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Abstract

Purpose

Inorganic catalytic nanoceria or cerium oxide nanoparticles (CeNPs) are bona fide antioxi-

dants that possess regenerative radical scavenging activities in vitro. Previously, we dem-

onstrated that CeNPs had neuroprotective and anti-angiogenic properties in rodent retinal

degeneration and neovascularization models. However, the cellular mechanisms and dura-

tion of the catalytic activity of CeNPs in preventing photoreceptor cell loss are still unknown.

In this study, we sought to answer these questions using the P23H-1 rat, an autosomal

dominant retinitis pigmentosa (adRP) model.

Methods

A single dose of either saline or CeNPs was delivered intravitreally into the eyes of P23H-1

rats at 2–3 weeks of age. Retinal functions were examined at 3 to 7 weeks post injection.

We quantified retinal proteins by Western blot analyses and counted the number of apopto-

tic (TUNEL+) profiles in the outer nuclear layer (ONL) of retinal sections. We measured free

8-isoprostanes to quantify lipid peroxidation in retinal tissues.

Results

We observed increased rod and cone cell functions up to three weeks post injection. Apo-

ptotic cells were reduced by 46%, 56%, 21%, and 24% at 3, 7, 14, 21 days, respectively,

after CeNPs injection compared to saline. Additionally, reduction of lipid peroxidation in the

retinas of CeNPs-treated vs saline-treated animals was detected 14 days post injection.

Conclusions

We validated that CeNPs were effective in delaying loss of photoreceptor cell function in an

adRP rat model. This represents the fourth rodent retinal disease model that shows delay in
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disease progression after a single application of CeNPs. We further demonstrated that

CeNPs slowed the rate of photoreceptor cell death. We deduced that the catalytic activity of

CeNPs in vivo in this rat model to be undiminished for at least 7 days and then declined over

the next 14 days after CeNPs administration.

Introduction
Oxidative damage due to excessive production of reactive oxygen species (ROS) is correlated
with many neural degenerative diseases [1,2]. Oxidative stress, which leads to cellular dysfunc-
tion, senescence, and death, has been linked to diabetic retinopathy (DR) [3], age-related mac-
ular degeneration (AMD) [4], and glaucoma [5]. We have demonstrated that cerium oxide
nanoparticles (nanoceria or CeNPs) are potent antioxidants which reduce oxidative stress, pro-
tect photoreceptor cells from degeneration and have anti-angiogenic effects in rodent models
[6–11]. These bare CeNPs can cross the blood retinal barrier to protect photoreceptor neurons
when introduced into the blood stream via intracardial injection in the tubbymouse, a photo-
receptor degeneration model [7]. In vitro, CeNPs have catalytic activities that mimic superox-
ide dismutase (SOD) [12] and catalase [13], and are self-regenerating [14]. Cumulative
evidence has shown that the ROS scavenging activities are due to the presence of oxygen vacan-
cies or defects on the surfaces of these nano-sized particles and the auto-regenerative cycle be-
tween the two oxidation states, Ce3+ and Ce4+ [15]. The antioxidant and self-regenerating
properties of CeNPs make them the potential therapy of choice to combat neurodegenerative
diseases in the 21st century because frequent dosing may be avoided. Recently, we have shown
that intravitreally delivered CeNPs are rapidly taken up by retinal cells within one hour and
~50% of the injected nanoparticles are still retained in the retina after a year [16]. More signifi-
cantly, our CeNPs synthesized by simple wet chemistry methods do not exhibit any toxic effect
in the healthy rat retina short-, or long-term [16].

Retinitis pigmentosa (RP) is a heterogeneous group of disorders that cause rod and cone
photoreceptor cell degeneration. The progressive loss of rod cells followed by cone cells ulti-
mately leads to blindness [17]. Currently, 98 genes or loci are associated with this inherited de-
generative condition. Among them 88 genes are identified, while the remaining 10 have defects
in unidentified genes (RetNet Retinal Information Network). Presently, replacement of the de-
fective gene before excessive tissue damage by gene therapy is not feasible for patients with au-
tosomal dominant RP (adRP), although preclinical studies are underway [18,19]. We
hypothesize that oxidative stress is a common node of disease progression in RP irrespective of
the genetic defect and will be an ideal upstream target for therapy for this “orphan disease”
class of disorders.

Mutations in the rhodopsin gene represent the largest percentage (30–40%) of known causes
for the autosomal dominant form of RP [20]. In this condition, a single copy of the mutant
gene wreaks havoc even in the presence of a normal copy of the rhodopsin gene. One of the
point mutations discovered, P23H, (proline to histidine substitution at position 23) [21] has
been recapitulated in the rat and this transgenic rat develops progressive retinal degeneration
[22]. Among the three lines of P23H rats, line 1 exhibits the fastest rate of degeneration [23].
By 8 weeks of age, scotopic a-, and b-wave amplitudes were about 20%, and 60% of wildtype,
respectively (Wong unpublished observations). Photopic b-wave amplitude was 56% of wild-
type (Wong unpublished observations). Machida and colleagues [24] have shown that reduc-
tion in scotopic a-wave but not the b-wave correlates with the corresponding thickness
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reduction of the combined outer nuclear layer (ONL) and rod outer segment (ROS) as the
animal ages.

Despite demonstrations of the effectiveness of CeNPs in delaying photoreceptor cell loss in
two rodent models of retinal degeneration: the blindness on-demand light damage albino rat
[6,25] and the recessive tubby photoreceptor degeneration model [7,9], little is known regard-
ing the cellular mechanism and duration of the catalytic activity of CeNPs in vivo. Here, we val-
idated the effectiveness of CeNPs in delaying the decline of rod cell function in P23H-1 rats.
We showed that CeNPs prevented massive apoptosis of rod cells in a time-dependent manner
after a single intravitreal injection. Because the TUNEL assay (namely, the cell death index)
registers apoptotic cells at a single instant and is not accumulative for more than 6 hours, we
argue that the cell death index in the retina can be used to assess the catalytic activity of CeNPs
in vivo. Until more sensitive assays become available, the cell death index can be used as a phar-
macodynamics assessment of CeNPs in the mammalian retinas. Because CeNPs effectively re-
duced the levels of 8-isoprostane, a reliable oxidative stress biomarker, when measured 14 days
post treatment, we speculate that the reduction of rod cell apoptosis may be the consequence of
improved peroxide detoxification ability of the genetically compromised rod cells after admin-
istration of a single dose of CeNPs.

Results

CeNPs Delayed Photoreceptor Cell Degeneration in P23H-1 Rats
Measurements from electroretinogram (ERG) recordings enable us to evaluate the functions of
rod and cone photoreceptor cells. Scotopic a-wave amplitude measures primarily the function
of rod cells and scotopic b-wave amplitude the function of neurons that are post-synaptic to
the rod cells, i.e. mostly bipolar cell function. Cone cell function is measured by photopic b-
wave amplitude and flicker ERG after rod cells are temporarily inactivated [26]. When a single
dose of CeNPs was injected intravitreally before 3 weeks of age, we observed increased rod cell
function up to 34 days post injection (dpi; Figs 1 and 2). On average, we observed a 180% in-
crease in a-wave amplitude over a wide range of flash intensities from -1.5 to 1.5 log cd s/m2

for measurements taken at 24 dpi. The amplitude increase at 34 dpi was observed at higher
light intensities only. The increase was most dramatic at -0.5 log cd s/m2 (293%, Fig 2). The av-
erage increase of scotopic b-wave amplitudes was 123% for 24 dpi, and 113% for 34 dpi; these
increases were not statistically significant. Dosages at 3.4 ng and 34.4 ng per eye were tested in
the same experiment; we observed increased scotopic ERG amplitudes in the 344 ng group
only when examined at 34 dpi (Fig 2 and data not shown). By 42 dpi or 6 weeks post injection,
we did not observe changes in rod cell function between CeNPs- and saline-injected animals
(Table 1 and data not shown). Interestingly, the cone cell protection offered by CeNPs had a
shorter duration. We observed an average increase of 133% for photopic b-wave amplitude,
and 132% for flicker amplitude in CeNPs injected animals in the 24 dpi group, but did not ob-
serve changes in amplitude in the 34 dpi group (Figs 1 and 2). Additionally, we also evaluated
the effective minimum dosage of CeNPs ranging from 1.72 ng to 344 ng per eye using our func-
tional assays (data not shown). We found that the minimum effective dose was 1μl of 1mM or
172 ng per eye. To reduce the effects of variability due to the delivery system, we routinely ad-
minister 344 ng or 2 μl of 1 mM CeNPs per eye.

The outer nuclear layer (ONL) contains the cell bodies of both rod and cone cells. Since
97% of the rodent photoreceptor cells are rods [27], the thickness of this layer correlates with
the number of rod cells in the retina. We measured the ONL thickness of retinas obtained from
animals injected at P25 and euthanized at 28 dpi. We saw an increase in ONL thickness of
CeNPs-treated compared to saline-treated animals. However, the increase was not statistically
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significant (Fig 3). We quantified the amount of retinal proteins by Western blot analyses in
animals treated with either saline or CeNPs at P16 and tissue collected at 27 dpi. We did not
observe differences between the two treatment groups with regard to the protein levels of a
rod-cell-specific protein, rod transducin-alpha (S1 Fig).

Because CeNPs were effective in delaying rod cell degeneration in the P23H-1 rats, we inves-
tigated the cellular mechanisms of CeNPs neuroprotection and their catalytic activities in vivo
using this animal model. In subsequent experiments, we routinely delivered 344 ng (or 2 μl of
1 mM) of CeNPs in saline or 2 μl of saline alone to the vitreous of P15 pups when their eyelids
were open.

CeNPs Delayed Rod Cell Degeneration by Reduction of Apoptosis
Shortly After Injection
La Vail and colleagues showed that reduction of ONL thickness in the P23H-1 rat was fastest
between P12 and P20 (Fig 4) [23]. Compared to another photoreceptor degeneration model,

Fig 1. CeNPs protected rod and cone cell functions in P23H-1 rats after a single intravitreal injection (172 ng per eye) when evaluated 24 days post
injection (dpi). The average increases for scotopic a-wave amplitudes was 180%, and 133% for photopic b-wave amplitudes across the intensities that
showed statistically significant changes compared to saline-injected animals. *P<0.05, #P<0.01. N = 8–10 eyes from 4–5 animals per treatment group.

doi:10.1371/journal.pone.0121977.g001
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the tubbymouse [28], the P23H-1 rat has a more aggressive rod cell degeneration phenotype at
these early stages. The death of rod cells slowed from P20 and beyond (Fig 4).

Irrespective of the genetic cause of photoreceptor cell degeneration, apoptosis is the com-
mon pathway that leads to cell death [29–31]. We hypothesized that CeNPs interrupted the
cell death process by preventing apoptosis. We measured apoptosis in the ONL using the in

Fig 2. CeNPs protected rod cell function only in P23H-1 rats after a single intravitreal injection (344 ng per eye) when evaluated at 34 dpi. The
average increase of scotopic a-wave amplitudes was 186% across the intensities that showed statistically significant changes compared to saline-injected
animals. There was no change in the photopic b-wave amplitudes in the intensities tested, nor were there changes in the flicker ERG. *P<0.05, #P<0.01.
N = 6–8 eyes from 3–4 animals per treatment group.

doi:10.1371/journal.pone.0121977.g002

Table 1. Effects of CeNPs on Rod and Cone Cell Functions of P23H-1 Rat after a Single Intravitreal Injection at Different Ages and Durations.

Expt # Age at injection Evaluation at dpi Injection Volume Scotopic a wave Scotopic b wave Photopic b wave Flicker

1 P14 24 1 ul Higher Higher (NS) Higher Higher (NS)

2 P16 34 2 ul Higher Higher (NS) No change No change

3 P22 44 1 ul No change No change No change No change

4 P21 42 2 ul No change No change No change No change

ERG amplitudes were compared to saline injected ones. Abbreviations: dpi = days post injection, NS = not statistically significant

doi:10.1371/journal.pone.0121977.t001
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situ terminal deoxyribonucleotidyl transferase (TDT)-mediated digoxigenin-dUTP nick-end
labeling assay (TUNEL assay) which is a reliable method to detect cells in situ that are in the
terminal phase of apoptosis [32,33]. After CeNPs were administered at P15, we observed a 46%
reduction in apoptosis 3 dpi (Fig 5 and Table 2). The reduction was 56% at 7 dpi (Fig 5 and
Table 2). By 14 and 21 dpi the reductions were at 21% and 24%, respectively (Fig 5 and
Table 2).

CeNPs Decreased Lipid Peroxidation in the Retinas of P23H-1 Rats
Products of lipid peroxidation, especially isoprostanes, are excellent markers for oxidative
damage in biological samples. Isoprostanes are products of free radical-catalyzed peroxidation
of arachidonic acid and are not generated by cyclooxygenase [34–36]. In comparison to other
oxidative stress markers, isoprostanes are more accurate and sensitive [37]. These end products
are chemically stable and are long lasting markers for assessment of oxidant injury.

Fig 3. Morphometric analysis of ONL thickness in CeNPs- and saline- treated P23H-1 rats.One μl of 1 mM CeNPs (172 ng) or saline was delivered to
each eye of the animals at P23 and eyes were harvested at 28 dpi; three eyes from 3 individuals were examined per treatment group. (A-D) Representative
photomicrographs of H&E stained retinal sections from wildtype, Sprague Dawley (SD) or P23H-1 animals uninjected or treated with either saline or CeNPs.
Similar regions were shown: 1 mm from the ONH in the inferior region. (E) shows quantification of the ONL thickness measurements. The overall ONL
thickness was higher in CeNPs-treated than in saline-treated animals although the increases were not statistically significant across many of the regions.
INL = inner nuclear layer, ONL = outer nuclear layer, I/OS = rod inner/outer segment, ONH = optic nerve head. *P<0.05.

doi:10.1371/journal.pone.0121977.g003

Fig 4. Rates of ONL thickness reduction in two photoreceptor degeneration rodent models: P23H-1
rat and tubbymouse.Data were adapted from [23] and [28] for P23H-1 rat and tubbymouse, respectively.
The decline is most rapid between P12 and P20 for both models. In this direct comparison, P23H-1 rat has a
more aggressive rod cell degeneration rate between P12 and P30 than the tubbymouse.

doi:10.1371/journal.pone.0121977.g004
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Fig 5. A single application of CeNPs at P15 reduced the number of apoptotic death of photoreceptor cells for at least 21 days. (A-B) Representative
photomicrographs of retinal sections from 3 dpi group with examples of TUNEL+ profiles (green). Nuclei in the ONL and INL are labeled blue. Rod outer
segments are labeled red with Rhodopsin, 1D4, antibody. CeNPs-treated animals have significantly fewer TUNEL+ profiles in the ONL compared to saline-
treated ones. (C) Quantification of TUNEL+ profiles in the ONL from 3, 7, 14, and 21 dpi groups. The reductions from 3 and 7 dpi groups of CeNPs injected
animals were highly significant. Statistical summaries from these box plots are detailed in Table 2. Abbreviations: dpi = days post injection, S = Saline,
C = CeNPs, *p<0.05.

doi:10.1371/journal.pone.0121977.g005
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Unlike other lipid hydroperoxide assays that provide a snapshot view of the level of lipid per-
oxidation at the time of assay, tissue levels of 8-isoprostane reflects the integrated level of lipid
peroxidation over time. We quantified the total amount of 8-isoprostane in retinal samples by
hydrolyzing the esterified fatty acid into free 8-isoprostanes. We observed a marked increase

Table 2. Statistical Summaries of TUNEL+ profiles in the ONL of Retinal Sections from CeNPs and Saline Treated P23H-1 Rats.

3 dpi 7 dpi 14 dpi 21 dpi

Sal CNP Sal CNP Sal CNP Sal CNP

Number of samples 7 8 7 7 4 6 5 4

Minimum 28 12 25 11 19.33 11.33 12 8.67

25% Percentile 30 13.83 30 15.67 19.92 12.58 12.33 8.753

Median 32.33 20.17 38 18.33 21.67 16.83 13.33 10.84

75% Percentile 43 21.25 46.67 20 23.42 21.42 17 13.42

Maximum 50 30 56 20.67 24 23.67 17 13.67

Mean 35.81 19.33 38.52 17.1 21.67 17.06 14.4 11

Std. Deviation 7.928 5.665 10.52 3.304 1.905 4.635 2.42 2.539

Std. Error 2.996 2.003 3.977 1.249 0.9526 1.892 1.082 1.27

P value oft test 0.0004* 0.0002* 0.1003 0.0797

% change relative to Sal 0% -46% 0% -56% 0% -21% 0% -24%

*P<0.05

Animals were injected at P15 and eyes were harvested at 3, 7, 14, and 21 days post injection. Abbreviations: Sal = Saline, CNP = CeNP, dpi = days

post injection.

doi:10.1371/journal.pone.0121977.t002

Fig 6. Quantification of lipid peroxidation in retinal samples of P23H-1 rats. (A) Retinas of 28-day old P23H-1 rats had elevated levels of 8-isoprostanes
compared to age-matched wildtype, SD controls. N = 4, #P<0.01. (B) A single CeNPs application at P15 reduced the level of 8-isoprostanes 14 days later in
the retinas of P23H-1 rats. N = 5–6, *P<0.05. Abbreviations: SD = Sprague Dawley, Sal = Saline, CNP = CeNPs.

doi:10.1371/journal.pone.0121977.g006
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(180%) in 8-isoprostane concentration in retinal tissues from P23H-1 rats compared to wildtype,
SD animals at P28 (Fig 6A). When a single dose of CeNPs (344 ng) was administered at P15, we
observed a 30% reduction of 8-isoprostane in the retinas of the transgenic animals compared to
saline injected ones 14 dpi (Fig 6B). These data represent the first quantitative assessment of oxi-
dative stress in a rodent retinal disease model.

Discussion

A Single Application of CeNPs Slowed the Functional Decline of Rod
and Cone Cells in P23H-1 Rats
After evaluating a range of dosages (1.72 to 344 ng) and periods of effectiveness (up to 44 dpi)
of CeNP treatment, we demonstrated that when at least 172 ng of CeNPs were applied intravi-
treally before or around 3-week of age, both rod (on average ~180% of saline-treated) and cone
(on average ~133% of saline-treated) functions of P23H-1 rats were enhanced 24 dpi. At 34 dpi
we observed enhanced rod (~186% of saline-treated), but not cone function at 344 ng CeNP
dosage. The duration of enhanced photoreceptor cell function after CeNPs treatment is shorter
in this rat model than is observed in the tubbymouse photoreceptor degeneration model [9]
which also exhibits similar rapid early rod cell loss as the P23H-1 rats (Fig 4). In the tubby ex-
periment, 172 ng of CeNPs were intravitreally delivered to tubby newborn mice at P7. We [9]
observed enhanced mixed rod and cone cell functions (~150% compared to saline-injected)
up to 73 dpi. In those experiments, one single strong intensity flash (600 cd s/m2 or 2.78 log
cd s/m2) was employed. Interestingly, we also observed a shorter neuroprotective period for
cone cell function in the tubbymodel. The enhanced cone function (~160% of saline-injected)
recorded at 1000 cd s/m2 or 3 log cd s/m2 was observed up to 42 dpi only, 31 days shorter than
the observation for rod cell function. We speculate that the shorter duration for the enhanced
photoreceptor cell function provided by CeNPs in the rat model may be due to 1) a later appli-
cation time point of CeNPs, and 2) the relative dosage of CeNPs in the rat eye compared to the
mouse eye. In this set of experiments, we delivered CeNPs at P15 or later when the eyelids of
the animals were open vs in the tubbymouse experiments at P7 when the eyelids stayed closed
for another 7 days after injection. We speculate that the earlier the reduction of cellular oxida-
tive stress, the longer the cells can stay functional due to reduced oxidative damage. Additional-
ly, we think that the dosage applied significantly contributes to the differences observed. The
volume of an adult mouse vitreous is 5.3 μl vs 54.4 μl in the adult rat. The retinal area of an
adult mouse is 15.6 mm2 vs 52 mm2 in the adult rat [38]. Assuming 94% of the injected CeNPs
reached the retina [16], the dosage would be 10.4 ng/ mm2 in the mouse and 6.2 ng/ mm2 in
the rat retina. We conclude that the available neuroprotective data from two similarly rapid
photoreceptor degeneration models but of different eye sizes, equip us to better design pre-clin-
ical and clinical trial studies of CeNPs for larger animals and humans. The retinal surface of a
human eye is ~1024 mm2 [38]; the lowest effective dosage would be 6754 ng or 39 μl of 1 mM
CeNPs. Relative to the vitreal volume of 5200 μl in human [38], 39 μl can be readily delivered
without concern for cellular damage due to elevation of intraocular pressure [39].

We notice that changes from the morphometric studies of ONL thickness were not statisti-
cally significant; we speculate that the methodology may not be sensitive enough to detect the
difference and/or the sample size may be too small. This result paralleled our observation of
our Western blot data where we failed to detect statistically significant difference of rod retinal
proteins between CeNPs and saline injected animals when assayed at 27 dpi (S1C and S1D Fig,
data not shown). We postulate that the neuroprotective effect may be more apparent if we had
performed the assay at an earlier time point, for example, at 14 dpi, and we found that this was
indeed the case (S1A and S1B Fig). Finally, we think that the functional assay is more sensitive

Defining the Pharmacodynamics of Nanoceria in vivo

PLOSONE | DOI:10.1371/journal.pone.0121977 March 30, 2015 10 / 17



and robust in assessing the overall health of the light sensing portion of the neuroretina because
functional assays evaluate the health status of the entire photoreceptor cells and their connec-
tions to other cell types not just the presence/absence of photoreceptor cell bodies in the ONL.

CeNPs Application Reduced the Cell Death Index of Photoreceptor
Cells in P23H-1 Rats in a Time-Dependent Fashion
The process of apoptosis consists of three phases: initiation, commitment, and degradation.
The estimated duration from initiation to degradation ranges from 6 to 24 hours with the
greatest variation in the initiation phase [40]. The TUNEL assay detects cells that are at the
degradation phase which is estimated to be about 5 hours [41]. The clearance of TUNEL posi-
tive profiles in the developing rat cerebral cortex is about 3 hours [42]. Because apoptosis is a
conserved cell death process [43], we think that these parameters will apply to the rod cells in
the P23H-1 rats. Monitoring apoptosis by in situ TUNEL assay provides a temporal snapshot
of the health status of cells in the tissue. Understandably, cells that have not begun the degrada-
tion phase and those that have completed the degradation phase will be missed using this
method and likely causes an undercount of the number of apoptotic cells. Nonetheless, the cell
death index by TUNEL assay is useful to assess the therapeutic activities or pharmacodynamics
of therapeutic agents because TUNEL+ profiles detected at each time point greater than 5
hours apart would be from cells that have not been counted previously. We demonstrated that
CeNPs were effective in reducing apoptotic photoreceptor cells up to 21 days after intravitreal
injection. The anti-apoptotic effect was most striking up to 7 days after CeNPs application
when we observed 56% reduction of TUNEL+ profiles in the ONL. The data represent the
numbers of TUNEL+ profiles in single 5 μm thick retinal sections through the central part of
the eye. If we extrapolate that number to the whole retina, the number of dying cells will be in
the thousands every day. For example, the estimated TUNEL+ profiles in the whole retina at
P22 would be ~62,000 at the time of tissue harvesting. If we sample the retina every six hours,
we would observe a similar number from P18 to P22. We estimate that about a quarter of a mil-
lion rod cells are dying every day. In five days, 1.25 million rod cells would have died and this is
a gross underestimate of the dead rod cells because by P28, approximately half of the rod cells
present at P15 would have disappeared! (There are about 22 million rod cells in the adult rat
retina. Data extrapolated from [38] and [27].)

Surprisingly, a single application of CeNPs at P15 reduced the number of TUNEL+ profiles
by half for up to 7 dpi. Because a large percentage of rod cells in the P23H-1 rat retina are des-
tined to die early and fast, we hypothesize that CeNPs are delaying the initiation of the apopto-
tic death of these rod cells. Because CeNPs possess catalytic ROS scavenging activities, we
hypothesize that CeNPs are able to maintain the redox balance of these “sick” cells for a longer
period. The catalytic activity of CeNPs continued for the next 14 days, albeit at a much reduced
level. We observed small (~20%) although not statistically significant reduction even at 21 dpi.
From this study, we conclude that the pharmacodynamics of CeNPs is maximal between 3 and
7 days post injection in the P23H-1 rats at the dosage applied and the catalytic activity of
CeNPs becomes limiting at 14 dpi. An alternative, but not mutually exclusive, interpretation is
that the smaller reduction in cell death index at the later time points reflects a different cause of
rod cell death that cannot be alleviated by the ROS scavenging activity of CeNPs. Furthermore,
to determine if the dose of CeNPs is limiting, we can increase the initial dosage or apply a sec-
ond dose 7 days after the first dose and perform the TUNEL assay at equivalent time intervals.

Even though we have demonstrated that 94% of injected CeNPs are taken up by retinal cells
within one hour of intravitreal injection [16], it is still unknown how quickly cellular effects
can be detected after CeNPs application in vivo. In primary rat retinal cell cultures, the earliest
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effect of CeNPs mediated reduction of ROS induced by hydrogen peroxide treatment was
found to be at 12 hours post incubation and not at 30 min [25]. Using this cell death index par-
adigm, we are confident that one can determine when CeNPs start to exert their catalytic activi-
ty after intravitreal injection.

P23H-1 Rat Retinas Had Elevated Oxidative Stress and CeNPs
Reduced it
We showed that the retinas of P23H-1 rats had significantly higher levels of 8-isoprostane
(80% higher) at 4-week of age than wildtype, SD animals of the same age. Because 8-isopros-
tane is a stable end product of lipid peroxidation, the measured level reflects the accumulation
of this end product up to the point of tissue harvesting. Even though by this age (P28) the ONL
thickness of P23H-1 rats is only 50% of the wildtype (20 μm vs 40 μm) [23], the amount of
lipid peroxidation product is 80% higher in the remaining amount of the retina. Approximately
76% of total rodent retinal neurons are represented by rod cells [27]. We estimate that the re-
mainder cells have nearly 3 times (2.9 X) as much 8-isoprostanes as in wildtype retinal cells.
Our data clearly demonstrate that oxidative stress is increased in this adRP model. This finding
is consistent with other studies that show increased oxidative stress in neurodegenerative dis-
eases and our data are the first to provide a quantitative assessment of the oxidative damage.

We showed that a single injection of 344 ng of CeNPs on P15 was able to reduce 8-isopros-
tane by 30% 14 dpi in the retinas of P23H-1 rats. We postulate that the reduction likely com-
menced shortly after CeNPs administration and persisted up to the point of tissue harvesting.
This observation is consistent with two interpretations: 1) CeNPs lower oxidative damage in
the P23H-1 retinas by reducing ROS level, and/or 2) CeNPs reduce the number of apoptotic
cells and as a consequence lower the oxidative stress marker. Recognizing the unique physical
and chemical properties of CeNPs, we favor the first interpretation of which CeNPs scavenge
ROS to lower oxidative stress inside cells and thus prolonging the life span of post-mitotic rod
photoreceptor cells.

Materials and Methods

1) Animals
We obtained a breeding colony of P23H line 1 (P23H-1) homozygous rats from Dr Matt LaVail
from the University of California, San Francisco [23]. We have a breeding colony of Sprague-
Dawley (SD) albino rats; offspring from these were used as age-matched wildtype controls. We
crossed homozygous P23H-1 males to SD females to obtain heterozygous P23H-1 F1 offspring
for experiments. All animals were housed in the Dean McGee Eye Institute (DMEI) vivarium
and were kept under cyclic light conditions (12 h on/12 h off, 5–20 lux).

2) Ethics Statement
Animals were cared for and handled according to the Association for Research in Vision and
Ophthalmology statement for the use of animals in vision and ophthalmic research. The study
was approved by the University of Oklahoma Health Sciences Center Institutional Animal
Care and Use Committee (OUHSC IACUC) and the DMEI IACUC. The approved protocol
numbers were 11–089 from OUHSC IACUC, and D-11-089 from the DMEI IACUC.

3) Synthesis of CeNPs
CeNPs were synthesized using simple wet chemistry methods as described previously [44].
Extensive detailed characterization results of as synthesized CeNPs can be found in the
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supplemental materials (Text S1 and Fig. S1) in [8]. Our stable water-dispersed CeNPs were
3–5 nm in size. The size of these particles remained the same in a wide range of pH buffers and
upon aging [45]. Our synthesized CeNPs show uniform round morphology using high resolu-
tion transmission electron microscopy imaging. The surface area was determined using BET
method and found to be 91 m2/g. These particles do not elicit toxic effects in the healthy rat ret-
inas [16].

4) Intravitreal injection of CeNPs
Postnatal day (P) 15 or P21 P23H-1 rats were selected for intravitreal injection. Animals were
anesthetized by intraperitoneal injection of a mixture of ketamine (80 mg/kg) and xylazine
(4mg/kg). Pupils were dilated by application of a drop of phenylephrine (10% solution) to the
cornea before the delivery of 1 or 2 μl of 1 mM CeNPs in saline (i.e. 172 or 344 ng, respectively)
or 1 or 2 μl saline only into the vitreous with the aid of an ophthalmic operating microscope.
Both eyes of each animal received the same treatment.

5) Electroretinogram Recordings (ERG)
Detailed description of the methods for scotopic, photopic and flicker ERG can be found in
[16]. Scotopic a-wave amplitude reflects primarily the function of rod cells. Scotopic b-wave
amplitude reflects the function of neurons in the inner retina predominately bipolar neurons
which are post-synaptic to rod photoreceptor cells. Photopic b-wave amplitude and flicker
ERG reflect the function of cone cells [26]. Each data point represented the average from at
least three individual rats or six eyes.

6) Measuring outer nuclear layer (ONL) thickness of retinal sections
P23H-1 heterozygous animals were injected with 1 μl of either saline or CeNPs (172 ng) on
P23. Eyes were harvested 28 days post injection following procedures described in [6]. They
were fixed in Perfix and embedded in paraffin. Five μm thick retinal sections were obtained
along the superior and inferior axis through the optic nerve head (ONH). Hematoxylin-eosin
stained sections were viewed under a 20X objective of a Nikon E400 microscope. ONL thick-
ness was measured from the ONH to the ora serrata in both directions at 480 μm intervals.
Each data point represented the average measurements of 3 eyes from 3 different animals.

7) Western blot analysis
After eye enucleation, the retina was dissected from the eye cup. Two hundred μl of homogeni-
zation buffer (62.5 mM Tris-HCl, pH 6.8; containing protease and phosphatase inhibitors;
Roche cat# 11873580 and 04906837001, respectively) was added. Tissue disruption and ho-
mogenization was achieved by using the steel bead method with a TissueLyzer. Using a 7 mm
steel bead/sample, we set the TissueLyzer LT (Qiagen) at 50 Hz for 2 minutes. Samples were
centrifuged at 13000 rpm at 4°C for 20 minutes. Supernatant from each sample was collected
in a new tube, and protein concentration was determined using the BCA protein assay kit
(Thermo Scientific, cat. # 23227). The pellet portion (membrane proteins) was resuspended in
200 μl of homogenization buffer and the TissueLyzer procedure was repeated again.

We used 20 μg of proteins per sample to run 10% SDS-PAGE. After electrophoresis, pro-
teins were transferred to 0.45 μm pore-size nitrocellulose membrane (Bio-Rad) using the Mini
Trans-Blot Cell (Bio-Rad, cat. # 170–3930). Immunolabeling of nitrocellulose membrane was
performed according to [8]. Antibodies (ab) used were: rod specific markers: 1D4 (1:20000;
rhodopsin ab, gift from Robert Molday [46]), rod transducin-alpha ab (1:2000; Santa Cruz
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Biotechnologies cat# SC389); rod arrestin ab, MH785 (1:1000; a kind gift from P. Hargrave,
University of FL at Gainsville). Secondary ab’s conjugated to HRP (1:5000) were from Jackson
ImmunoResearch. We used the SuperSignal West Dura Substrate (Thermo Scientific cat.
# 34076) for antibody detection. Western blot images were obtained using a Kodak 4000R
Image Station. We quantified the relative expression level by measuring the net intensity of the
appropriate band size normalized to the level of GAPDH using the Kodak Molecular Imaging
Software v 4.0.5. Three to four eyes were used for each treatment group. Depending on the ex-
periment, eyes could be from different animals or from the same animal receiving the same
treatment in both eyes.

8) TdT-mediated digoxigenin-dUTP nick-end labeling assay (TUNEL
assay)
Five μm thick paraffin retinal sections through the optic nerve head (ONH) were used for
TUNEL assay. Eyes were harvested as described in [16]. We quantified the number of apoptotic
(TUNEL+) profiles in the outer nuclear layer (ONL) of the retinas using the ApopTag Plus
Fluorescein In Situ Apoptosis Detection kit (Millipore Cat. #S7111). We ensured that analyzed
sections were all from the central part of the eye. Measurements were averaged from three con-
secutive retinal sections. Intensity of green fluorescently labeled objects was evaluated using an
arbitrary scale of 1–3 (low, med, high) and we counted those which were scored as “3”. We
counted labeled-objects as TUNEL+ profiles if their diameters were 2.4 μm or above in both
length and width and if they were in the ONL or outer plexiform layer (OPL) only. The majori-
ty of TUNEL+ profiles were found in the ONL. Samples were analyzed using a Nikon E800 mi-
croscope with a 40X objective. Images were captured using a CCDMicroMAX camera
(Princeton Instruments) with the MetaVue software (Molecular Devices). Photomicrographs
of TUNEL-labeled retinal sections are shown in Fig 5A and 5B. Sample sizes for each treatment
group at each time point are indicated in Table 2.

9) 8-isoprostane assay
Quantitative measurement of lipid oxidative damage in the retina was assessed by measur-
ing free 8-isoprostane using the 8-isoprostane EIA kit (Cayman Chemical Company Cat.
# 516360). The 8-isoprostane EIA kit assay measures the cumulative lipid peroxidation
product of 8-isoprostane in tissue samples. We targeted lipid peroxidation by-products as
markers for oxidative damage because the retina is enriched in polyunsaturated fatty acids
(PUFA) [47]. PUFAs are more vulnerable to oxidation in the high metabolic environment
of the retina. Retinas were harvested as described above and tissue disruption and homoge-
nization were achieved the same way as described for Western blot analysis, except that tis-
sue was resuspended in 0.1 M potassium phosphate buffer, pH 7.4, 1mM EDTA and 0.005%
butylated hydroxytoluene, according to the product handbook. Supernatant was collected
after centrifugation (8000g for 10 minutes) and hydrolyzed to obtain free 8-isoprostane.
Protein concentration was determined using the BCA protein assay kit (Thermo Scientific,
cat. # 23227) for sample normalization. Unlike many lipid hydroperoxide assay kits that
provide a snapshot view of level of lipid peroxidation at the time of assay, tissue levels of
8-isoprostane reflects the integrated level of lipid peroxidation over time. Sample sizes are
indicated in the figure legend of Fig 6.

10) Statistical analysis
Values were expressed as means ± SEM. Statistical analyses were performed using student t-
test using GraphPad Prism version 5.00 for Windows (GraphPad Software, San Diego CA
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USA, www.graphpad.com). A P value less than 0.05 was considered significant and is indicated
by an asterisk.

Supporting Information
S1 Fig. Rod transducin alpha (rTa) expression level in retinal extracts of P23H-1 rats. Ani-
mals were injected with either 344 ng CeNPs in 2 μl of saline or saline alone on P16. Eyes were
harvested 14 days post injection (dpi) (A, B) or 27 dpi (C, D). We detected significantly higher
levels of rTa in CeNPs treated rats at 14 dpi but not at 27 dpi. Additionally, we observed similar
increase in arrestin and rhodopsin protein expressions in retinal extracts from P16 injected ani-
mals and retinas harvested 14 dpi (data not shown). We performed student t-test to compare
the mean values (± std error of mean) of the two treatment groups. �P<0.05.
(PDF)
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