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BACKGROUND: There are currently no therapeutic options for patients with Parkinson'’s disease that prevent or slow the death of
dopaminergic neurons. We have recently identified the novel P7C3 class of neuroprotective molecules that blocks neuron cell

death.

AIMS: The aim of this study was to determine whether treatment with highly active members of the P7C3 series blocks
dopaminergic neuron cell death and associated behavioral and neurochemical deficits in the rat 6-hydroxydopamine (6-OHDA)

model of Parkinson’s disease.

METHODS: After unilateral injection of 6-OHDA into the median forebrain bundle, rats were assessed for behavioral function in the
open field, cylinder test, and amphetamine-induced circling test. Thereafter, their brains were subjected to neurochemical and
immunohistochemical analysis of dopaminergic neuron survival. Analysis was conducted as a function of treatment with P7C3
compounds, with administration initiated either before or after 6-OHDA exposure.

RESULTS: Animals administered P7C3-A20 or P7C3-5243, two of the most advanced agents in the P7C3 series of neuroprotective
compounds, both before and after 6-OHDA exposure showed evidence of protective efficacy in all measures. When P7C3-5243
administration was initiated after 6-OHDA exposure, rats also showed protective efficacy in all measures, which included blocking
dopaminergic neuron cell death in ipsilateral substantia nigra pars compacta, preservation of dopamine and its metabolites in

ipsilateral striatum, and preservation of normal motor behavior.

CONCLUSIONS: The P7C3 series of compounds may form the basis for developing new therapeutic agents for slowing or

preventing progression of Parkinson'’s disease.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive and currently incurable
neurodegenerative disease characterized by death of midbrain
dopaminergic neurons in the substantia nigra pars compacta (SNc).
The cardinal motor symptoms of PD consist of resting tremor,
rigidity, bradykinesia, hypokinesia, akinesia, postural imbalance,
and cognitive disturbance, and disease symptoms manifest after
about 60-80% of striatal dopamine content is lost, corresponding
to a 50-60% loss of SNc dopaminergic neurons." Unfortunately,
there are no therapies that slow or arrest progression of PD.
Current treatment is limited to management of early motor
symptoms with drugs that enhance dopaminergic signaling, such
as L-3-4-dihydroxyphenylalanine or dopamine receptor agonists.
With disease progression, however, these symptomatic medica-
tions lose efficacy. There is thus a significant unmet need for new
medications capable of slowing or preventing PD progression by
blocking SNc neuron death.

We have previously reported the discovery of the P7C3 class of
neuroprotective agents,>™* which augment synthesis of nicotina-
mide adenine dinucleotide through activation of the metabolic
enzyme nicotinamide phosphoribosyltransferase.® Nicotinamide
adenine dinucleotide is an enzyme co-factor that has a central role

in metabolism, mitochondrial integrity, and neuronal survival, and
lead agents in the P7C3 series have shown potent protective
efficacy in preclinical models of aging-associated cognitive
decline,® retinal degeneration,® amyotrophic lateral sclerosis,’
peripheral nerve degeneration,? elevated hippocampal cell death
after stress,” and traumatic brain injury.'®'2 Importantly, the P7C3
class of molecules is currently being targeted for development of
a new class of neuroprotective drugs.”® Both the previous lead
agent (P7C3-A20) and the recently reported more active drug-like
compound P7C3-5243 exhibit potent neuroprotective efficacy in
the mouse 1-methyl-4-phenyl-1,2,3,6-tetraydropyridine (MPTP)
model of PD."*' Although MPTP is a valuable model of PD in
mice and nonhuman primates, it is limited by virtue of causing a
bilateral Parkinson syndrome due to systemic injection, thereby
rendering it impossible to conduct side-biased behavioral tests
that incorporate uninjured control tissue in the same organism.
Therefore, we sought to evaluate efficacy of P7C3-5243 in an
additional toxin model of PD: the unilateral 6-hydroxydopamine
(6-OHDA) rat model, in which the toxin is directly injected into one
side of the nigrostriatal pathway. In this procedure, 6-OHDA
selectively destroys catecholaminergic neurons, and has the
unique advantage of side-biased motor impairment that
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corresponds with loss of dopaminergic neurons, such as
amphetamine-driven circling and spontaneous motor activity.'®

MATERIALS AND METHODS
Animals

Long Evans rats weighing 250-300 g were used in this study. All animal
procedures were performed in accordance with the protocol approved by
the University of lowa Institutional Animal Care and Use Committee.
Animals were housed individually following surgery with food ad libitum,
and had a 12-h light-on-light-off schedule.

Surgical Procedure

The nigrostriatal dopaminergic pathway that is implicated in PD consists of
dopaminergic neurons located in the SNc that extend axons along the
median forebrain bundle (MFB) and terminate in the dorsal striatum. To
model PD, 6-OHDA is most commonly injected unilaterally into the
substantia nigra, MFB, or striatum. We chose to inject the toxin into the
MFB because this approach induces degeneration in striatal terminals
before dopaminergic neuron cell death occurs,'”” and we have previously
shown that P7C3 compounds block axonal degeneration preceding
neuron cell death in traumatic brain injury."’ Rats were anesthetized
using ketamine/xylazine anesthesia (ketamine: 100 mg/kg, xylazine: 10 mg/
kg) and placed into a stereotactic frame secured by ear and nose bars
adapted specifically for the rat. To achieve lesioning of the nigrostriatal
pathway, 5 pl of 6-OHDA (1 pg/pl in 0.01% ascorbic acid dissolved in saline
preventing heat and light exposure) was stereotactically injected into the
right MFB (anteroposterior: —2.2, mediolateral: — 1.5, dorsoventral: —8.0)
using a 5-pyl Hamilton Syringe (Sigma, St Louis, MO, USA) with 28-gauge
needle. Syringes were lowered into the brain at a rate of 2 mm/min. 6-
OHDA was injected at a rate of 1 pl/min, and the syringe was left in place
for 5 min after injection before being drawn back at a rate of 2 mm/min.
Rats were monitored for 2 h post surgery before returning to the animal
housing facility. Two separate groups of control rats received saline sham
injections following the same procedures.

Treatment with P7C3 compounds

P7C3-A20 and P7C3-5243 were prepared as previously described.>'” Rats
received either daily 3 days of pretreatment or no pretreatment (injection
right after stereotaxic surgery) doses of P7C3-A20 or P7C3-5243 (or vehicle
for control). All P7C3 compounds were administered at 10 mg/kg/day via
intraperitoneal injection, during brief sedation (15s) with isoflurane. A
growing body of literature has suggested a possible role for isoflurane
anesthesia in disrupting the normal blood-brain barrier (BBB)."**° To
ascertain whether the isoflurane anesthesia, used during the stereotactic
surgical procedure and present when the first injection of P7C3-5243 was
administered, could influence the amount of compound that reached the
brain, brain levels of P7C3-5243 were determined in the presence and
absence of isoflurane after a 10-mg/kg injection intraperitoneally. There
was not a statistically significant increase in levels of P7C3-5243 in the
brain in the presence of isoflurane. In fact, levels were decreased (area
under the curve = 141,243 min X ng/qg) slightly relative to those observed in
the absence of isoflurane (area under the curve=229,915min X ng/qg);
however, as plasma levels were also slightly reduced in the presence of
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isoflurane, the net effect on the blood:brain ratio was negligible (blood:
brain =0.45 absence of isoflurane; BBB=0.52 presence of isoflurane). Daily
doses were continued 7 days after surgery (including the day of surgery)
before beginning behavioral analysis. Test compounds were no longer
administered after behavioral analysis was initiated. For cellular studies,
both P7C3-A20 and P7C3-5243 were dissolved in 100% dimethyl sulfoxide
and cells were incubated with a final 0.1% dimethyl sulfoxide.

Pharmacokinetic analysis

Detection of P7C3-S243 in plasma and brains of rats injected intraper-
itoneally with 10 mg/kg compound in the presence and absence of
isoflurane was as described previously'>, with the additional use of Pheno-
menex (Torrance, CA, USA) Phree columns to further remove phospholi-
pids from plasma and brain homogenates, as described previously.'?

Open field

Eight days following surgery, rats were placed in a clean open field
container (45 x45cm) surrounded by plexiglass walls in a quiet, well-lit
room. Motor and exploratory activity was video recorded and tracked for
20 min using Omniplex software (Plexon, Dallas, TX, USA). Plots tracking
the rat's movement were then constructed by importing coordinates
generated by Omniplex software into a Microsoft Excel spreadsheet. The
container was sanitized with 70% ethanol between each trial and allowed
to air dry.

Cylinder test

Eight days following surgery, rats were placed into a clean, open-top
plexiglass cylinder (diameter: 15 cm, height: 19 mm) in a quiet, well-lit room.
Motor and exploratory activity was video recorded for 5 min/session. For
scoring, three investigators blind to treatment regimen were trained to
count the number of rearings. Rearings were scored as an extension of the
hindlimbs beyond the typical grooming position while placing paws on the
walls of the cylinder in an exploratory manner, as previously described.?'

Amphetamine-induced circling

At 12-14 days following surgery, rats received an intraperitoneal injection
of (+)-methamphetamine hydrochloride (M8750 Sigma) (3 mg/kg), and
were then placed in a clean open field container (45 x 45 cm) surrounded
by plexiglass walls in a quiet, well-lit room. At 30 min after injection, their
activity was recorded for a 10-min period. For scoring, three investigators
blind to treatment regimen counted the number of 360-degree ipsiversive
rotations, as previously described.?? The container was sanitized with 70%
ethanol between each trial and allowed to air dry.

Immunofluorescence and tyrosine hydroxylase quantification

Two weeks following surgery, rats were transcardially perfused with sterile
saline until the liver could be observed to have been cleared of blood. The
forebrain was then carefully extracted and the frontal lobe was dissected
for striatal biochemistry (see striatal biochemistry). Mid- and hindbrain
tissue were placed in 4% paraformaldehyde for 24 h at 4 °C. Brains were
then placed in 30% sucrose at 4°C for cryoprotection until the tissue
had sunk. Thirty-five-um-thick sections were collected using a sliding
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Experimental design. (a) Graphical illustration of the site of stereotaxic injection in the MFB shows dopaminergic fibers connecting

the striatum and the SNc. (b) Schematic of the experimental design illustrates that rats received a unilateral stereotactic injection of 6-OHDA
or saline in the MFB, followed by daily injection of P7C3-5243 for 7 days. Open field and cylinder tests were performed 8-10 days after 6-OHDA
injection, and the amphetamine-circling test was conducted on day 11. Rats were transcardially perfused on day 14, and brain tissue was
processed for neurochemistry and immunohistochemistry analysis. MFB, median forebrain bundle; 6-OHDA, 6-hydroxydopamine; SNc,
substantia nigra pars compacta.

npj Parkinson's Disease (2015) 15010 © 2015 Parkinson's Disease Foundation/Macmillan Publishers Limited



Protective efficacy of P7C3-5243 in the 6-OHDA model
H De Jesus-Cortés et al

npj

a b c

~ 20 60 150

2 — — e -

£ M 2 125

E 15 ot © 2 =
n =]

3 gé g1 — ==
o 10 8% %0 2 75

2 25 » = g2

.E 5 nfi < § 50

& 2 10 5 25

Sham
Vehicle

6-OHDA
Vehicle

6-OHDA
S243

Sham
Vehicle

Figure 2.

6-OHDA
Vehicle

o

Sham
Vehicle

6-OHDA
Vehicle

6-OHDA
S243

6-OHDA
243

Post-treatment with P7C3-5243 protects rats from 6-OHDA-induced motor deficits. (a) Cylinder test showed a significant decrease in

the total amount of rearings of 6-OHDA-exposed animals that received vehicle compared with sham-injured animals that received vehicle
(**P < 0.005; one-way ANOVA), and also to 6-OHDA-exposed animals that were treated with P7C3-5243 (***P < 0.001; one-way ANOVA). (n=5
sham—uvehicle, n=7 6-OHDA—vehicle, n=16 6-OHDA—P7C3-5243.) (b) Open field test showed a significant decrease in the total distance
traveled of 6-OHDA-exposed animals that received vehicle compared with sham-injured animals that received vehicle (***P < 0.001; one-way
ANOVA), and also with 6-OHDA-exposed animals that were treated with P7C3-S243 (****P < 0.0001; one-way ANOVA). (n=7 sham—vehicle,
n=17 6-OHDA—vehicle, n=17 6-OHDA—P7C3-5243.) (c) Amphetamine-circling test showed a significant increase in ipsilateral (toward the
lesion site) rotations of 6-OHDA-exposed animals that received vehicle compared with sham-injured animals that received vehicle
(**P < 0.005; one-way ANOVA), and also with 6-OHDA-exposed animals that were treated with P7C3-S243 (***P < 0.001; one-way ANOVA).
(n=5 sham—vehicle, n=7 6-OHDA—vehicle, n=16 6-OHDA—P7C3-5243.) ANOVA, analysis of variance; 6-OHDA, 6-hydroxydopamine.

microtome. Sections were blocked (10% normal goat serum, 0.3% Triton-X,
in 1x PBS) for 1 h and stained for tyrosine hydroxylase (anti-TH; 1:1,000;
AB152 Millipore (Darmstadt, Germany) and Alexa Flour 568 Goat anti-
rabbit; 1:400; Jackson ImmunoResearch, West Grove, PA, USA) diluted in
blocking buffer. Double labeling was visualized using a Leica DM 6000 CFS
confocal scope or a Leica DMI 6000B wide-field scope running Leica’s
Advanced Application Suite Advanced Fluorescence software (Leica
Microsystems, Buffalo Grove, IL, USA). The number of TH-positive cells in
the SNc was quantified manually using NIH (National Institutes of Health)
Image) software (Bethesda, MD, USA) by an investigator blinded to
treatment regimen. After counting, percent cell survival was obtained by
plotting the total numbers of cells on the lesioned side as a percentage of
those on the non-lesioned side of the same animal.

Striatal biochemistry

Right hemispheres corresponding to the lesioned hemisphere were
separated and homogenized in 1ml of EGTA-glutathione (236.6 mM
EGTA, 195.2 mM L-glutathione reduced, pH 7.0-7.4) in 1.5-ml microcen-
trifuge tubes. Samples were then spun in a tabletop centrifuge for 10 min
at 12,000 r.p.m. Hundred pl of supernatant was drawn off and placed into a
fresh, labeled 1.5-ml microcentrifuge tube and immediately placed at
—20°C. The remaining samples were placed at — 20 °C. Hundred-pl aliquots
were sent to Vanderbilt (Vanderbilt School of Medicine Neurochemistry
Core) for high-performance liquid chromatography determination of tissue
content of dopamine and its metabolites.

RESULTS

P7C3 compounds protect rats from motor deficits after 6-OHDA

exposure

We first tested protective efficacy of P7C3 compounds in the 6-
OHDA in vivo rat model of PD with 3 days of pretreatment with
P7C3 compounds, as others have routinely applied this testing
paradigm.”®> We selected a test dose of 10 mg/kg/day intraper-
itoneally for P7C3 compounds, as we have previously shown that
this concentration is effective in blocking MPTP toxicity'*'> and
neurotoxicity after traumatic brain injury.'"'? P7C3-A20 or P7C3-
S243 were administered daily for 3 days, followed by unilateral
injection of 6-OHDA in the right MFB of adult male Long Evans rats
(Figure 1a). Daily administration of P7C3 compounds was continued
for the next 7 days, such that animals were treated both before and
after toxin exposure, and behavioral testing was conducted 8-
11 days after unilateral 6-OHDA lesion. Specifically, rats were
evaluated for motor ability via three behavioral tests: assessment of
rearing ability in the cylinder test, assessment of distance traveled
in the open field test, and amphetamine-induced circling. In a
separate experiment, the same testing paradigm was employed

© 2015 Parkinson's Disease Foundation/Macmillan Publishers Limited

after unilateral 6-OHDA injection, but daily administration of P7C3-
S243 was not initiated until 5-10 min after 6-OHDA exposure, while
the rat was still under anesthesia, such that animals were treated
only after toxin exposure (Figure 1b). The goal of this latter test was
to evaluate efficacy of our putative protective compound in a
preclinical model more relevant to the human condition, in which
treatment would not be initiated until the disease process was
already underway. Notably, no significant differences between
these two different treatment groups (pretreatment only versus
both pre- and post-treatment) in behavioral outcome measures
were noted, reflecting a wide window of opportunity for
therapeutic intervention with P7C3 compounds in this model of PD.

The cylinder test allows measurement of rearings, which are
scored as extension of hindlimbs beyond the typical grooming
position while the rat places its paws on the walls of the cylinder
in an exploratory manner?' In the pre- and post-treatment
experiment, rats displayed significantly fewer rearings/5 min when
tested 8-10 days after 6-OHDA exposure, and treatment with
P7C3-A20 alone, without toxin exposure, did not change the
number of rearings relative to sham-injured animals. The number
of rearings was restored to normal, however, when animals were
both pre- and post-treated with either P7C3-A20 or P7C3-5243
(sham-veh, 15.0+1.140, n=5, **P=0.0072; sham-A20,
15.0+£1.783, n=10, **P=0.0012; 6-OHDA-veh, 4.174+1.426,
n=7; 6-OHDA-A20, 12.60+1.784, n=10, *P=0.0162; 6-OHDA-
S243,12.33+£2.021,n=9, *P=0.0252; all P values were determined
with one-way analysis of variance comparing with the 6-OHDA-
veh group). Treatment of 6-OHDA-exposed rats with P7C3-5243
only after toxin exposure (post-treatment only) also restored the
number of rearings to a normal level in 6-OHDA-lesioned animals
(Figure 2a).

Similar to the cylinder test of rearing motor behavior, we noted
that 6-OHDA-lesioned rats spontaneously traveled notably less
distance in the open field, relative to sham-injured animals. In the
pre- and post-treatment experiment, rats traveled significantly less
in the 20-min test period in the open field chamber 8-10 days
after 6-OHDA exposure, and treatment with P7C3-A20 alone,
without toxin exposure, did not change the distance traveled.
Locomotor activity was restored to normal, however, when
animals were both pre- and post-treated with either P7C3-A20
or P7C3-5243 (sham-veh, 47.54+4.256, n=7, ***P=0.0003;
sham-A20, 48.75+3.417, n=14, ****P <0.0001; 6-OHDA-veh,
2195+2326, n=17; 6-OHDA-A20, 38.17+5633, n=9,
*P=0.0198; 6-OHDA-S243, 3498 +4.595, n=13, *P=0.0441; all P
values were determined with one-way analysis of variance
comparing with the 6-OHDA-veh group). In addition, 6-OHDA-
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lesioned animals that were treated with P7C3-S243 only after toxin
exposure (post-treatment only) also exhibited completely restored
spontaneous open field motor activity (Figure 2b).

As a final test of motor behavior, we evaluated the same groups
of rats in the amphetamine-induced circling test 11 days after 6-
OHDA lesioning. Systemically administered amphetamine triggers
catecholamine release while simultaneously decreasing catecho-
lamine uptake and degradation, leading to augmentation of
dopaminergic signaling in the brain that increases spontaneous
motor behavior. After 6-OHDA-mediated unilateral lesioning of
the SNc-striatal dopaminergic signaling system, amphetamine-
driven motor activity results in ipsiversive circling directed toward
the side of the lesion. In the pre- and post-treatment experiment,
rats displayed 7-8 times more ipsiversive circling events than did
sham-injured rats, or sham-injured rats treated with P7C3-A20.
Amphetamine-driven ipsiversive circling was prevented, however,
when animals were both pre- and post-treated with either P7C3-
A20 or P7C3-S243 (sham-veh, 12.0+5.089, n=5, ***P=0.0009;
sham-A20, 10.10£3.321, n=14, ****P <0.0001; 6-OHDA-veh,
81.57+£16.93, n=7; 6-OHDA-A20, 33.0+10.26 n=9, **P=0.0084;
6-OHDA-S243, 28.40+10.17, n=10, **P=0.0028; all P values were
determined with one-way analysis of variance comparing with the
6-OHDA-veh group). In addition, 6-OHDA-lesioned animals that
were treated with P7C3-S243 only after toxin exposure (post-
treatment only) showed levels of this parameter restored to those
of normal sham-injured rats (Figure 2c). Typical examples of this
protective effect on amphetamine-induced circling behavior are
shown in the online video clips, consisting of three representative
samples (Supplementary Video 1) of rats that received saline (the
vehicle for 6-OHDA) and VEH (vehicle for P7C3-S243), three
representative samples (Supplementary Video 4) of rats that
received 6-OHDA and VEH (vehicle for P7C3-5S243), and three
representative samples (Supplementary Video 7) of rats that
received 6-OHDA and P7C3-5243.

P7C3 compounds protect rats from dopaminergic cell death after
6-OHDA exposure, and also preserve brain levels of dopamine and
dopamine metabolites

To determine whether protection of motor behavior after 6-OHDA
exposure by P7C3 compounds correlated with protection of SNc
dopaminergic neurons from cell death, we perfused animals after
behavioral testing to recover their brains. Brains were stained with
antibodies specific to TH, the enzyme that catalyzes the conversion
of the amino acid L-tyrosine to L-3-4-dihydroxyphenylalanine, which
serves as the precursor for dopamine. TH staining thus provides a
means to immunohistochemically identify dopaminergic neurons.
By counting the number of TH-positive neurons, we were able to
quantify the magnitude of dopaminergic neuronal cell death in the
SNc. After 6-OHDA exposure, rats displayed a 75% reduction in TH-
positive neurons in the ipsilateral substantia nigra, compared with
the contralateral non-injected side (Figure 3a,b). When either P7C3-
A20 or P7C3-5243 was administered both before and after toxin
exposure, the level of TH-positive neurons was increased, with
greater magnitude of effect noted in the P7C3-5243-treated animals
(sham-veh, 101.6+5653, n=8, ****P<0.0001; sham-A20,
106.1£2.619, n=5, ****P<0.0001; 6-OHDA-veh, 26.77 +3.156,
n=10; 6-OHDA-A20, 45.47+8.105, n=9, *P=0.012; 6-OHDA-
S243, 69.57+7.170, n=13, ***P<0.001; all P values were
determined with one-way analysis of variance comparing with
the 6-OHDA-veh group). Notably, treatment with P7C3-5243 only
after toxin exposure also achieved a protective effect that closely
approximated that seen in sham-injured rats (Figure 3b).

To ensure that TH staining corresponded to neuronal survival,
and not simply expression levels of TH in otherwise healthy
neurons, we conducted co-immunostaining for TH and the
neuronal-specific marker NeuN. As shown in Figure 4, immuno-
fluorescence of the SNc of a rat injected with 6-OHDA and then

npj Parkinson's Disease (2015) 15010

a ! ¥
No injection 1Sham or 6-OHDA

| injection

Sham
Vehicle

6-OHDA
Vehicle

6-OHDA

o

% Cell Survival
(lesioned vs intact SN)

Sham 6-OHDA

6-OHDA

Vehicle Vehicle S243

Figure 3. Treatment with P7C3-5243 protects rats from 6-OHDA-
induced killing of dopaminergic neurons. (a) Representative
immunohistochemistry of TH in the SNc shows that the non-
injected side (left) shows no reduction in TH-positive cells in any
group, whereas the injected side (right) shows prominent reduction
in TH staining only in rats that were exposed to 6-OHDA and then
administered vehicle. Scale bars =250 pm. (b) Quantification of TH-
positive cells shows a significant decrease in rats that were exposed
to 6-OHDA and then administered vehicle compared with sham-
injured rats that received vehicle (****P < 0.0001; one-way ANOVA),
and also a significant increase in rats that were exposed to 6-OHDA
and then treated with P7C3-S243 compared with the 6-OHDA-
vehicle group (****P <0.0001; one-way ANOVA). (n=8 sham—
vehicle, n=11 6-OHDA—vehicle, n=14 6-OHDA—P7C3-5243))
ANOVA, analysis of variance; 6-OHDA, 6-hydroxydopamine; SNc,
substantia nigra pars compacta; TH, tyrosine hydroxylase.

treated with P7C3-S243 for 7 days showed preservation of
colocalized TH and NeuN. By contrast, immunofluorescence of the
SNc of a rat injected with 6-OHDA and then administered vehicle
for 7 days showed loss of both TH and NeuN labeling. These results
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Figure 4. Treatment of 6-OHDA-exposed rats with P7C3-S243
preserves both TH and NeuN staining, illustrating that TH staining
corresponds to neuronal survival. (@) Immunofluorescence of the
SNc of a rat injected with 6-OHDA and then treated with P7C3-5243
(10 mg/kg/day) for 7 days shows preservation of colocalized TH and
NeuN (top is low magnification and bottom is high magnification of
the indicated region). (b) Immunofluorescence of the SNc of an
animal injected with 6-OHDA and then administered vehicle for
7 days shows loss of both TH and NeuN labeling (top is low
magnification and bottom is high magnification of the indicated
region). DAPI was used as a nuclear marker. DAPI, 4’,6-diamidino-2-
phenylindole; 6-OHDA, 6-hydroxydopamine; SNc, substantia nigra
pars compacta; TH, tyrosine hydroxylase.

indicate that expression of TH corresponds with survival of SNc
neurons.

As another measure of protective efficacy of dopaminergic
signaling, we evaluated catecholamines using high-performance
liquid chromatography from the ipsilateral striatum and forebrain
of rats. After 6-OHDA lesioning, animals displayed a massive loss

© 2015 Parkinson's Disease Foundation/Macmillan Publishers Limited
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Figure 5. Treatment with P7C3-S243 protects rats from 6-OHDA-

induced depletion of striatal dopamine and dopamine metabolites.
HPLC analysis of striatal concentration of dopamine, DOPAC, and
homovanillic acid showed a significant decrease in rats that were
exposed to 6-OHDA and then administered vehicle compared with
sham-injured rats that received vehicle, and also a significant
increase in rats that were exposed to 6-OHDA and then treated with
P7C3-5243 compared with the 6-OHDA-vehicle group. No differ-
ence was found in the concentration of serotonin in all groups (one-
way ANOVA). (n=7 sham—vehicle, n=17 6-OHDA—vehicle, n=17
6-OHDA—P7C3-S243.) ANOVA, analysis of variance; HPLC, high-
performance liquid chromatography; 6-OHDA, 6-hydroxydopamine.

of dopamine and its metabolites DOPAC and homovanillic acid,
with levels significantly restored toward normal in rats that were
also post-treated with P7C3-5243 (Figure 5). As a control, we also
measured levels of serotonin in all groups, and no significant
differences were noted (Figure 5).

DISCUSSION

We have previously reported the discovery and development of
the P7C3 class of neuroprotective molecules, which activate the
rate-limiting enzyme in nicotinamide adenine dinucleotide salvage
(nicotinamide phosphoribosyltransferase) and offer potent protec-
tive efficacy in a broad spectrum of preclinical models of
neurodegenerative disease.*> One of the most prevalent and
devastating forms of neurodegenerative disease affecting patients
today is PD, and there is a significant unmet need for development
of a medication that could slow or prevent PD progression by
blocking death of dopaminergic neurons, which drives the disease
process. Although we have previously demonstrated efficacy of
P7C3 compounds in the mouse MPTP model of PD,"*'® in rodents
this preclinical model suffers from a lack of robust behavioral
motor deficits that represent the cardinal features of PD in humans.
It is also essential to establish efficacy in multiple preclinical models
of any human disease before initiating clinical trials in patients.
Accordingly, we have now extended our work to evaluate the
efficacy of P7C3 compounds in the 6-OHDA rat model of PD,
which is characterized by prominent motor deficits associated
with unilateral loss of SNc dopaminergic neurons. We show here
in rigorously blinded studies with large numbers of animals that
P7C3 compounds protect rats from acquisition of side-biased
motor deficits after exposure to 6-OHDA, in rearing, locomotion,
and amphetamine-induced circling tests of motor activity. This
protection is associated with the ability of P7C3 compounds to
block dopaminergic neuron cell death in the SNc after 6-OHDA
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exposure, and this also correlates with preservation of brain levels
of dopamine and dopamine metabolites. Efficacy was shown with
administration of either P7C3-A20 or P7C3-S243 before and after
6-OHDA exposure, and also with administration of P7C3-5243
restricted to the post-6-OHDA exposure interval. This latter finding
is particularly promising, in that patients are not treated until the
disease has already begun. P7C3-5243 is also a promising
compound for drug development, in that it is potently efficacious,
lacks the aniline ring present in other active P7C3 derivatives,
readily crosses the BBB, and can be prepared as a single active
enantiomer."'#"> In summary, we propose that a properly
optimized variant of the P7C3 class of neuroprotective chemicals,
such as P7C3-S243, may offer promise for developing a novel
treatment approach for treating patients suffering from PD.

ACKNOWLEDGMENTS

We thank Coral Cintron for technical assistance and Kevin Hunt for critical review of
the manuscript. This work was supported by Institutional Funds from the University
of lowa Carver College of Medicine to AAP, a National Science Foundation Graduate
Research Fellowship to H.D.J.-C, the Edward N. and Della C. Thome Memorial
Foundation and the Welch Foundation (I-1612) to J.M.R., and T32 CA078586 NIH HHS
training fellowship to E.V.-R.

COMPETING INTERESTS

AAP and JMR have patents covering the described work. The remaining authors
declare no conflict of interest.

REFERENCES

Dauer W, Przedborski S. Parkinson’s disease: mechanisms and models. Neuron
2003; 39: 889-909.

Pieper AA, Xie S, Capota E, Estill SJ, Zhong J, Long JM et al. Discovery of a
proneurogenic, neuroprotective chemical. Cell 2010; 142: 39-51.

MacMillan KS, Naidoo J, Liang J, Melito L, Williams NS, Morlock L et al. Development
of proneurogenic, neuroprotective small molecules. J Am Chem Soc 2011; 133:
1428-1437.

Pieper AA, McKnight SL, Ready JM. P7C3 and an unbiased approach to drug
discovery for neurodegenerative disease. Chem Soc Rev 2014; 43: 6716-6726.
Wang G, Han T, Nijhawan D, Theodoropoulos P, Naidoo J, Yadavalli S et al. P7C3
neuroprotective chemicals function by activating the rate-limiting enzyme in NAD
salvage. Cell 2014; 158: 1324-1334.

Asai-Coakwell M, March L, Dai XH, Duval M, Lopez |, French CR et al. Contribution
of growth differentiation factor 6-dependent cell survival to early-onset retinal
dystrophies. Hum Mol Genet 2013; 22: 1432-1442.

Tesla R, Wolf HP, Xu P, Drawbridge J, Estill SJ, Huntington P et al. Neuroprotective
efficacy of aminopropyl carbazoles in a mouse model of amyotrophic lateral
sclerosis. Proc Natl Acad Sci USA 2012; 109: 17016-17021.

Kemp SW, Szynkaruk M, Stanoulis KN, Wood MD, Liu EH, Willand MP et al. Phar-
macologic rescue of motor and sensory function by the neuroprotective com-
pound P7C3 following neonatal nerve injury. Neuroscience 2015; 284: 202-216.

—_

N

w

IS

(O]

(e}

~N

[o2)

9 Walker AK, Rivera PD, Wang Q, Chuang JC, Tran S, Osborne-Lawrence S et al. The
P7C3 class of neuroprotective compounds exerts antidepressant efficacy in mice
by increasing hippocampal neurogenesis. Mol Psychiatry 2015; 20: 500-508.

10 Blaya MO, Bramlett HM, Naidoo J, Pieper AA, Dietrich WD. Neuroprotective effi-
cacy of a proneurogenic compound after traumatic brain injury. J Neurotrauma
2014; 31: 476-486.

11 Yin TC, Britt JK, De Jesus-Cortés H, Lu Y, Genova RM, Khan MZ et al. P7C3 neu-
roprotective chemicals block axonal degeneration and preserve function after
traumatic brain injury. Cell Rep 2014; 8: 1731-1740.

12 Dutca LM, Stasheff SF, Heberg-Buenz A, Rudd D, Batra N, Blodi FR et al. Early and
noninvasive detection of subclinical visual damage after blast-mediated traumatic
brain injury enables prevention of chronic visual deficit by treatment with P7C3-
S243. Invest Ophthalmol Vis Sci 2014; 55: 8330-8341.

13 Cain C. NAMPT neuroprotection. SciBX 2014; 7: 1-2.

14 De Jesus-Cortés H, Xu P, Drawbridge J, Estill SJ, Huntington P, Tran S et al. Neu-
roprotective efficacy of aminopropyl carabzoles in a mouse model of Parkinson
disease. Proc Natl Acad Sci USA 2012; 109: 17010-17015.

15 Naidoo J, De Jesus-Cortes H, Huntington P, Estill S, Morlock LK, Starwalt R et al.
Discovery of a neuroprotective chemical, (S)-N-(3-(3,6-dibromo-9H-carbazol-9-yl)-
2-fluoropropyl)-6-methoxypyridin-2-amine [(-)-P7C3-5243], with improved drug-
like properties. J Med Chem 2014; 57: 3746-3754.

16 Schober A. Classic toxin-induced animal models of Parkinson’s disease: 6-OHDA
and MPTP. Cell Tissue Re 2004; 318: 215-224.

17 Sarre S, Yuan H, Jonker N, Ven Hemelrijck A, Ebinger G, Michotte Y.
In vivo characterization of somatodendritic release in the substantia nigra
of 6-hydroxydopamine-lesioned rats. J Neurochem 2004; 90: 29-39.

18 Tétrault S, Chever O, Sik A, Amzica F. Opening of the blood-brain barrier during
isoflurane anaesthesia. Eur J Neurosci 2008; 28: 1330-1341.

19 Dittmar MS, Petermichl W, Schlachetzki F, Graf BM, Gruber M. Isoflurane
induces endothelial apoptosis of the post-hypoxic blood-brain barrier in a
transdifferentiated human umbilical vein endothelial cell model. PLoS One 2012;
7: 38260.

20 Cao Y, Ni C, Li Z Li L, Liu Y, Wang C et al. Isoflurane anesthesia results in

reversible ultrastructure and occludin tight junction protein expression

changes in hippocampal blood-brain barrier in aged rats. Neurosci Lett 2015; 587:

51-56.

Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST. CNS plasticity and

assessment of forelimb sensorimotor outcome in unilateral rat models of stroke,

cortical ablation, parkinsonism and spinal cord injury. Neuropharmacology 2000;

39: 777-787.

22 Robinson TE, Noordhoom M, Chan EM, Mocsary Z, Camp DM, Whishaw Q.
Relationship between asymmetries in striatal dopamine release and the direction
of amphetamine-induced rotation during the first week following a unilateral 6-
OHDA lesion of the substantia nigra. Synapse 1994; 17: 16-25.

23 Johnston LC, Su X, Maguire-Zeiss K, Horovitz K, Ankoudinova |, Guschin D et al.
Human interleukin-10 gene transfer is protective in a rat model of Parkinson’s
disease. Mol Ther 2008; 16: 1392-1399.

2

=

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplemental Information accompanies the paper on the npj Parkinson’s Disease website (http://www.nature.com/npjparkd)

npj Parkinson's Disease (2015) 15010

© 2015 Parkinson's Disease Foundation/Macmillan Publishers Limited


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Protective efficacy of P7C3-S243 in the 6-hydroxydopamine model of Parkinson&#x02019;s disease
	Introduction
	Materials and methods
	Animals
	Surgical Procedure
	Treatment with P7C3 compounds
	Pharmacokinetic analysis
	Open field
	Cylinder test
	Amphetamine-induced circling
	Immunofluorescence and tyrosine hydroxylase quantification

	Figure 1 Experimental design.
	Striatal biochemistry

	Results
	P7C3 compounds protect rats from motor deficits after 6-OHDA exposure

	Figure 2 Post-treatment with P7C3-S243 protects rats from 6-OHDA-induced motor deficits.
	P7C3 compounds protect rats from dopaminergic cell death after 6-OHDA exposure, and also preserve brain levels of dopamine and dopamine metabolites

	Figure 3 Treatment with P7C3-S243 protects rats from 6-OHDA-induced killing of dopaminergic neurons.
	Discussion
	Figure 4 Treatment of 6-OHDA-exposed rats with P7C3-S243 preserves both TH and NeuN staining, illustrating that TH staining corresponds to neuronal survival.
	Figure 5 Treatment with P7C3-S243 protects rats from 6-OHDA-induced depletion of striatal dopamine and dopamine metabolites.
	We thank Coral Cintron for technical assistance and Kevin Hunt for critical review of the manuscript. This work was supported by Institutional Funds from the University of Iowa Carver College of Medicine to AAP, a National Science Foundation Graduate Rese
	ACKNOWLEDGEMENTS
	Dauer W, Przedborski S. Parkinson&#x02019;s disease: mechanisms and�models. Neuron 2003; 39: 889&#x02013;909.Pieper AA, Xie S, Capota E, Estill SJ, Zhong J, Long JM  Discovery of a proneurogenic, neuroprotective chemical. Cell 2010; 142: 39&#x02013;51.Mac
	REFERENCES


