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Abstract

Brain injury due to birth asphyxia is the major cause of death and long-term disabilities in
newborns. We determined whether intranasal pyrrolidine dithiocarbamate (PDTC) could provide
neuroprotection in neonatal rats after brain hypoxia-ischemia (HI). Seven-day old male and female
Sprague-Dawley rats were subjected to brain HI. They were then treated by intranasal PDTC.
Neurological outcome were evaluated 7 or 30 days after the brain HI. Brain tissues were harvested
6 or 24 h after the brain HI for biochemical analysis. Here, PDTC dose-dependently reduced brain
Hl-induced brain tissue loss with an effective dose (ED)sq at 27 mg/kg. PDTC needed to be
applied within 45 min after the brain HI for this neuroprotection. This treatment reduced brain
tissue loss and improved neurological and cognitive functions assessed 30 days after the HI.
PDTC attenuated brain Hl-induced lipid oxidative stress, nuclear translocation of nuclear factor k-
light-chain-enhancer of activated B cells, and various inflammatory mediators in the brain tissues.
Inhibition of inducible nitric oxide synthase after brain HI reduced brain tissue loss. Our results
suggest that intranasal PDTC provides neuroprotection possibly via reducing inflammation and
oxidative stress. Intranasal PDTC may have a potential to provide neuroprotection to human
neonates after birth asphyxia.
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Introduction

The World Health Organization estimates that 4 to 9 million neonates suffer from birth

asphyxia each year in the world (World-Health, 2003). This leads to about 1.2 million deaths
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and the same number of infants with severe disability (Bang et al., 2005; Minino et al.,
2007). These deaths and disabilities are mostly due to hypoxic-ischemic (HI) brain injury.
The long-term neurological or cognitive disabilities include cerebral palsy, epilepsy and
mental retardation (Lynch and Nelson, 2001; Sran and Baumann, 1988; Sreenan et al.,
2000). Thus, it is very important to identify methods to reduce HI brain injury in neonates.
However, clinically practical methods to reduce this brain injury, especially in low-income
countries, have not been established yet.

There are at least two types of insults that contribute to HI brain injury. Hypoxia and
ischemia, the primary insults, interrupt energy supply to cells and cause cell injury.
Hypoxia-ischemia and the subsequent reoxygenation/reperfusion induce production of a
broad range of “toxic chemicals”, such as free oxygen species and inflammatory cytokines.
These “toxic chemicals” can cause additional cell injury (Allen and Bayraktutan, 2009;
Lakhan et al., 2009; Lipton, 1999). Studies have shown that anti-oxidants and anti-
inflammatory reagents are neuroprotective (Allen and Bayraktutan, 2009; Lakhan et al.,
2009; Lampl et al., 2007; Lipton, 1999; Yamaguchi et al., 1998).

Pyrrolidine dithiocarbamate (PDTC) is an anti-oxidant and anti-inflammatory agent (Liu et
al., 1999). It is a small molecule and relatively cheap. PDTC has been evaluated as an
antiviral agent for humans (Si et al., 2005). A pre-clinical toxicity study has shown that
PDTC is a safe drug (Chabicovsky et al., 2010). It can reduce focal brain ischemic injury in
young adult rats (Nurmi et al., 2004a; Nurmi et al., 2004b). This protective effect occurs
even if the application of PDTC is at 6 h after the onset of transient focal brain ischemia in
those rats (Nurmi et al., 2004b). PDTC also reduces brain injury after HI in neonatal rats
(Nurmi et al., 2006). However, the previous studies only assessed the neuroprotective effect
within 7 days after brain ischemia and the drug was given intraperitoneally. Our recent data
showed that oral PDTC started after transient focal brain ischemia improved neurological
outcome assessed 1 or 2 months later in young adult rats (Li et al., 2012). However, the
PDTC application routes used in the previous studies are difficult to apply in neonates
immediately after birth asphyxia.

Intranasal application (in the form of nasal drop or spray) of a drug can be performed
immediately and easily by virtually any care provider without the need of any special
equipment in the setting of birth asphyxia. The absorption is quick. Intranasal application of
PDTC reaches its maximal concentration in the blood within 5 min (Chabicovsky et al.,
2010). The amount of drugs that get into the brain after nasal application is similar to that
for the drugs to be given intravenously (Bagger and Bechgaard, 2004). A significant amount
of PDTC is found in the brain after nasal application (Chabicovsky et al., 2010). Thus, we
hypothesize that intranasal PDTC reduces brain injury after neonatal brain HI. To test this
hypothesis, we used a well-established rat model of neonatal brain HI. Inflammatory
mediators and oxidative stress indices in the brain were measured to determine the possible
mechanisms for the neuroprotection induced by intranasal PDTC.

Materials and Methods

All experimental protocols were approved by the institutional Animal Care and Use
Committee of the University of Virginia (Charlottesville, VA). All surgical and
experimental procedures were carried out in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals (NIH publications number 80-23)
revised in 1996. Efforts were made to minimize the number of animals used and their
suffering. Our manuscript was written up in accordance with the Animal Research:
Reporting in vivo Experiments. Total 290 animals completed the intended study in this
project.
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Neonatal Cerebral Hypoxia/lschemia Model

Cerebral HI was performed as we described before (Zhao et al., 2007). Briefly, 7-day-old
male and female Sprague-Dawley rats were anesthetized by isoflurane in 30% O,—70% N.
Their right common carotid arteries were permanently ligated with a double 7-0 surgical
silk. The neonates were returned to their cages with the mothers for 3 h and then placed in a
chamber containing humidified 8% 0,—92% N, for 2 h at 37°C.

Drug Treatment

Sprague—-Dawley rats were randomly assigned to receive intranasal PDTC (Sigma-Aldrich,
St. Louis, MO, USA) or normal saline at a preset time-point. PDTC was dissolved in normal
saline just before the application. The volume applied was 400 ul/kg body weight and was
applied as drops to nostrils.

Some rats received intraperitoneal 1 mg/kg N-(3-(aminomethyl)benzyl) acetamidine
(1400W, Enzo Life Sciences Inc., Farmingdale, NY, USA), a specific inducible nitric oxide
synthase (iNOS) inhibitor, or saline at 30 min before the brain HI, 30 min before the
hypoxia or 15 min after the brain HI. 1400W was dissolved in normal saline. The injected
volume was from 0.15 to 0.2 ml per rat.

Brain Injury/Loss Quantification

As we described before (Zhao and Zuo, 2004), rat brains were harvested 7 days after the
brain HI. The hindbrain was removed from the cerebral hemispheres and the two
hemispheres were separated and weighed. The weight ratio of right to left hemispheres was
calculated.

Brain Histopathology

This was performed as we described previously (Zhao et al., 2007). One month after the
brain HI, rats were sacrificed under deep isoflurane anesthesia and transcardially perfused
with cold normal saline. Their brains were fixed with 10% neutral buffered formalin
overnight and then paraffin embedded. Five-micrometer-thick coronal sections at
approximately 3.3 mm caudal to bregma were obtained and subjected to Nissl staining.
These sections were examined by an observer blinded to the group assignment of the
sections. The cerebral areas in each of the hemispheres were quantified by using National
Institutes of Health Image 1.60 (NIH, Bethesda, MD, USA). The cerebral area ratio of the
right hemisphere to the left hemisphere was calculated and used to reflect brain tissue loss in
the right hemisphere after brain HI. The number of Nissl staining positive cells (neurons) in
a high magnification field (x400, ~0.2 mm?) in the CA1 and CA3 regions was counted.
Three determinations, each on different locations in these two brain regions, were performed
and averaged to yield a single number (Neuronal density) for each brain region of individual
rat. The ratio of neuronal density in the right hippocampus to that in the left hippocampus of
the same animal was then calculated.

Barnes Maze

Barnes maze was used to test animals’ spatial learning and memory. Eight days before the
rats were euthanized for brain histopathology, they started to be tested in a Barnes maze
equipped with ANY-Maze video tracking system (San Diego Instruments, San Diego, CA)
as we described previously (Li et al., 2012) with minor modifications. The test was
administered and evaluated by a person blinded to the group assignment of rats. Rats were
placed in the middle of a circular platform with 20 equally spaced holes. One of the holes
was connected to a dark chamber that was called target box. Rats were encouraged to find
this box by aversive noise (85 dB) and bright light (200W) shed on the platform. The
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protocol involved training sessions on 4 consecutive days that consisted of four training
sessions on each day with a 15-min inter-session interval. Each session ended when the rat
entered the target hole or after 3 min had elapsed. On fifth day, one trial was performed to
test the animal’s retention. All trials were recorded and analyzed by using the ANY-Maze
tracking system to calculate the latency for the rat to enter the target hole.

Motor Coordination Evaluation

Evaluation of motor coordination was started at 4 days before the rats were euthanized for
brain histopathology as we described before (Li and Zuo, 2009). Rats were placed on a
rotarod apparatus whose speed increased from 4 to 40 rpm in 5 min. All rats were trained for
two consecutive days, three times per day, before the formal tests. The latency and speed of
rat’s falling off the rotarod apparatus were recorded. The speed—latency index (latency in
seconds x speed in rpm) of each test was calculated. Each rat was tested for three times in
the formal test. The mean index value of the three trials was used to reflect the motor
coordination functions of each rat.

Fear conditioning

Fear conditioning was used to determine hippocampus-dependent and hippocampus-
independent learning and memory. After motor coordination evaluation was completed, fear
conditioning test was performed as we described before (Lin and Zuo, 2011) and
administered and evaluated by a person blinded to the group assignment of rats. Briefly,
each rat was placed in a Plexiglas conditioning training chamber wiped with 70% alcohol.
After a 3-min baseline exploratory period in the chamber, rats received 3 tone (2000 Hz, 90
db)-shock (1 mA, 2 s) pairings separated by 1 min between each pairing in a relatively dark
room. Twenty-four hours after the training session, each rat was placed again in the training
chamber for a period of 8 min in the absence of tone and foot shock to test its contextual fear
conditioning. The amount of time with freezing behavior was recorded in an 8-s interval.
Two hour later, the rat was placed in a test chamber that had different context and smell
from the first test chamber (this second chamber was wiped with 1% acetic acid) in a
relatively light room. After a 3-min exploratory period in this new chamber, a 30-s tone
(2000 Hz, 90 db) was applied. Freezing behavior also was scored during this tone-related
test period.

Western Blot Analysis

The right frontal cerebrum (anterior to bregma —1.5 mm) was harvested 6 h (for the nuclear
expression of p65) or 24 h (for the expression of all other proteins) after the brain HI or the
right hippocampal dentate gyrus was harvested at 24 h after the brain HI. For whole cell
protein extracts, the cerebral tissues were homogenated in RIPA buffer (Cat. No. 89901;
Thermo Scientific, Worcester, MA, USA) containing protease inhibitor cocktail (Cat. No.
P2714; Sigma, St. Louis, MO, USA). Homogenates were centrifuged at 13,000xg at 4°C for
15 min. The supernatant was saved for use. For the nuclear protein extracts, cerebral tissues
were suspended in ice-cold buffer A (10 mM HEPES, 1.5 mM MgCl,, 10 mM KCI, 0.05%
NP-40, 0.1 mM EDTA, 0.5 mM dithiothreitol, pH 7.9) containing protease inhibitor cocktail
and lysed for 10 min on ice. The lysates were centrifuged for 10 min at 3000 rpm at 4 °C.
The supernatants were removed. The nuclear pellet was resuspended in the buffer B (5 mM
HEPES, 1.5 mM MgCl,, 300 mM NacCl, 0.2 mM EDTA, 26% glycerol (v/v), 0.5 mM
dithiothreitol, pH 7.9) containing protease inhibitor cocktail, homogenized with 20 full
strokes in glass homogenizer, and incubated at 4°C for 30 min. The homogenates were
centrifuged at 24,000 g for 20 min at 4°C. The supernatants were reserved as nuclear
extracts.

Exp Neurol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 5

Equal protein samples (50 pg per lane) were separated by 10% sodium dodecy! sulfate—
polyacrylamide gels and then electrotransferred onto nitrocellulose membranes (Bio-Rad,
Hercules, CA). Membranes were incubated with the following primary antibodies: anti-p65
antibody (1:500 dilution; Cat. No. 8242S; Cell Signaling Technology, Beverly, MA, USA),
anti-histone H3 antibody (1:2,000 dilution; Cat. No. 9715L; Cell Signaling Technology),
anti-iNOS antibody (1:1000 dilution; Cat. No. B2812; Santa Cruz Biotechnology, Santa
Cruz, CA), anti-cyclooxygenase (COX)-2 antibody (1:1000 dilution; Cat. No. B0912; Santa
Cruz Biotechnology), anti-interleukin (IL)-1p antibody (1:1000 dilution; Cat. No. k1011;
Santa Cruz Biotechnology), anti-tumor necrosis factor (TNF)a antibody (1:1000 dilution;
Cat. No. k2911, Santa Cruz Biotechnology) and anti-glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) antibody (1:2000 dilution; Cat. No. G9545; Sigma). Protein bands
were visualized and quantified using G:Box equipped with Gene tools analysis software
(Syngene, Frederick, MD, USA). The densities of protein bands were normalized to those of
Histone H3 or GAPDH to control for errors in protein sample loading and transferring
during western blotting. The results in the groups with brain HI were then normalized to
those of control rats.

Measurement of Nitrotyrosine-Containing Proteins and 4-Hydroxynonenal (4-HNE)

Rats with or without brain HI were transcardially perfused with normal saline. The whole
right brain hemisphere or the right hippocampal dentate gyrus was harvested and
homogenized on ice in phosphate buffered saline containing protease inhibitor cocktail and
0.005% butylated hydroxytoluene (BHT, Cat. No. MKBF5218V; Sigma). Homogenates
were centrifuged at 12,000xg for 10 min at 4°C. The contents of nitrotyrosine-containing
proteins and 4-HNE in the brain tissues were assessed using the OxiSelect Nitrotyrosine
ELISA kit (Cell Biolabs Inc., San Diego, CA, USA) and the OxiSelect HNE-His Adduct
ELISA kit (Cell Biolabs Inc.), respectively, according to the manufacture’s protocols.

Toluidine Blue Staining of Sciatic Nerve

Rats received or not received intranasal 50 mg/kg PDTC were transcardially perfused with
normal saline at 7 or 30 days after the PDTC application. Sciatic nerve blocks at ~1 cm
length were fixed for 3 h in 4% paraformaldehyde in phosphate buffered saline, washed in
phosphate buffered saline and submerged for 2 h in 2% osmium tetroxide (Sigma) solution.
The nerves were then dehydrated with a series of alcohol solutions (from 50% to absolute
ethanol and xylene) and embedded in paraffin. Sections at 3-um thickness were cut and
stained with 1% Toluidine blue (Sigma) for 30 — 50 s. They were observed under a 100x oil-
immersion objective with an OLYMPUS BX51 light microscope equipped with OLYMPUS
DP70 digital camera and an OLYMPUS image controller.

Statistical Analysis

All animals that had completed this study are reported. Parametric results are presented as
means + S.D. (n = 4) and were analyzed by Student’s t test or one way analysis of variance
followed by the Tukey test after confirmation of normal distribution of the data. The results
were analyzed by Kruskal-Wallis analysis of variance on ranks followed by the Dunn’s test
when the data are not normally distributed. Comparison of the Barnes maze results during
training sessions in the same group and among different groups were performed by one-way
and two-way repeated measures analysis of variance, respectively. A P < 0.05 was accepted
as significant.

A preliminary sample size estimate was performed. We anticipated a difference in means of
25% between control group and PDTC treatment group with an expected standard deviation
of 10%. It was estimated that minimal 4 animals were needed in each group to achieve a
desired power of 0.8 at an a level of 0.05 by t-test.
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Results

Intranasal PDTC dose- and time-dependently reduced brain injury after neonatal brain HI

The left and right cerebral hemispheres of 14-day old control rats were similar in weight.
Significant brain mass loss in the right cerebral hemisphere occurred in neonatal rats that
had a right brain HI when they were 7 days old (Fig. 1A). PDTC applied intranasally daily
for 3 days with the first dose at 15 min after the brain HI dose-dependently reduced this
brain tissue loss. The effective dose (ED)sq for this neuroprotective effect was 27 mg/kg
(Fig. 2B). A similar neuroprotective effect was observed when 50 mg/kg PDTC was given
for 1, 3 or 5 days with the first dose at 15 min after the brain HI (Fig. 1C), suggesting that
one dose may have maximized its neuroprotective effect. Thus, application of 50 mg/kg
PDTC only once was used in the rest of experiments. The neuroprotective effect still existed
after one dose of PDTC applied as late as 45 min after the brain HI. The brain tissue saving
effect disappeared if PDTC was applied at a time point that was longer than 1 h after the
brain HI (Fig. 1D). These results suggest that the effective time-window for PDTC-induced
neuroprotection is within 45 min after the brain HI.

Intranasal PDTC improved long-term neurological outcome after neonatal brain Hi

To determine whether PDTC improves the long-term neurological outcome, the brain
structures and neurological functions were evaluated at one month after the brain HI. No rats
from the HI and HI plus PDTC groups died during the one-month period. PDTC at 50 mg/kg
applied at 15 min after brain HI reduced brain tissue loss (Figs. 2A and 2B) and
hippocampal neuronal loss (Figs. 2C and 2D). Consistent with these brain structure results,
PDTC improved the neurological functions of rats as reflected by their performance in
rotarod test (Fig. 3A). In Barnes maze, the latency to identify the target box during training
phase was gradually decreased with the increased training sessions in control rats or rats
treated with PDTC after brain HI but not in the rats with HI only (Fig. 3B). There was a
significant effect of HI on this learning process when control and HI only rats were
compared [F(1,15) = 12.534, P = 0.003]. The effect of PDTC on this learning process was
also significant in rats with HI [F(1,20) = 5.872, P = 0.025). Similarly, HI rats took much
longer time than control rats to identify the target box during the memory phase test on day
5 of Barnes maze test. This HI effect was attenuated by PDTC (Fig. 3C). These results
suggest that HI impairs the spatial learning and memory of rats and PDTC attenuates this
impairment. Also, HI reduced the freezing behavior in the context- and tone-related fear
conditioning test. This effect was attenuated by PDTC (Fig. 3D). Since context- and tone-
related fear conditioning tests hippocampus-dependent and hippocampus—independent
learning and memory, respectively (Kim and Fanselow, 1992), our results suggest that
PDTC reduces brain HI-impaired hippocampus-dependent and hippocampus—independent
learning and memory.

Intranasal PDTC reduced oxidative stress and inflammatory mediator expression after
neonatal brain HI

The levels of 4-HNE, a lipid oxidative stress indicator (Li and Zuo, 2011), in the brain were
increased at 24 h after the brain HI. This effect was attenuated by PDTC (Fig. 4A).
However, HI and PDTC did not affect the levels of nitrotyrosine containing proteins (Figs.
4B), an indicator for protein oxidative stress (Li and Zuo, 2011).

HI significantly increased the nuclear translocation of p65, a component of nuclear factor k-
light-chain-enhancer of activated B cells (NF-kB). This increase was inhibited by PDTC
(Fig. 4C). Consistent with this change of p65 nuclear translocation, the expression of
COX-2, IL-1B, TNFa and iNOS in the brain was increased by brain HI and this increase was
inhibited by PDTC (Figs. 4D, 5A, 5B 5C and 6A). Of note, 2 protein bands at 17 and 27

Exp Neurol. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wang et al.

Page 7

KDa were detected with the anti-1L-1p antibody. These brands correspond to the molecular
weights of IL-1f and IL-1f precursor. Similarly, two protein bands at 17 and 32 KDa,
corresponding to the molecular weights of TNFa and trans-membrane TNFa, were detected
by the anti-TNFa antibody.

Since our results showed that PDTC reduced HI-induced impairment of hippocampus-
dependent learning and memory, we analyzed the oxidative stress status and inflammatory
mediators in the hippocampal dentate gyrus, a region that is involved in neurogenesis and
neuronal plasticity (Mongiat and Schinder, 2011). Similar to the results from using the right
hemisphere, right brain HI increased 4-HNE, IL-1f and iNOS and PDTC reduced this
increase in the right dentate gyrus (Fig. 7).

To determine whether inhibition of brain Hl-induced iNOS expression by PDTC contributes
to its neuroprotection, 1400W, a specific iNOS inhibitor (Zhao et al., 2007), was applied to
the rats. Application of 1400W at 15 min after the HI reduced brain tissue loss. However,
injection of 1400W at 30 min before the initiation of brain HI or 30 min before the hypoxia
did not reduce the brain tissue loss (Fig. 6B).

Intranasal PDTC did not cause sciatic nerve demyelination

Chronic exposure to PDTC can cause peripheral nerve damage includes demyelination and
axonal degeneration (Valentine et al., 2006). However, there was no evidence of these
pathological changes in the sciatic nerves of the neonatal rats exposed to intranasal
application of 50 mg/Kg PDTC once no matter whether the observation was performed at 7
or 30 days after the application (Fig. 8).

Discussion

Birth asphyxia presents a unique situation. Many of these newborns are healthy before the
birth asphyxia. However, significant brain injury from birth asphyxia can result in death and
long-term disabilities for the rest of their life. Oral feeding for medication is not possible
during the resuscitation of these newborns immediately after birth asphyxia. Intravenous
access takes time to be established even in the best hands. Thus, a route of drug application
that can be used immediately for neuroprotective medication is ideal in this case. Intranasal
application meets this requirement. Our results showed that intranasal PDTC application can
provide neuroprotection against brain HI in neonatal rats, suggesting a potential intervention
to reduce brain injury in newborns with birth asphyxia.

Our results showed that intranasal PDTC needed to be applied within 45 min after the brain
HI. This effective time-window makes it possible to practically use this intervention in
clinical situation if this effect is confirmed in humans. Intranasal application of PDTC can
be applied easily by any care providers within the effective time-window during the
resuscitation of an asphyxiated newborn. Consistent with our finding that a delayed
application of PDTC provides neuroprotection, a previous study showed that PDTC
intraperitoneally injected at 6 h after a transient focal brain ischemia in young adult rats
reduced brain infarct size (Nurmi et al., 2004b). Also, intraperitoneal application of PDTC at
2 h after brain HI in neonatal rats reduced brain lesion size detected by T2-weighed
magnetic resonance imaging (Nurmi et al., 2006). Detailed time-course experiment was not
performed in these previous studies. Nevertheless, these studies suggest a wider effective
time-window than did our study. The reason for this discrepancy is not known and may be
related to different animal models, drug administration routes and methods used to detect the
brain lesions between our study and the previous studies.

Exp Neurol. Author manuscript; available in PMC 2014 November 01.
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It has been recommended by expert panel to determine the effectiveness of an intervention
in improving long-term neurological outcome in preclinical testing phase during the
establishment of the intervention for possible human use (Fisher et al., 2009). Structurally,
the right brain HI caused significant injury to the cerebral cortex and hippocampus in the
right hemisphere. Correspondingly, the rats with brain HI had worse performance in rotarod
than control rats. Also, the hippocampus-dependent and hippocampus-independent learning
and memory were impaired in the rats with brain HI. Our results showed that intranasal
PDTC reduced brain tissue and neuronal loss and improved neurological and cognitive
functions assessed at one month after the brain HI. These results suggest that PDTC
improved the long-term neurological outcome after brain HI.

In addition to the primary insult that is brain ischemia and hypoxia, multiple secondary
insults, such as oxidative stress and inflammation, can induce cell injury after brain HI. Free
radicals can damage the functions and structures of cellular proteins, lipids and nucleic
acids. Inflammation causes the complement system activation, which leads to proteolytic
reaction and cell lysis. Inflammation also induces cell apoptosis (ladecola and Anrather,
2011). Consistent with the idea that oxidative stress and inflammation play a role in the
brain injury after brain HI, our results showed that brain HI increased the 4-HNE levels and
the expression of multiple inflammatory mediators including iNOS and that PDTC provided
neuroprotection and also attenuated the brain Hl-induced increase of 4-HNE and
inflammatory mediators in the ischemic brain hemisphere or dentate gyrus. In addition,
1400W, a specific iNOS inhibitor, applied after brain HI reduced brain injury. These results
suggest that reducing oxidative stress and inflammatory mediators contributes to the
neuroprotective effects of PDTC.

PDTC is a known NF-kB inhibitor (Liu et al., 1999). Activation of NF-kB is a critical step
to induce inflammatory mediator production (Giacomini et al., 2011; Liu et al., 1999). Our
results showed that brain HI increased the expression of multiple inflammatory mediators
including IL-1pB, TNFa, iNOS and COX-2 and also the nuclear translocation of p65, a NF-
KB component. Nuclear translocation is a necessary step for NF-kB to regulate protein
expression. The brain Hl-induced nuclear translocation of NF-kB was reduced by PDTC,
consistent with its known function as an NF-kB inhibitor. Together, these results suggest
that PDTC inhibits NF-kB to reduce inflammatory mediator expression.

Our results did not show an increase of nitrotyrosine containing proteins in the right cerebral
hemisphere after the right brain HI. The amount of nitrotyrosine containing proteins has
been used as an indicator for the level of oxidative stress in proteins (Li and Zuo, 2011). It is
not clear why brain HI does not affect the nitrotyrosine containing protein levels in the
ischemic brain. We harvested the whole right cerebral hemisphere to provide a large amount
of sample for measuring the nitrotyrosine containing proteins and 4-HNE by ELISA. This
method of tissue harvest may have diluted the tissues with increased nitrotyrosine containing
protein levels by the surrounding tissues. It is also possible that most tissues/proteins are
damaged in the ischemic brain tissues.

Interestingly, 1400W applied before the brain HI or hypoxia did not provide neuroprotection
but 1400W applied after the brain HI provided neuroprotection. This situation is similar to
that in a previous study showing that 1400W applied before lipopolysaccharide did not
affect the increased nitric oxide production but the application of 1400W at 3 h after
lipopolysaccharide attenuated the nitric oxide production in rats (Rota et al., 2002). Both
1400W and lipopolysaccharide are injected intraperitoneally. These results suggest that
1400W has a relatively short half-life.
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We included both male and female rats in this study because both genders can suffer from
birth asphyxia. However, there are gender differences in the responses to brain ischemia and
rehabilitative training after brain ischemia (Tsuji et al., 2010; Zhu et al., 2006). Future
studies will focus on determining the gender difference in the effectiveness of PDTC to
provide neuroprotection in the neonatal animals.

Exposure of rats to PDTC for months is known to cause peripheral nerve degeneration and
demyelination (Valentine et al., 2006). Our results did not show these pathological changes
after a single dose of PDTC. These results suggest the safety of the identified potential
regimen for neonatal brain HI.

In summary, our study showed that intranasal PDTC induced a dose- and time-dependent
neuroprotective effect against brain HI in neonatal rats. This effect was maximized by one
dose of PDTC and was translated into improved long-term neurological outcome. This
protection may be mediated by inhibiting the expression of inflammatory mediators and
reducing oxidative stress. Since PDTC has a low toxicity profile and intranasal application is
easily achieved, our results suggest the need of clinical trials to determine the effectiveness
of intranasal PDTC in reducing brain injury after birth asphyxia in humans.
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Fig. 1.

Neuroprotective effects of PDTC. Seven-day old rats were subjected to or were not
subjected to the brain HI (right common carotid ligation plus 2-h hypoxia at 8% oxygen).
Brain was harvested at 7 days after the brain HI. A: representative brain images of a control
rat, rat with the HI only and rat with HI and then treated with 50 mg/Kg PDTC intranasally
once a day for 3 days with the first dose at 15 min after the brain HI. B: dose-response.
Various doses of PDTC were applied intranasally once a day for 3 days with the first dose at
15 min after the HI. Results are means + S.D. (n = 5-7). * P < 0.05 compared with control
rats. * P < 0.05 compared with rats that had brain HI only. C: Duration of treatment. Seven-
day old rats were subjected to the brain HI and intranasal application of PDTC (50 mg/kg
once a day) for various durations with the first dose at 15 min after the HI. Results are
means £ S.D. (n = 4-7). * P < 0.05 compared with rats that had brain HI only. D: Time-
window of treatment. Seven-day old rats were subjected to the brain HI and intranasal
application of PDTC (50 mg/kg) at various times after the HI. One dose of PDTC was
applied to the rats. Results are means + S.D. (n = 4-12). * P < 0.05 compared with rats that
had brain HI only.
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Fig. 2.

Improvement of long-term brain structures by PDTC. Seven-day old rats were subjected to
or were not subjected to the brain HI (right common carotid ligation plus 2-h hypoxia at 8%
oxygen) treated with or without intranasal 50 mg/Kg PDTC at 15 min after the HI. Brain
was harvested at one month after the brain HI. A: representative images of brain section at
bregma —3.3 mm. B: area ratio of right/left hemispheres. C and D: neuronal density ratio in
the CAl and CA3. Results are means + S.D. (n = 6-11). * P < 0.05 compared with control
rats. * P < 0.05 compared with rats that had brain HI only.
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Fig. 3.

Improvement of long-term neurological functions by PDTC. Seven-day old rats were
subjected to or were not subjected to the brain HI (right common carotid ligation plus 2-h
hypoxia at 8% oxygen) treated with or without intranasal 50 mg/Kg PDTC at 15 min after
the HI. Their functions were assessed at one month after the brain HI. A: Motor functions
assessed by rotarod test. Results are presented in a box plot format (n = 6-11) because they
fail normality test. B and C: performance in Barnes maze. D: performance in context- and
tone-related fear conditioning. Results are means + S.D. (n = 6-11). * P < 0.05 compared
with control rats. ~ P < 0.05 compared with rats that had brain HI only. # P < 0.05 compared
with the values on the first trial day.
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Reduction of lipid oxidative stress, nuclear translocation of p65 and COX-2 expression by
PDTC. Seven-day old rats were subjected to or were not subjected to the brain HI (right
common carotid ligation plus 2-h hypoxia at 8% oxygen) treated with or without intranasal
50 mg/Kg PDTC at 15 min after the HI. Right hemisphere was harvested at 6 h (nuclear
translocation of p65, panel C) or 24 h (expression of oxidative stress indicators and COX-2,
panels A, B and D) after the brain HI. Results are means + S.D. (h = 8). * P < 0.05
compared with control rats. » P < 0.05 compared with rats that had brain HI only.
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Fig. 5.

Inhibition of the expression of IL-1p and TNFa by PDTC. Seven-day old rats were
subjected to or were not subjected to the brain HI (right common carotid ligation plus 2-h
hypoxia at 8% oxygen) treated with or without intranasal 50 mg/Kg PDTC at 15 min after
the HI. Right frontal hemisphere was harvested at 24 h after the brain HI to measure the
expression of 1L-1f precursor, IL-1f, trans-membrane TNFa and TNFa. Representative
Western blot images are presented in panel A and graphic presentation of the IL-1f3
precursor, 1L-1p, trans-membrane TNFa and TNFa protein abundance quantified by
integrating the volume of autoradiograms from 8 rats for each experimental condition is
shown as fold change over the control rats in panels B to C. * P < 0.05 compared with
control rats. * P < 0.05 compared with rats that had brain HI only.
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Inhibition of the expression of iINOS by PDTC and the neuroprotection by an iNOS
inhibitor. A: seven-day old rats were subjected to or were not subjected to the brain HI (right
common carotid ligation plus 2-h hypoxia at 8% oxygen) treated with or without intranasal
50 mg/Kg PDTC at 15 min after the HI. Right frontal hemisphere was harvested at 24 h after
the brain HI to measure the iNOS expression of COX-2. Representative Western blot images
are presented at top and graphic presentation of the iNOS protein abundance quantified by
integrating the volume of autoradiograms from 8 rats for each experimental condition is
shown at bottom as fold change over the control rats. * P < 0.05 compared with control rats.
A P < 0.05 compared with rats that had brain HI only. B: seven-day old rats were subjected
to or were not subjected to the brain HI (right common carotid ligation plus 2-h hypoxia at
8% oxygen) treated with or without 1 mg/Kg 1400W at 30 min before the brain HI, 30 min
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before the hypoxia and 15 min after the HI. Brain was harvested at 7 days after the brain HI.
Results are means + S.D. (n = 9-11). ~ P < 0.05 compared with rats that had brain HI only.
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Fig. 7.

Reduction of lipid oxidative stress, IL-1p and iNOS expression by PDTC in the hippocampal
dentate gyrus. Seven-day old rats were subjected to or were not subjected to the brain HI
(right common carotid ligation plus 2-h hypoxia at 8% oxygen) treated with or without
intranasal 50 mg/Kg PDTC at 15 min after the HI. Right dentate gyrus was harvested at 24 h
after the brain HI to measure 4-HNE (panel A) and the protein expression of IL-1p (panel B)
and iNOS (panel C). Results are means £ S.D. (n = 8). * P < 0.05 compared with control
rats. * P < 0.05 compared with rats that had brain HI only.
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Saline

Fig. 8.

Micrographs of rat sciatic nerve sections stained with toluidine blue. Saline or 50 mg/Kg
PDTC was applied intranasally for only once and then the right sciatic nerve was harvested
at 7 or 30 days after the application. Scale bars =20 ym in each pane.
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