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Abstract
Stroke is a leading cause of death worldwide and inflicts serious long-term damage and disability. The vasoconstrictor Endothelin-1, presenting long-term neurological deficits associated with excitotoxicity and oxidative stress is being increasingly used to induce focal
ischemic injury as a model of stroke. A DJ-1 based peptide named ND-13 was shown to protect against glutamate toxicity, neurotoxic insults and oxidative stress in various animal
models. Here we focus on the benefits of treatment with ND-13 on the functional outcome of
focal ischemic injury. Wild type C57BL/6 mice treated with ND-13, after ischemic induction
in this model, showed significant improvement in motor function, including improved body
balance and motor coordination, and decreased motor asymmetry. We found that DJ-1
knockout mice are more sensitive to Endothelin-1 ischemic insult than wild type mice, contributing thereby additional evidence to the widely reported relevance of DJ-1 in neuroprotection. Furthermore, treatment of DJ-1 knockout mice with ND-13, following Endothelin-1
induced ischemia, resulted in significant improvement in motor functions, suggesting that
ND-13 provides compensation for DJ-1 deficits. These preliminary results demonstrate a
possible basis for clinical application of the ND-13 peptide to enhance neuroprotection in
stroke patients.

Introduction
Stroke is the second most common cause of death, causing 9% of all deaths around the world,
and is the most frequent cause of permanent disability in adults worldwide [1]. When the flow
of blood to the brain is suddenly stopped, neuronal function is impaired and pathological
pathways are triggered, causing irreversible neuronal damage in the ischemic area within minutes of onset. In the hours and days following stroke, the damaged regions undergo a broad
scale necrosis, which causes the death of many types of cells [1–3]. Failure of energy production causes a flood of neurotransmitters to be released from neurons, mostly release of the
excitatory glutamate, which further amplifies the damage [4,5]. Subsequent processes, such as
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oxidative stress, dysfunction of blood brain barrier and inflammatory response all contribute
to the outcome of stroke [6,7].
The high rate of oxidative metabolism in the brain renders it vulnerable to oxidative stress.
Since the endogenous scavenging mechanisms are normally not high enough to match excess
radical formation, reactive oxygen species (ROS) levels increase after ischemic injury, resulting
in massive oxidative stress [7,8]. The mitochondria is implicated in this process due to excessive superoxide production during electron transport chain [9,10]. Free radicals are also generated through multiple injury mechanisms such as mitochondrial inhibition, Ca2+ overload,
reperfusion injury, and inflammatory response after ischemia [11–13]. Oxidative stress
directly damages proteins, lipids, carbohydrates and nucleic-acids, leading to cell dysfunction
and DNA fragmentation, contributing to ischemic cell death [8,14]. Oxidative stress also leads
to mitochondrial dysfunction. Mitophagy is one of the major mechanisms of mitochondrial
quality control, and is mediated by pink1 and Parkin (PARK2) proteins.
Upon mitochondrial depolarization, likely the result of oxidative damage, pink1 is localized
to the outer mitochondrial membrane where it recruits, phosphorylates and activates parkin.
This causes the ubiquitination of mitochondrial substrates which are degraded by the proteasome, resulting in fragmentation of mitochondria and removal via mitophagy [15–18].
DJ-1, also known as PARK7, has diverse function, such as preserving mitochondrial function, regulating kinase pathways and acting as a transcriptional regulator affecting anti-oxidant
genes [19–24]. It has been shown that parkin and DJ-1 interact under oxidative stress conditions, causing an increase in the steady-state levels of DJ-1, and a subsequent decrease in oxidative stress [25–27]. Pink1 and DJ-1 are also recruited when the mitochondrial membrane
potential has decreased, resulting in an increase in cell viability [21,25,28]. DJ-1 also provides
protection against excitotoxicity and ischemic brain injury [29,30].
We have developed a DJ-1 based peptide named ND-13. ND-13 is a 20-amino acid peptide
composed of a 13-amino acids sequence from the DJ-1 protein, attached to a TAT-derived
7-amino acid sequence, that serves as a cell penetrating peptide (CPP) [31–33]. We have
shown that ND-13 protects cells against oxidative and neurotoxic insults, reduces reactive oxygen species (ROS) accumulation, and activates protective factors that increase cell survival.
Specifically, ND-13 attenuated dopaminergic system dysfunction and improved the behavioral
outcome in the 6-hydroxydopamine mouse model of Parkinson’s disease [34], and attenuated
nigrostriatal degeneration in two models of multiple system atrophy [35].
A large number of processes contribute to the outcome of stroke, and therefore treating a
single aspect is probably insufficient. Strategies that combine promotion of tissue integrity and
neuroprotection are therefore being increasingly explored as therapeutic targets.
In this study we used the Endothelin-1 (ET-1) focal ischemia model to study the possible
neuroprotective effect of ND-13. ET-1 is a potent vasoconstrictor which is produced endogenously during ischemic stroke and which contributes to overall loss of cells and disability. It is
often used as a minimally invasive model of focal stroke to evaluate candidate pro-regenerative
therapies. One advantage of this model is that it causes highly reproducible infarcts. Another
benefit is that it can be used in elderly rodents with only very low resulting mortality. As generally elderly people are the population subset which has increased cerebrovascular risk factors,
the Endothelin-1 model seems an appropriate starting point to evaluate the potential efficacy
of ND-13 in ischemic stroke.
The aims of the present study are to examine the efficacy of treatment with ND-13 on the
functional outcome and recovery following focal ischemic injury in separate cohorts of DJ-1
knockout (DJ-1 KO) mice and C57BL/6 wild type mice and investigate the relevance of DJ-1
to ischemic stroke. We found that treatment with ND-13 significantly improves the motor
function of both wild type and DJ-1 KO mice following induced focal ischemia.
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Materials and methods
Ethics statement
All experimental procedures were approved by the Tel Aviv University Committee of Animal
Use for Research and Education. All surgery was performed under subcutaneous injections of
a mixture of ketamine (100mg/kg) and xylazine (8mg/kg) anesthesia, and all efforts were made
to minimize suffering.

DJ-1 based peptide: ND-13
ND-13 is a 20-amino acids peptide composed of a 13-amino acids sequence from the DJ-1 protein, attached to a TAT-derived 7-amino acids sequence. The sequence of ND-13 is YGRKKR
RKGAEEMETVIPVD. ND-13 was synthesized and provided by ChinaPeptides (China).

Animals
C57BL/6 male mice at the age of 10–12 weeks were purchased from Harlan, Israel. Transgenic
DJ-1 knockout mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA).
Animals were placed in a light-controlled environment (12-h light/ dark cycle) and housed in
individually ventilated cages (IVC) with free access to food and water. Animals were acclimatized for 1 week prior to experimentation and randomly divided into experimental groups of
13–14 mice each.

Surgical procedure and treatment
Mice were anesthetized with ketamine and xylazine (100 mg/kg and 8 mg/kg, respectively)
and placed in a stereotaxic frame. 5 μl of the vasoconstrictor endothelin-1 (ET-1, 0.2 mg/ml
dissolved in sterile saline, Calbiochem, CA, USA) where injected into the right striatum at the
following coordinates (relative to bregma): +0.5 mm anterioposterior, +1.9 mm mediolateral,
−2.9 mm dorsoventral (infusion rate 0.3 μl/min, Fig 1B). The needle was left in place for 3
additional minutes before withdrawal, and the incision was sutured. Sham operated mice were
treated identically except they received injections of sterile saline (instead of ET-1). ND-13
(1mg/ml dissolved in sterile saline) or saline were administered subcutaneously twice a day for
five days following surgery, starting 3 hours after ET-1 injection.

Behavioral tests and analysis
Behavioral tests of were performed after ischemia induction to measure motor function.
The cylinder test, which measures forelimb use during vertical exploration, was performed
to as previously described [36]. The final score was calculated as follows: non-impaired forelimb movement − impaired forelimb movement / total (non-impaired + impaired + both forelimb movements). The Cylinder test was performed 2 and 7 days after ischemic injury
induction. In the first experiment (presented in Fig 2) a longer analysis of this test was done
(21 days) to assess the compatibility of the test to our model and test the effect of repeated testing on the spontaneous activity of the mice.
The Elevated bridge test, which assess motor coordination and balance, was performed as
previously described [37]. The score represents the time it took the animal to cross the bridge
and get into the goal-box. The elevated bridge test was performed 2, 7 and 14 days after ischemic injury induction.
The Pole test, which assess the locomotor activity, was performed as previously described
[38]. The score represents the time it took animals to descend to the floor. The pole test was
performed at 2, 7, 14 and 21 days after ischemic injury induction.
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Fig 1. Experimental protocol and ischemic injury location. Experimental protocol in days (A). The vasoconstrictor Endothelin-1 was injected into the striatum to
induce ischemia. The ischemic area in the striatum is circled in black (B).
https://doi.org/10.1371/journal.pone.0192954.g001

Statistical analysis
Statistical analyses of the data sets were carried out using GraphPad Prism for Windows
(Graphpad Software, CA, USA). Statistical significance was determined by two-way ANOVA
with repeated measures followed by Dunnett’s post hoc test. Values are presented as
mean ± SEM. The results were considered significant at minimal significance level of p0.05.

Proteomics analysis
Global quantification of protein expression was done in the De Botton Institute for Protein
Profiling (Weizmann institute, Israel). For the proteomic study, two experimental groups of
C57BL/6 mice (n = 4 each) were generated as follows: (1) ND-13 treatment following Endothelin-1 injection into the right striatum, (2) Vehicle treatment following Endothelin-1 injection
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Fig 2. Effect of ND-13 treatment on functional recovery after focal ischemic injury. ND-13 treatment significantly improved time spent crossing the bridge in the
elevated bridge test, two days after injury, compared to control (A, p<0.05). The time to descend from a vertical pole in the pole test also decreased following ND-13
treatment compared to control (B, p<0.05). The motor asymmetry in the cylinder test decreased 2 days after ischemic injury (C, p<0.05). ND-13 effect was still
consistent 21 days after ischemic injury in all behavioral tests, that is, mice treated with ND-13 perform better than control mice. (Data is shown as mean ± SEM).
https://doi.org/10.1371/journal.pone.0192954.g002

into the right striatum. Treatment was given 3 hours after surgery and twice a day for the next 2
days. Then, mice were sacrificed for striatal protein extraction. Total of 8 mice participated in
the experiment in order to decrease intrinsic variability. The protein mix of each individual
mouse was analyzed separately and only then averages of the animals in the same groups were
calculated. Fold changes of protein expression between the tested groups was also calculated.
Changes between groups were considered significant at ±2-fold change and p<0.05.

Sample preparation
Samples (n = 8) were subjected to in-solution tryptic digestion using a modified Filter Aided
Sample Preparation protocol (FASP). All chemicals are from Sigma Aldrich (unless stated
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otherwise). Sodium dodecyl sulfate buffer (SDT) included: 4%(w/v) SDS, 100mM Tris/HCl
pH 7.6, 0.1M DTT. Urea buffer A (UA) contained: 8 M urea (Sigma, U5128) in 0.1 M Tris/
HCl pH 8.5. Urea buffer B (UB) contained: 8 M urea in 0.1 M Tris/HCl pH 8.0. IAA solution:
0.05 M iodoacetamide in UA. Tissue was homogenized and dissolved in 100μL SDT buffer.
Homogenate was centrifuged at 16,000 g for 10min. 100ug total protein were mixed with
200 μL UB and loaded onto 30 kDa molecular weight cutoff filters and centrifuged. 200 μl of
UB were added to the filtering unit and centrifuged at 14,000 x g for 40 min. Proteins were
alkylated by adding 100 μl IAA and incubating in the dark for 30 min, followed by 2 washes
with Ammonium Bicarbonate. Trypsin was then added (50:1 protein amount:trypsin) and
samples incubated at 37˚C overnight. Additional amount of trypsin was added and incubated
for 4 hours at 37˚C. Digested proteins were then centrifuged and collected in a clean collecting
tube. 50ul Nacl 0.5M was added to the filtering unit and centrifuged. Reaction was stopped by
acidifying with 1% trifloroacetic acid. Peptides were desalted using HBL Oasis, Speed vac to
dryness and stored in -80˚C until analysis.

Liquid chromatography
ULC/MS grade solvents were used for all chromatographic steps. Each sample was loaded
using split-less nanoUltra Performance Liquid Chromatography (10 kpsi nano-Acquity;
Waters, Milford, MA, USA). The mobile phase was: A) H2O + 0.1% formic acid and B) acetonitrile + 0.1% formic acid. Dry peptides were dissolved in 97:3 water:acetonitrile (v/v) + 0.1%
formic acid solution. Desalting of the samples was performed online using a reversed-phase
C18 trapping column (180 μm internal diameter, 20 mm length, 5 μm particle size; Waters).
The peptides were then separated using a T3 HSS nano-column (75 μm internal diameter, 250
mm length, 1.8 μm particle size; Waters) at 0.35 μL/min. Peptides were eluted from the column
into the mass spectrometer using the following gradient: 4% to 20%B in 140 min, 20% to 90%B
in 25 min, maintained at 90% for 5 min and then back to initial conditions.

Mass spectrometry
The nanoUPLC was coupled online through a nanoESI emitter (10 μm tip; New Objective;
Woburn, MA, USA) to a quadrupole orbitrap mass spectrometer (Q Exactive Plus, Thermo
Scientific) using a FlexIon nanospray apparatus (Proxeon).
Data was acquired in DDA mode, using a Top20 method. MS1 resolution was set to 70,000
(at 400m/z) and maximum injection time was set to 20 msec. MS2 resolution was set to 17,500
and maximum injection time of 60 msec.

Data processing and analysis
Raw data was imported into the Expressionist1 software (Genedata) and processed as
described here [39]. The software was used for retention time alignment and peak detection of
precursor peptides. A master peak list was generated from all MS/MS events and sent for database searching using Mascot v2.5 (Matrix Sciences). Data was searched against the mouse protein database from UniprotKB (http://www.uniprot.org/) appended with 125 common
laboratory contaminant proteins. Fixed modification was set to carbamidomethylation of cysteines and variable modifications were set to oxidation of methionines and deamidation of N
or Q. Search results were then filtered using the PeptideProphet [40] algorithm to achieve
maximum false discovery rate of 1% at the protein level. Peptide identifications were imported
back to Expressions to annotate identified peaks. Quantification of proteins from the peptide
data was performed using an in-house script [39]. Data was normalized base on the total ion
current. Protein abundance was obtained by summing the three most intense, unique peptides
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per protein. A Student’s t-Test, after logarithmic transformation, was used to identify significant differences across the biological replica. Fold changes between treatments were calculated
based on the ratio of arithmetic means of the replicate samples.

Results
ND-13 improves motor function in a model of focal ischemic injury on
wild type mice
The vasoconstrictor ET-1 is being increasingly used to induce focal ischemic injury in rodents
as a model of stroke. Animals in this model display significant long-term neurological deficits,
associated with excitotoxicity, inflammatory response and oxidative stress [41–44]. In order
to study the effects of ND-13 after ischemic injury, 5 μl of ET-1 (0.2 mg/ml) was injected
into the right striatum. The location in the striatum in which the insult was administered is circled in black in Fig 1(B). A histological study, using triphenyl tetrazolium chloride (TTC)
staining, clearly showed the resulting ischemic damage (data not shown). However, the borders of the damaged area were not sufficiently definable. In view of this fact and the reported
lack of correlation between neurological, histological and behavioral outcomes in focal cerebral ischemia rodent studies [45], we decided to determine outcome by measuring behavioral
results.
Mice injected with ET-1 showed significant motor deficits, as measured by behavioral tests
following ischemic injury compared to sham operated mice. Baseline measurements were
taken before the surgery and mice from all C57BL/6 groups showed similar results. Mice
received ND-13 or vehicle (saline) twice a day for 5 days after ET-1 injection into the right striatum, starting 3h after ischemic injury infliction. In the elevated bridge test, mice treated with
ND-13 were 30% faster compared to the group treated with saline, 2 days after injury (ND-13:
10.24 sec ± 0.57 sec; Vehicle: 14.17 sec ± 0.76 sec; p<0.05; Fig 2A). Also 7 and 14 days after
injury, the time taken the ND-13-treated animals to cross the bridge and reach the goalbox was significantly lower, compared to the control group. In the pole test, 2 days after injury,
the group treated with ND-13 descended the pole faster than the group treated with saline
(ND-13: 6.26 sec ± 0.13 sec; Vehicle: 7.41 sec ± 0.64 sec; p<0.05, Fig 2B). In the weeks following ischemia, the difference between the groups decreased, but the trend was still clear, as the
animals treated with ND-13 performed better than those that received saline. Also in the cylinder test, ND-13 significantly attenuated motor asymmetry in the group treated, compared to
the control group, 2 days after injury (ND-13: 0.10 ± 0.05; Vehicle: 0.30 sec ± 0.05; p<0.05, Fig
2C). The effect of ND-13 was still consistent 21 days after surgery: ND-13 treated mice used
both paws more equally than mice in the control group.

DJ-1 KO mice show higher sensitivity and less spontaneous recovery after
focal ischemic injury compared to C57BL/6 wild type mice
In order to evaluate the effect of DJ-1 deficiency on ischemic injury, the effect of ET-1 injection
to DJ-1 KO mice was compared to that on C57BL/6 mice. Both groups received ET-1 injection
into the right striatum to induce focal ischemic injury that resulted in motor dysfunction. DJ-1
KO mice showed higher sensitivity to ischemic damage and slower recovery compared to
C57BL/6 mice. Motor function was reduced in the DJ-1 KO group by 21% as measured by the
elevated bridge test, 7 days after injury (DJ-1 KO: 8.75 sec ± 0.57 sec; C57BL/6: 6.89 sec ± 0.34
sec; p<0.05; Fig 3A). Recovery was measured by the improvement in time taken to cross the
bridge on measurement days. Recovery was slower in DJ-1 KO mice, with only 5% improvement from day 2 to day 7 after injury, compared to C57BL/6 mice that improved by 20% (Fig
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3A). In the cylinder test, the effect was not statistically significant but the same trend was
observed 2 days and 7 days after ischemic injury (Fig 3B).

ND-13 improves motor function of DJ-1 KO in mouse model of focal
ischemic injury
To study the effect of ND-13 in the absence of DJ-1, we used the ET-1 model on DJ-1 KO
mice. After ET-1 injection into the right striatum, DJ-1 KO mice received ND-13 or vehicle
(saline) twice a day for 5 days. The ND-13-treated group showed significant improvement in
motor behavior, even in the absence of endogenous DJ-1, compared to the control group. In
the elevated bridge test, treatment with ND-13 decreased time to cross the beam by 30%, compared to vehicle treatment, 7 days after injury (ND-13: 6.08 sec ± 0.27 sec; Vehicle: 8.75 sec ±
0.57 sec; p<0.05; Fig 4A). The effect was still significant two weeks after the injury. In the cylinder test, DJ-1 KO mice treated with ND-13 showed a reduction in motor asymmetry in comparison to the control group, 7 days after injury (ND-13: 0.058 ± 0.04; Vehicle: 0.188 ± 0.08;
Fig 4B). Results were not significant but a trend was noticed.

Proteomics analysis reveals protein level changes following treatment of
ischemic wild type mice with ND-13
Two experimental groups of ET-1 ischemic C57BL/6 mice, treated with ND-13 or saline, were
tested for protein expression level changes (see methods). Average expression for each protein
and fold changes (FC) between the tested groups were calculated. Changes were considered
significant only if p<0.05 and the fold change>2. Out of all proteins that were found in the
analysis, expression levels of 39 proteins changed following ND-13 treatment compared to
vehicle treatment. Here we focus on the 7 of these proteins that have a link to the ischemic
insult and may help explain some of the effects of the treatment.

Fig 3. DJ-1 KO mice show higher sensitivity and less spontaneous recovery after ischemic injury compared to C57BL/6 mice. DJ-1 KO mice show slower
spontaneous recovery compared to C57BL/6 mice and are more sensitive to ischemic insult. DJ-1 KO mice spent significantly more time crossing the beam in the
elevated bridge test (A, p<0.05) than wild type mice. DJ-1 KO mice show only 5% recovery from day 2 to days 7 after injury, compared to C57BL/6 mice that improved
by 20% over the same period of time. Improvement was also noted in cylinder test 7 days after injury (B). (Data is shown as mean ± SEM).
https://doi.org/10.1371/journal.pone.0192954.g003
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Fig 4. Effect of ND-13 treatment on functional recovery of DJ-1 KO mice after ET-1 induced focal ischemic injury. DJ-1 KO mice treated with ND-13 show
improvement 2 days after ischemic injury in the elevated bridge test as they spend less time crossing the beam than wild type mice (A, p<0.05). This effect was
consistent for at least two weeks following injury. Improvement was also noted in cylinder test 7 days after injury (B). (Data is shown as mean ± SEM).
https://doi.org/10.1371/journal.pone.0192954.g004

Previous reports show the effect of ND-13 on the mitochondria. Treatment with ND-13
helped preserve mitochondrial membrane potential, thus stabilizing mitochondrial function
in the presence of 3NP toxin that inhibits succinate dehydrogenase activity [35]. Here, we have
identified an increase in the levels of mitochondrial protein succinate dehydrogenase assembly
factor 4 (SDHAF4) following ND-13 treatment (ND-13: 1.13E+09 ±2.51E+07; Vehicle: 1.05E
+07 ±2.31E+06; fold change: 107.4, p<0.001; Fig 5A). SDHAF4 has a protective role on the
mitochondria against oxidative stress: It enhances mitochondrial succinate dehydrogenase
(SDH) activity, promoting the blocking of excess reactive oxygen species (ROS). Furthermore,
SDHAF4 mutants display neuronal dysfunction, neurodegeneration, and sensitivity to oxidative stress [45–46]. Our data indicates a higher degree of mitochondrial preservation after ND13 treatment.
SDH complex (also known as respiratory complex II), a part of the mitochondrial electron
transport chain, elicits reduction of ubiquinone (coenzyme-Q) to ubiquinol, and therefore
promotes energy production and antioxidant protection [47–49]. We found a reduction in the
expression levels of ubiquinone following treatment with ND-13, corresponding to SDH-complex activity (ND-13: 1.30E+08 ±1.97E+07; Vehicle: 4.64E+08 ±7.51E+07; fold change: 3.5,
p<0.01; Fig 5B).
Another key component of the oxidative stress response is the antioxidant enzyme SOD1
(copper-zinc superoxide dismutase) that provides defense against reactive oxygen species
(ROS), scavenging superoxide radicals [50,51]. The activation of SOD1 is dependent on copper
incorporation at the active site, a complex and highly regulated process [52,53]. The final step
in SOD1 maturation is the formation of homodimers. Copper homeostasis protein COMMD1
(copper metabolism Murr1 domain containing 1) regulates the activation of SOD1. COMMD1
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Fig 5. Changes in mitochondrial protein expression levels following ND-13 treatment. Ischemic wild type mice treated with ND-13 show significant change in
protein expression levels compared to saline treated ischemic wild type mice. SDHAF4 protein levels increased after ND-13 treatment (A, FC = 107.4, p<0.001).
Ubiquinone protein levels decreased after ND-13 treatment (B, FC = 3.5, p<0.01). Rhot2 protein levels decreased after ND-13 treatment (C, FC = 2.5, p<0.01). Usp35
protein levels decreased after ND-13 treatment (D, FC = 2.4, p<0.01). (Data is shown as mean ± SEM).
https://doi.org/10.1371/journal.pone.0192954.g005

impairs SOD1 activity by reducing the expression levels of enzymatically active SOD1 homodimers late in the post-translational maturation process [54]. We found that after ND-13 treatment, COMMD1 protein levels decreased compared to vehicle treatment (ND-13: 7.45E+05;
Vehicle: 8.01E+06; fold change: 10.76, p<0.05). This downregulation of COMMD1 suggests
less impairment of SOD1 activity.
We also found that after treatment with ND-13, mitochondrial Rho GTPase 2 (RHOT2,
Miro2) protein expression levels decreased compared to vehicle treatment (ND-13: 2.49E+09
±2.16E+08; Vehicle: 6.28E+09 ±1.02E+09; fold change: 2.5, p<0.01; Fig 5C). As a Miro protein, RHOT2 is involved in mitochondrial homeostasis and apoptosis, indicating dysfunctional
mitochondria elimination following ND-13 treatment. Furthermore, USP35 (Ubiquitin Specific Peptidase 35), a mitochondrial deubiquitinating enzyme, can delay parkin mediated mitophagy. Upon mitochondrial depolarization, USP35 dissociates from damaged mitochondria,
allowing parkin activity. In the absence of USP35, the mitophagy increases [55]. Indeed, we
found a decrease in USP35 protein expression levels following ND-13 treatment (ND-13:
1.94E+09 ±2.23E+08; Vehicle: 4.61E+09 ±5.19E+08; fold change: 2.4, p<0.01; Fig 5D) corresponding to the increase in mitophagy.
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Changes in proteins involved in potassium channel regulation following
treatment with ND-13
The opening of K+ channels mediates feedback control of excitability in a variety of conditions. Voltage gated K+ channels help bring the activated membrane more rapidly back toward
its original negative potential [56]. The large-conductance voltage- and Ca2+-activated K+
channel (BK channel) improve the survival of neurons exposed to ischemic conditions, since
their activation tends to reduce cellular excitability [57]. Cereblon protein (CRBN) interaction
with the BK channel reduces the surface expression of functional channels. Therefore, CRBN
plays a role in modulating neuronal BK channel activity [58]. We have identified a decrease
in the levels of CRBN following ND-13 treatment (ND-13: 1.77E+07 ±3.55E+06; Vehicle:
1.19E+08 ±2.52E+07; fold change: 6.7, p<0.01; Fig 6A), suggesting an increase in the surface
expression of functional KB channels that, in turn, improve the survival of cells after ischemia.
Another type of potassium channel that may be involved in reducing ischemic injury damage is the Kvα4 (Shal-related) voltage-gated rapidly inactivating A-type potassium channels.
upregulation of A-type currents (IA) after ischemia correlates with higher resistance of cells to
ischemic insult by decreasing excitotoxicity [59]. The protein Kcnip4 (Potassium VoltageGated Channel Interacting Protein 4) is a regulatory subunit of Kv4 channels that mediate the
neuronal IA currents. Unlike other K-channel interacting proteins, Kcnip4 largely reduces surface expression of the Kv4 channel complexes [60]. We show that Kcnip4 levels decrease after
ND-13 treatment (ND-13: 4.38E+08 ±4.19E+07; Vehicle: 1.52E+09 ±9.09E+07; fold change:
3.4, p<0.01; Fig 6B). This may suggest an increase in A-type channel expression and subsequent reduction in excitability and ischemic damage.

Discussion
The present study shows the benefits of treatment with the novel DJ-1 based peptide, ND-13,
on focal ischemic injury in mice. Using the vasoconstrictor Endothelin-1 (ET-1), we induced
ischemic injury in separate groups of DJ-1 KO and C57BL/6 mice, which resulted in tissue

Fig 6. Changes in potassium channel regulators protein expression levels following ND-13 treatment. Ischemic WT mice treated with ND-13 show significant
change in protein expression levels compared to WT mice treated with saline, 2 days after injury. CRBN protein levels decreased after ND-13 treatment (A, FC = 6.7,
p<0.01). Kcnip4 protein levels decreased after ND-13 treatment (B, FC = 3.4, p<0.01). (Data is shown as mean ± SEM).
https://doi.org/10.1371/journal.pone.0192954.g006
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damage and motor dysfunction [44]. To assess the effects of ND-13 treatment, motor function
behavioral tests were performed. The motor capabilities of both DJ-1 KO and C57BL/6 groups
significantly improved after subcutaneous administration of ND-13, following Ischemic
injury. Previous studies show that treatment with ND-13 provides protection and promotes
survival in mouse models of neurodegenerative diseases characterized by severe motor dysfunction, including Parkinson’s disease and multiple system atrophy [34,35]. Our study
expands these findings, demonstrating that treatment with ND-13 improves functional recovery from ischemic injury by promoting tissue survival.
Ischemic stroke is a common cause of permanent disability in adults worldwide. Surviving
the initial injury usually leads to a long-term loss or limitations of function and the need for a
long and agonizing rehabilitation [61,62]. Motor impairments are the most common results of
stroke and affect an individual’s ability to complete everyday activities and participate in everyday life situations [63,64]. Here we demonstrate a therapeutic effect of treatment with ND-13
in a mouse model of focal ischemic injury. ND-13 reduced motor dysfunction and increased
recovery after injury. Significant reduction in motor asymmetry, improvement in body balance and motor coordination were observed after ND-13 treatment, compared to the control
group.
Further experiments on DJ-1 Knock-out (KO) mice revealed that DJ-1 KO mice show
higher sensitivity and less spontaneous recovery from striatal ET-1-induced ischemic injury,
compared to C57BL/6 mice. These findings are consistent with the notion that DJ-1 participates in the endogenous neuroprotection after stroke. In various rodent models, it has been
reported that loss of DJ-1 increases the sensitivity to excitotoxicity after ischemia, whereas elevated expression of DJ-1 can reverse this sensitivity and provide further protection through
alleviation of oxidative stress [30,65]. DJ-1 is detected immediately after stroke and efficiently
translocated into the mitochondria and may contribute to mitochondria-mediated neuroprotection [19]. Furthermore, oxidative stress induces the release of DJ-1 in reactive astrocytes,
scavenges free radicals and reduces cell injury [66]. We show that ND-13 provides compensation for DJ-1 deficits in DJ-1 KO mice. This suggests that ND-13 works in a DJ-1 independent
manner. That is, the presence of the endogenous DJ-1 is not required for ND-13 activity, and
even in the absence of DJ-1, ND-13 improves motor function and recovery significantly after
ischemic injury.
It is well known that stroke leads to increased production of free radicals and reactive oxygen species (ROS) in the brain [67,68], and to accumulation of glutamate and excessive activation of glutamate receptors [4,69]. Both responses, which eventually lead to cell vulnerability
and neuronal death, are sequential but also interacting processes and the close relationship
between these responses is well defined [4,12,70,71]. Our objective of demonstrating a basis
for clinical application of the ND-13 peptide to enhance neuroprotection in stroke patients led
us to choose C57BL/6 mice (as opposed to DJ-1 KO mice) for the proteomic analysis. To the
extent that mice data can be translated to humans, clearly wild type mice are more relevant
than gene “knock out” models.
In this study, we show an approach to minimize neuronal damage and improve functional
recovery through the simultaneous regulation of different pathways.
A detailed proteomic analysis of protein expression levels after ND-13 treatment to ischemic C57BL/6 mice revealed significant changes in several regulatory proteins involved in oxidative stress and neurotoxicity responses.
Changes in the expression levels of several proteins involved in regulation of mitochondrial
function were observed in response to ND-13 administration. These changes can help promote
the anti-oxidative stress response, preserve mitochondrial function and regulate the elimination
of damaged mitochondria, which encourages cell survival. Other proteins found in the analysis
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regulate various potassium channels. Voltage gated potassium channels are major mediators of
excitability in the brain, and help reduce membrane potential [72]. The observed downregulation of these proteins after ND-13 treatment, can lead to reduction in excitability of the tissue
after stroke and consequently lessen tissue damage, thereby leading to improved function.
In spite of the above, there is still not enough evidence on the mechanism of action of ND13 and further research will have to be undertaken. The present study provides a proof of concept, justifying further evaluation of treatment with ND-13 for stroke. The advantages of the
ET-1 focal ischemic model are its simplicity, reliability and the option to choose the damage
site. A further study using other models, such as the middle cerebral artery occlusion model, is
needed to better understand the clinical relevance of these results. Also, in order to implement
our findings in the clinic, further research is needed to measure neurological and histological
parameters and determine the safety of ND-13, its stability, optimal mode of administration
and effective doses.
In conclusion, our findings propose a new therapeutic target for ischemic stroke. Treatment
with ND-13 enhances functional recovery and may play a significant role in neuroprotection
after ischemic injury. These findings have important implications and could benefit patients
with ischemic stroke.

Author Contributions
Investigation: Lior Molcho, Yael Barhum.
Methodology: Tali Ben-Zur, Daniel Offen.
Supervision: Daniel Offen.
Writing – original draft: Lior Molcho.
Writing – review & editing: Lior Molcho, Daniel Offen.

References
1.

Donnan GA, Fisher M, Macleod M, Davis SM. Stroke. Lancet. 2008; 371: 1612–23. https://doi.org/10.
1016/S0140-6736(08)60694-7 PMID: 18468545

2.

Fisher M, Garcia JH. Evolving stroke and the ischemic penumbra. Neurology. Lippincott Williams & Wilkins; 1996; 47: 884–8. https://doi.org/10.1212/wnl.47.4.884 PMID: 8857713

3.

Heiss W-D, Huber M, Fink GR, Herholz K, Pietrzyk U, Wagner R, et al. Progressive Derangement of
Periinfarct Viable Tissue in Ischemic Stroke. J Cereb Blood Flow Metab. SAGE Publications; 1992; 12:
193–203. https://doi.org/10.1038/jcbfm.1992.29 PMID: 1548292

4.

Choi DW, Rothman SM. The Role of Glutamate Neurotoxicity in Hypoxic-Ischemic Neuronal Death.
Annu Rev Neurosci. Annual Reviews 4139 El Camino Way, P.O. Box 10139, Palo Alto, CA 94303–
0139, USA; 1990; 13: 171–182. https://doi.org/10.1146/annurev.ne.13.030190.001131 PMID: 1970230

5.

Chao N, Li S-T. Synaptic and extrasynaptic glutamate signaling in ischemic stroke. Curr Med Chem.
2014; 21: 2043–64. Available: http://www.ncbi.nlm.nih.gov/pubmed/24372211 PMID: 24372211

6.

Dirnagl U, Iadecola C, Moskowitz M a. Pathobiology of ischaemic stroke: an integrated view. 4441.
Trends Neurosci. 1999; 22: 391–397. https://doi.org/10.1016/S0166-2236(99)01401-0 PMID:
10441299

7.

Lo EH, Dalkara T, Moskowitz MA. Neurological diseases: Mechanisms, challenges and opportunities in
stroke. Nat Rev Neurosci. Nature Publishing Group; 2003; 4: 399–414. https://doi.org/10.1038/nrn1106
PMID: 12728267

8.

Chan PH. Reactive Oxygen Radicals in Signaling and Damage in the Ischemic Brain. J Cereb Blood
Flow Metab. SAGE Publications; 2001; 21: 2–14. https://doi.org/10.1097/00004647-200101000-00002
PMID: 11149664

9.

Lee J, Giordano S, Zhang J. Autophagy, mitochondria and oxidative stress: cross-talk and redox signalling. Biochem J. Portland Press Ltd; 2012; 441: 523–40. https://doi.org/10.1042/BJ20111451 PMID:
22187934

PLOS ONE | https://doi.org/10.1371/journal.pone.0192954 February 28, 2018

13 / 17

DJ-1 based peptide for focal ischemic injury

10.

Murphy AN, Fiskum G, Beal MF. Mitochondria in Neurodegeneration: Bioenergetic Function in Cell Life
and Death. J Cereb Blood Flow Metab. SAGE Publications; 1999; 19: 231–245. https://doi.org/10.1097/
00004647-199903000-00001 PMID: 10078875

11.

Lakhan SE, Kirchgessner A, Hofer M, Lo E, Dalkara T, Moskowitz M, et al. Inflammatory mechanisms
in ischemic stroke: therapeutic approaches. J Transl Med. BioMed Central; 2009; 7: 97. https://doi.org/
10.1186/1479-5876-7-97 PMID: 19919699

12.

Coyle JT, Puttfarcken P. Oxidative stress, glutamate, and neurodegenerative disorders. Science. American Association for the Advancement of Science; 1993; 262: 689–95. https://doi.org/10.1126/science.
7901908 PMID: 7901908

13.

Cuzzocrea S, Riley DP, Caputi AP, Salvemini D. Antioxidant therapy: a new pharmacological approach
in shock, inflammation, and ischemia/reperfusion injury. Pharmacol Rev. 2001; 53: 135–59. Available:
http://www.ncbi.nlm.nih.gov/pubmed/11171943 PMID: 11171943

14.

Lipton P, ABE H, NOWAK TS, ABE K, KAWAGOE J, AOKI M, et al. Ischemic cell death in brain neurons. Physiol Rev. American Physiological Society; 1999; 79: 1431–568. https://doi.org/10.1152/
physrev.1999.79.4.1431 PMID: 10508238

15.

Kim Y, Park J, Kim S, Song S, Kwon SK, Lee SH, et al. PINK1 controls mitochondrial localization of Parkin through direct phosphorylation. Biochem Biophys Res Commun. 2008; 377: 975–980. https://doi.
org/10.1016/j.bbrc.2008.10.104 PMID: 18957282

16.

Matsuda N, Sato S, Shiba K, Okatsu K, Saisho K, Gautier CA, et al. PINK1 stabilized by mitochondrial
depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J
Cell Biol. Rockefeller University Press; 2010; 189: 211–221. https://doi.org/10.1083/jcb.200910140
PMID: 20404107

17.

Narendra DP, Jin SM, Tanaka A, Suen D-F, Gautier CA, Shen J, et al. PINK1 Is Selectively Stabilized
on Impaired Mitochondria to Activate Parkin. Green DR, editor. PLoS Biol. Public Library of Science;
2010; 8: e1000298. https://doi.org/10.1371/journal.pbio.1000298 PMID: 20126261

18.

Narendra D, Tanaka A, Suen D-F, Youle RJ. Parkin is recruited selectively to impaired mitochondria
and promotes their autophagy. J Cell Biol. Rockefeller University Press; 2008; 183: 795–803. https://
doi.org/10.1083/jcb.200809125 PMID: 19029340

19.

Kaneko Y, Tajiri N, Shojo H, Borlongan C V. Oxygen-glucose-deprived rat primary neural cells exhibit
DJ-1 translocation into healthy mitochondria: a potent stroke therapeutic target. CNS Neurosci Ther.
Wiley-Blackwell; 2014; 20: 275–81. https://doi.org/10.1111/cns.12208 PMID: 24382215

20.

Milani P, Ambrosi G, Gammoh O, Blandini F, Cereda C. SOD1 and DJ-1 converge at Nrf2 pathway: a
clue for antioxidant therapeutic potential in neurodegeneration. Oxid Med Cell Longev. Hindawi Publishing Corporation; 2013; 2013: 836760. https://doi.org/10.1155/2013/836760 PMID: 23983902

21.

Hao L-Y, Giasson BI, Bonini NM. DJ-1 is critical for mitochondrial function and rescues PINK1 loss of
function. Proc Natl Acad Sci. National Academy of Sciences; 2010; 107: 9747–9752. https://doi.org/10.
1073/pnas.0911175107 PMID: 20457924

22.

Kahle PJ, Waak J, Gasser T. DJ-1 and prevention of oxidative stress in Parkinson’s disease and other
age-related disorders. Free Radic Biol Med. 2009; 47: 1354–1361. https://doi.org/10.1016/j.
freeradbiomed.2009.08.003 PMID: 19686841

23.

Waak J, Weber SS, Waldenmaier A, Gorner K, Alunni-Fabbroni M, Schell H, et al. Regulation of astrocyte inflammatory responses by the Parkinson’s disease-associated gene DJ-1. FASEB J. Federation
of American Societies for Experimental Biology; 2009; 23: 2478–2489. https://doi.org/10.1096/fj.08125153 PMID: 19276172

24.

Pantcheva P, Elias M, Duncan K, Borlongan C V, Tajiri N, Kaneko Y. The role of DJ-1 in the oxidative
stress cell death cascade after stroke. Neural Regen Res. Medknow Publications; 2014; 9: 1430–3.
https://doi.org/10.4103/1673-5374.139458 PMID: 25317153

25.

van der Merwe C, Jalali Sefid Dashti Z, Christoffels A, Loos B, Bardien S. Evidence for a common biological pathway linking three Parkinson’s disease-causing genes: parkin, PINK1 and DJ-1. Eur J Neurosci. 2015; 41: 1113–1125. https://doi.org/10.1111/ejn.12872 PMID: 25761903

26.

Jin J, Li GJ, Davis J, Zhu D, Wang Y, Pan C, et al. Identification of novel proteins associated with both
alpha-synuclein and DJ-1. Mol Cell Proteomics. 2007; 6: 845–59. https://doi.org/10.1074/mcp.
M600182-MCP200 PMID: 16854843

27.

Moore DJ, Zhang L, Troncoso J, Lee MK, Hattori N, Mizuno Y, et al. Association of DJ-1 and parkin
mediated by pathogenic DJ-1 mutations and oxidative stress. Hum Mol Genet. 2005; 14: 71–84. https://
doi.org/10.1093/hmg/ddi007 PMID: 15525661

28.

Tang B, Xiong H, Sun P, Zhang Y, Wang D, Hu Z, et al. Association of PINK1 and DJ-1 confers digenic
inheritance of early-onset Parkinson’s disease. Hum Mol Genet. 2006; 15: 1816–25. https://doi.org/10.
1093/hmg/ddl104 PMID: 16632486

PLOS ONE | https://doi.org/10.1371/journal.pone.0192954 February 28, 2018

14 / 17

DJ-1 based peptide for focal ischemic injury

29.

Kitamura Y, Watanabe S, Taguchi M, Takagi K, Kawata T, Takahashi-Niki K, et al. Neuroprotective
effect of a new DJ-1-binding compound against neurodegeneration in Parkinson’s disease and stroke
model rats. Mol Neurodegener. BioMed Central; 2011; 6: 48. https://doi.org/10.1186/1750-1326-6-48
PMID: 21740546

30.

Aleyasin H, Rousseaux MWC, Phillips M, Kim RH, Bland RJ, Callaghan S, et al. The Parkinson’s disease gene DJ-1 is also a key regulator of stroke-induced damage. Proc Natl Acad Sci U S A. National
Academy of Sciences; 2007; 104: 18748–53. https://doi.org/10.1073/pnas.0709379104 PMID:
18003894

31.
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