbated RD were essentially identical to
the effects of VPA (two-way ANOVA, cyclic light: pg � 1.9 � 10 �7, pt � 0.038, pi � 5.0 �
10 �6; two-way ANOVA, dark: pg �2.2�10 �10, pt �1.6�10 �10, pi �0.036.). N�8 –12
animals per group. Error bars indicate SEM.
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an effect is observed. To elucidate the mechanism of action of
VPA in our models of RP, we tested nine compounds separately
using the experimental paradigm shown in Figure 1. The com-
pounds all share pharmacological properties with VPA and com-
prise four pharmacological groups: mood stabilizers, HDACi’s,
molecular chaperones, and structural analogs of VPA (Fig. 5A,
Table 1). We found that the HDACi’s vorinostat, CI-994, and
sodium butyrate ameliorated light-induced RD in P23H animals
(Fig. 5; vorinostat data not shown). CI-994 was tested using a
simplified dose–response protocol involving transgenic animals
only and a total of 7 d of drug exposure (Fig. 5D,E,I–K). Other
compounds shown in Figure 5A and Table 1 did not have statis-
tically significant effects. The data indicate that HDAC inhibition
is the common property underlying the efficacy of these com-
pounds as treatments for RD in P23H rhodopsin-transgenic
X. laevis. To our knowledge, this is the first report of beneficial
effects of sodium butyrate (Fig. 5B,C,F–H), vorinostat, and CI-
994 in an RP model.

HDACi’s exacerbate light-induced retinal degeneration in a
T17M rhodopsin model of RP
To determine whether the negative effect of VPA on RD in the
T17M model of RP was also due to HDAC inhibition, we simi-
larly treated T17M rhodopsin tadpoles with the HDACi’s sodium
butyrate (Fig. 6A–C) and CI-994 (Fig. 6D–F). Sodium butyrate
exacerbated RD caused by T17M rhodopsin in the presence of
light in a manner indistinguishable from the previously observed
effects of VPA (Figs. 3B,C, 6B,C). Again, results from animals
reared in cyclic light were highly significant by two-way ANOVA
(pg � 3.7 � 10�15, pt � 1.6 � 10�9, pi � 4.3 � 10�6) and, in the
absence of light, there was no significant degeneration and no
interaction of treatment and genotype (pi � 0.774). Similarly,
CI-994 also exacerbated RD caused by T17M rhodopsin in the
presence of light (pi � 2.6 � 10�5), but not in darkness (pi �
0.538; Fig. 6D–F). Therefore, HDAC activity was responsible for
both the beneficial (Fig. 5B–K) and detrimental (Fig. 6) effects of
these compounds.

VPA treatment increases retinal histone H3 acetylation, but
does not increase retinal tubulin acetylation
If HDACi activity mediates the beneficial effects of VPA activity
in the retina, then evidence of altered histone acetylation should
be present. We therefore examined the acetylation of histone H3
in WT retinas treated with VPA using Western blots of retinal
extracts probed with anti-acetyl H3 and anti-H3 antibodies. We

found that, in retinas treated with 10 �M VPA, acetylation of
histone H3 (normalized to H3 levels) was increased by 2.5-fold
relative to untreated animals (t test, p � 0.001; Fig. 7A). We
further confirmed that acetylation of histone H3 was upregulated
in rod photoreceptors by probing retinal cryosections with anti-
acetylated H3 antibodies and found that histone H3 acetylation
was uniformly upregulated in all retinal cell layers, including
photoreceptors (Fig. 7B). Because histone deacetylases can also
alter the acetylation of non-nuclear proteins, we also examined
tubulin acetylation by a similar assay, which is influenced by the
activity of HDAC6 and may be linked to alterations in protein
degradation pathways (Hubbert et al., 2002; Zhang et al., 2003;
Pandey et al., 2007). However, we found no evidence for in-
creased tubulin acetylation (normalized to tubulin levels) relative
to untreated animals (Fig. 7A), consistent with reports that VPA
has relatively low HDAC6 inhibitory activity (Gurvich et al.,
2004).

VPA treatment increases autophagy in rod photoreceptors
VPA has been reported to be an activator of autophagy (Sarkar et
al., 2005) and this activity has been suggested to mediate its ben-
eficial effects in models of neurodegenerative disorders such as
Huntington’s disease (Renna et al., 2010). To investigate whether
VPA increased autophagy in rod photoreceptor cells, we exam-
ined rod photoreceptors in WT retinas treated with VPA by elec-
tron microscopy and found that their ISs contained increased
numbers of autophagic structures, identifiable as vesicular struc-
tures with resolvable membranous or cytoplasmic contents,
sometimes surrounded by a double membrane (Fig. 8A–D). So-
dium butyrate has also been reported to increase autophagy (Lee
and Lee, 2012) and we observed similar effects in sodium-
butyrate-treated retinas (Fig. 8E,E�). In addition, we found signs
of increased autophagy in untreated retinas expressing human
P23H rhodopsin (Fig. 8F,F�), similar to results obtained previ-
ously with bovine P23H rhodopsin (Bogéa et al., 2015), suggest-
ing that RD caused by human P23H rhodopsin is associated with
increased autophagy, potentially as a protective response to large
quantities of misfolded rod opsin.

HDACi treatment rescues visual function measured by
electroretinography (ERG)
To determine whether VPA treatment promoted functional res-
cue of visual responses in addition to anatomical rescue of RD, we
examined the effects of VPA treatment on the ERG of WT and

Table 1. Additional compounds tested on P23H rhodopsin-transgenic X. laevis and results obtained

Compound Category Concentrations tested n p-valuea Most effective concentration

VPA MS, GSK3I, CC, HDACi 1, 3, 10 �M
b 13–15 1.5 � 10 �12 10 �M

Valpromide MS, SA 0.1, 0.3, 0.5, 1 mM 6 –11 NS —
Valnoctamide MS, SA 0.5 mM 10 –15 NS —
Lithium chloride MS, GSK3I 0.3, 1 mM

b 13–15 NS —
Carbamazepine MS 100 �M

b 7–12 NS —
4-PBA CC 3, 10, 30 �M

b 11–16 NS —
Curcumin CC 333 �M

b 7–9 NS —
Sodium butyrate HDACi 10, 30, 100, 300 �M

b 8 –9 0.0022 300 �M

Vorinostat HDACi 3, 10, 30, 100 �M
b 6 –7 0.007 30 �M

CI-994 HDACi 0.2, 0.6, 2, 6, 19, 37, 56 �M
c 7–10 4.5 � 10 �13 56 �M

d

ap-value associated with one-way ANOVA in an experiment comparable to that shown in Figure 1. For compounds tested at a single concentration, a t test (treated vs untreated) was used. p � 0.05, NS.
bHigher concentrations were toxic.
cHighest readily achievable concentration.
dAlthough 56 �M resulted in the highest total rod opsin levels, it did show some toxicity, so 37 �M was used in Figure 5I–K.

SA, Structural analog of VPA; MS, mood stabilizer; CC, chemical chaperone; GSK3I, glycogen synthase kinase 3 inhibitor.
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P23H tadpoles. We found that untreated P23H tadpoles reared in
cyclic light had a significantly reduced ERG response relative to
WT siblings, particularly at intermediate flash intensities, and
that this phenotype was ameliorated by treatment with 10 �M

VPA (Fig. 9A,B). Two-way ANOVA analysis of the data (log
intensity vs condition) showed a significant effect of condition
and subsequent multiple-comparisons tests (Tukey’s tests) indi-
cated that the untreated P23H animals were significantly differ-
ent from all other conditions (p � 0.02) and that no other
comparisons were significant. In addition, three-way ANOVA
(intensity vs treatment vs genotype) showed a significant interac-
tion between treatment and genotype (p � 0.022). We per-
formed a similar analysis using transgenic P23H tadpoles treated
with sodium butyrate and found a similar increase in ERG re-
sponses in treated animals (Fig. 9C,D). Two-way ANOVA anal-
ysis (log intensity vs condition) showed a significant effect of
sodium butyrate treatment (p � 0.012).

Discussion
Here, we provide evidence that VPA can promote the clearance of
misfolded P23H rhodopsin from rod photoreceptors, preventing
RD and promoting visual responses as assessed by histology and
electroretinography and supporting the use of VPA as a treat-
ment for RP involving misfolding of rhodopsin in the biosyn-
thetic pathway. Our results indicate that the beneficial effects of
VPA are mediated by its HDACi activity because the HDACi’s
vorinostat, CI-994, and sodium butyrate had identical beneficial
effects, whereas structural analogs or compounds sharing other

non-HDACi properties with VPA were ineffective treatments.
We did not find any evidence for a mechanism associated with
pharmacological chaperone activity, such as increased ER exit
and delivery of mutant rhodopsin to the OS, as originally sug-
gested (Clemson et al., 2011). In fact, we observed the opposite
effect, because treatment with VPA reduced the abundance of
mutant rhodopsin in rod photoreceptors. Interestingly, VPA
treatment did not provide complete rescue of RD either alone or
in combination with dark rearing. There was no added protective
effect of dark rearing, which also protects against RD dramati-
cally in these animals by promoting ER exit of the mutant rho-
dopsin (Tam and Moritz, 2007; Tam et al., 2010; Fig. 2A–C). The
lack of a synergistic effect of VPA treatment and dark rearing
further suggests that VPA acts by decreasing the burden of mis-
folded rhodopsin in the biosynthetic pathway. Because dark rear-
ing, VPA treatment, or the combination did not completely
protect against RD, it is possible that a second, uncharacterized
mechanism is responsible for the remainder of the RD observed
in these animals.

We also found that, in models of ADRP caused by mutations
that do not promote misfolding of rhodopsin, the effects of VPA
were detrimental and this was particularly significant in the case
of T17M rhodopsin, a mutation that also occurs frequently in RP
patients (Sullivan et al., 2013), in which light-exacerbated RD is
likely associated with photoactivation of the mutant rhodopsin
rather than misfolding in the biosynthetic pathway (Tam et al.,
2014). Notably, thedetrimentaleffectsofVPAwerenotassociatedwith

Figure 6. Effects of VPA on T17M-transgenic retinas are reproduced by the HDACi’s sodium butyrate (NaBu) and CI-994. A–C, Effects of NaBu on light exacerbated RD in T17M animals were
essentially identical to the effects of VPA. Panels are as described in Figure 3, A–C (two-way ANOVA, cyclic light: pg � 3.7 � 10 �15, pt � 1.6 � 10 �9, pi � 4.2 � 10 �6; two-way ANOVA, dark:
pg � 0.002, pt � 0.29, pi � 0.77). n � 8 –14 animals per group. D–F, Effects of CI-994 on light-exacerbated RD in T17M animals were essentially identical to the effects of VPA. Panels are as
described in Figure 3, A–C (two-way ANOVA, cyclic light: pg � 6.1 � 10 �11, pt � 5.2 � 10 �8, pi � 2.6 � 10 �5; two-way ANOVA, dark: pg � 0.156, pt � 0.013, pi � 0.538). n � 8 –13 animals
per group.
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altered localization or expression levels of
the mutant protein, indicating that VPA
does not interfere with normal biosynthe-
sis of rhodopsin or alter transgene expres-
sion levels. The mechanism underlying
this detrimental effect is not clear, but it
was also associated with the HDACi activ-
ity of VPA because it was similarly repro-
duced by treatment with sodium butyrate
and CI-994.

Our previous investigations suggest
that T4K and T17M rhodopsins cause
light-exacerbated cell death by similar
mechanisms involving photoactivation of
rhodopsin (Tam and Moritz, 2009; Tam et
al., 2014). However, RD caused by T17M
rhodopsin was much more dramatically
exacerbated by HDACi treatment. It is po-
ssible that the cell death mechanisms associ-
ated with these mutant rhodopsins diverge
after rhodopsin activation, although further
research is required.

We confirmed that systemic treatment
with VPA can alter histone acetylation in
the retina, including photoreceptors, by
Western blot and microscopy analysis.
However, levels of acetylated tubulin were
unchanged, suggesting that the effects of
VPA were not mediated by inhibition of
HDAC6, an HDAC of particular interest
due to its involvement in regulation of
proteolytic degradation pathways, includ-
ing regulation of aggresome formation
(Kawaguchi et al., 2003) and hsp90 chap-
erone activity (Kovacs et al., 2005). The
HDACi’s we tested are reported to inhibit
class I HDACs (1, 2, 3, and 8) with limited
activity toward class II HDACs (4, 5, 6, 7,
9, and 10), although complete data on
each inhibitor are not present in the liter-
ature (Table 2). Our results are most con-
sistent with the beneficial effect of VPA
and other HDACi’s mediated by a class I
HDAC, with HDAC1 and HDAC2 being
prime candidates. The pharmacological
effect responsible for the detrimental ef-
fects of VPA in T17M retinas is similar
and possibly identical.

Previous studies have suggested an
influence of HDACi’s on RD caused by
mutations in the PDE6B gene (Sancho-
Pelluz et al., 2010; Sancho-Pelluz and
Paquet-Durand, 2012; Mitton et al., 2014). Sancho-Pelluz et al.
found that treatment with trichostatin A, an inhibitor of class I
and II HDACs, was neuroprotective in the rd1 mouse (Sancho-
Pelluz et al., 2010; Sancho-Pelluz and Paquet-Durand, 2012), a
naturally occurring PDE6B knock-out (Bowes et al., 1990; Pittler
and Baehr, 1991). The rd1 mouse is a well characterized model
with aggressive RD that is associated with overabundance of
cGMP, the second messenger of the phototransduction cascade.
Mitton et al., 2014 found a similar protective effect of VPA in the
rd1 mouse, but exacerbation of RD in the rd10 mouse, which
carries a point mutation in PDE6B that is not a null allele and has

a slower rate of RD (Chang et al., 2007). Mitton et al., 2014 also
found altered expression of several neurotrophic factors on VPA
treatment, but the expression of rhodopsin and PDE6B were
unaffected.

We have not examined the effects of VPA on secondary de-
generation of cones, which does not occur to a significant extent
in our models in the two week timeframe of these experiments,
but is responsible for the most debilitating symptoms of RP in
patients (Papermaster, 1995). VPA did not promote cone degen-
eration dramatically because abundant cone OSs were apparent
in treated retinas of all genotypes investigated.

Figure 7. VPA treatment increases histone H3 acetylation in WT X. laevis eyes. A, Western blots of eye extracts probed with
anti-acetyl H3, anti-H3, anti-acetyl tubulin, and anti-tubulin (top) were quantified (bottom) and showed an increase in relative
levels of H3 acetylation on treatment with 10 �M VPA ( p � 0.001, t test), but no significant change in relative levels of tubulin
acetylation. n � 6 –7 animals per condition. Error bars indicate SEM. B, Immunolabeling with anti-acetyl H3 (green) shows that
the effect observed in A is due to increased anti-acetyl H3 labeling in all retinal layers, including photoreceptors. Blue indicates
Hoechst 33342; red, WGA; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, inner plexiform layer.
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Previous studies have identified beneficial effects of VPA in
other models of neurodegenerative disease, possibly mediated by
an effect on autophagy (Chiu et al., 2013; Frake et al., 2015),
which can promote the clearance of protein aggregates and recy-
cle damaged organelles and membranes (Boya et al., 2013). VPA
has also been reported to induce autophagy in yeast (Robert et al.,
2011). P23H rhodopsin is a substrate for autophagy in cultured
cells (Kaushal, 2006). We observed an increase in autophagy in
rod photoreceptors of VPA-treated retinas and decreased P23H

rhodopsin, supporting, but not proving, a
link between the beneficial effects of VPA
and autophagy. Other HDACi’s, includ-
ing vorinostat, can also increase au-
tophagy (Shao et al., 2004; Koeneke et al.,
2015; Zhang et al., 2015) and this increase
in autophagy can modulate cell death
pathways (Gammoh et al., 2012). Inter-
estingly, recent findings suggest that the
mood stabilizers carbamazepine and
lithium act by modulating autophagy
through the PI3K pathway (Sarkar et al.,
2005; Hidvegi et al., 2010; Schiebler et al.,
2014), a mechanism shared by VPA (Wil-
liams et al., 2002). However, neither lith-
ium nor carbamazepine had beneficial
effects in our assays. Further investiga-
tions (e.g., testing the effects of VPA in
combination with autophagy knock-out)
are required to determine conclusively
whether modulation of autophagy path-
ways contributes to the mechanism of ac-
tion of HDACi’s in our system.

HDACi’s such as sodium butyrate and
vorinostat can also induce caspase-
dependent and caspase-independent cell
death (Shao et al., 2004) and vorinostat can
also increase the sensitivity of cells to cell
death stimuli such as DNA-damaging
agents, an effect that is also mediated by au-
tophagy (Robert et al., 2011; Gammoh et al.,
2012), prompting the investigation and use
of HDACi’s as anticancer agents (West and
Johnstone, 2014). It is possible that the en-
hanced cell death that we observed in T17M
retinas is related to these HDACi properties.
Further investigations of the beneficial and
detrimental effects of HDACi’s in our sys-
tem will include the use of more specific
HDACi’s, knock-out of individual HDAC
and autophagy genes, and investigations of
gene regulation by HDAC inhibition in tad-
pole retina.

Critically, our results suggest that clinical
trials of VPA and other treatments for RP
should take into account genetic variation,
including specific gene mutations (i.e., “pre-
cision medicine”) and small trials may be
more informative if they are restricted to
specific genotypes. Moreover, both the ben-
eficial and detrimental effects of VPA were
only detected under specific environmental
conditions for two of the four mutations ex-
amined, namely cyclic light of intensity

comparable to daylight. This is an additional level of complication in
the investigation of mechanisms of and treatments for RP in that
both genotype and environment could strongly influence the out-
come of preclinical and clinical investigations. This is consistent with
previous reports of disparate phenotypes between family members
that suggest a potentially large environmental influence in some
cases (Heckenlively et al., 1991; Berson, 1993). Ourresultssuggestthat
genotyping of RP patients should be standard practice in clinical trials.
Ourresultsdonotsupport indiscriminatetreatmentofRPpatientswith

Figure 8. Transmission electron microscopy of X. laevis rod photoreceptors. A, B, Untreated WT. C, D, VPA-treated WT. Struc-
tures indicated by arrowheads are consistent with autophagosomes or autolysosomes. Structures indicated by arrows are consis-
tent with newly forming autophagosomes (phagophores). Small vesicular structures morphologically consistent with
autophagosomes and autolysosomes increased with VPA treatment consistent with an increase in autophagy. E, Vesicular struc-
tures also increased in rods treated with sodium butyrate. F, Vesicular structures were increased in photoreceptors expressing P23H
rhodopsin, consistent with previous studies suggesting induction of autophagy during retinal degeneration. Larger vesicular
structures were also apparent in these samples. C�, E�, F�, Boxed structures from C, E, and F shown at higher magnification. M,
Mitochondria; ER, endoplasmic reticulum; N, nucleus. Scale bar, 500 nm.
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VPA or other HDACi’s and are consistent with case reports that VPA
treatment may be detrimental in some individuals (Sisk, 2012; Bhalla et
al., 2013). Experiments conducted by others indicate that similar issues
may occur with genes other than rhodopsin (Mitton et al., 2014) and
other disorders such as Alzheimer’s disease (Fleisher et al., 2011).

The fact that VPA treatment is beneficial in an animal model of RP
involving defective biosynthesis of rhodopsin is a notable success and
supports the possibility of HDACi treatment in RP and other neurode-
generative disorders. If we can dissect the beneficial mechanism of VPA
action from its detrimental effects using more specific inhibitors or con-
fidentlyassociatecelldeathmechanismswithspecificpatientgenotypes,

it may be possible to develop an RP treatment that could be applied
without fear of harming patients. Furthermore, such treatments could
potentially be beneficial for other neurodegenerative disorders. In addi-
tion,thefindingthatVPAexacerbatesRDcausedbyT17MandQ344ter
rhodopsins provides a novel “handle” that will aid in the characteriza-
tion of these alternate RD mechanisms.
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Figure 9. Electroretinography (ERG) of X. laevis tadpoles treated with HDACi’s. A, B-wave amplitudes obtained from VPA-treated and untreated WT and P23H X. laevis tadpoles in response to
flashes of increasing intensities. Two-way ANOVA shows a significant effect of intensity and group ( p � 7 � 10 �17, p � 4.1 � 10 �4). n � 5–7 animals per condition. Multiple comparisons
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