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Abstract
In adult stroke models, 4-phenyl-1-(4-phenylbutyl) piperidine (PPBP), a sigma receptor agonist,
attenuates activity of neuronal nitric oxide synthase (nNOS), blunts ischemia-induced nitric oxide
production, and provides neuroprotection. Here, we tested the hypothesis that PPBP attenuates
neuronal damage in a model of global hypoxia-ischemia (H–I) in newborn piglets. Piglets subjected
to hypoxia followed by asphyxic cardiac arrest were treated with saline or two dosing regimens of
PPBP after resuscitation. Sigma-1 receptors were found in striatal neurons. PPBP dose-dependently
protected neurons in putamen at 4 days of recovery from H–I. Immunoblots of putamen extracts at
3 h of recovery showed that PPBP decreased H–I-induced recruitment of nNOS in the membrane
fraction and reduced the association of nNOS with NMDA receptor NR2 subunit. The latter effect
was associated with changes in the coupling of nNOS to postsynaptic density-95 (PSD-95), but not
NR2-PSD-95 interactions. Moreover, PPBP suppressed NOS activity in the membrane fraction and
reduced H–I–induced nitrative and oxidative damage to proteins and nucleic acids. These findings
indicate that PPBP protects striatal neurons in a large animal model of neonatal H–I and that the
protection is associated with decreased coupling of nNOS to PSD-95.
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Introduction
Neonatal hypoxic-ischemic encephalopathy, resulting from difficulties during labor and
delivery or cardiorespiratory arrest after birth, causes significant infant mortality and morbidity
(Sunshine, 1997). N-methyl-D-aspartate (NMDA) receptor-mediated excitotoxicity is
considered to play an important role in this pathophysiological process (Ferriero, 2004;
Johnston, 2005). However, blocking NMDA receptors has proven to be an unsuccessful
treatment strategy in large-animal models (LeBlanc et al., 1991), possibly because the positive
effects of NMDA receptors are also suppressed (Ikonomidou et al., 1999). Therefore,
alternative strategies for treating neonatal hypoxic-ischemic brain damage by modulating
NMDA receptor function or interrupting the excitotoxic signaling cascade may hold greater
promise.

Sigma-1 receptors, mainly localized on endoplasmic reticulum (ER), are widely distributed in
neurons, astrocytes, and oligodendrocytes of brain (Hayashi and Su, 2001; Hayashi and Su,
2008). They can modulate a variety of intracellular signal transduction pathways through
protein-protein interactions. In the resting state, sigma-1 receptors on the ER associate with
inositol 1,4,5-triphosphate receptors and regulate Ca2+ efflux from the ER (Hayashi and Su,
2001; Hayashi and Su, 2007). After stimulation by its ligands, sigma-1 receptors translocate
to the plasma membrane, where they regulate membrane-associated ion channels, such as
NMDA receptors (Monnet et al., 1990).

Studies have shown the potential usefulness of sigma receptor ligands in treating adult brain
ischemia. For example, systemic administration of 4-phenyl-1-(4-phenylbutyl)-piperidine
(PPBP), a sigma receptor ligand, prevented early brain injury in animal models of transient
focal ischemia (Takahashi et al., 1995; Takahashi et al., 1996). In addition, the high-affinity
sigma-1 receptor agonist 1, 3-di-o-tolyl-guanidine reduced infarct volume, even when given
24 h after stroke (Ajmo et al., 2006). The neuroprotective effect of sigma receptor ligands
involves the prevention of ischemia-induced intracellular Ca2+ dysregulation (Katnik et al.,
2006). PPBP in particular has been shown to attenuate neuronal nitric oxide synthase (nNOS)
activity and ischemia-evoked nitric oxide (NO) production (Bhardwaj et al., 1998; Goyagi et
al., 2001) and to increase phosphorylation of CREB and bcl-2 expression in neurons after
oxygen-glucose deprivation (Yang et al., 2009; Yang et al., 2007a). Therefore, sigma receptor
ligands might regulate NMDA receptor-mediated excitotoxicity at post-receptor levels of the
cell death cascade, although the details of this modulation remain unclear.

Whereas data on the neuroprotective action of sigma receptor ligands in adult cerebral ischemia
has been published widely, the effect of sigma receptor ligands in neonatal hypoxia-ischemia
(H–I) remains unexplored. To evaluate their role in neonatal H–I, the sigma ligand PPBP was
selected because of its ability to provide robust neuroprotection in adult animals when
administered systemically (Takahashi 1995; Takahashi 1996). We investigated whether PPBP
could attenuate hypoxic-ischemic neuronal damage in newborn piglet brain and how PPBP
might modulate NMDA receptor-mediated neurotoxicity after global H–I. We focused on
putamen because this region is the most vulnerable to H–I in this model (Martin et al., 1997).
We found that PPBP protects striatal neurons from ischemic damage through mechanisms that
involve occlusion of nNOS-PSD95 coupling and supression of NOS activity and oxidative/
nitrative cellular injury.

Materials and Methods
Experimental protocol

Procedures carried out on piglets were approved by the Animal Care and Use Committee of
the Johns Hopkins University and have been described previously (Yang et al., 2007b). In brief,
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4- to 7-day-old male piglets (2.5 to 3 kg) were anesthetized with sodium pentobarbital (50 mg/
kg, intraperitoneal) and intubated. Catheters were placed into a femoral artery and vein under
aseptic conditions. To induce H–I, inspired O2 was decreased to 10.0 ± 0.2% for 40 mins,
followed by ventilation with 21% O2 for 5 mins and airway occlusion for 7 mins to produce
cardiac arrest. The 5-min period of 21% O2 ventilation was required for cardiac resuscitation.
Piglets were resuscitated by ventilation with 50% O2, manual chest compressions, and/or
intravenous injection of epinephrine until return of spontaneous circulation. After resuscitation,
inspired O2 was gradually reduced to 30% to maintain arterial O2 saturation. Arterial blood
pressure, blood gases, and glucose were monitored until the animal regained consciousness.
Sham-operated animals were subjected to catheterization but not hypoxia and asphyxia.

For the low-dose PPBP treatment, hypoxic-ischemic piglets received continuous intravenous
infusion of 1 µmol/kg/h of PPBP (Tocris Bioscience; Ellisville, MO) from 5 mins to 6 h of
recovery. This dose was effective in decreasing infarct volume from transient focal ischemia
in adult rats and cats (Takahashi 1995; Takahashi 1996). To determine if increasing the dose
provided greater protection in piglets, sham-operated or hypoxic-ischemic piglets were
administered a high-dose regimen consisting of 3 µmol/kg of PPBP injected intravenously at
5 mins of recovery and then a maintenance infusion of 2 µmol/kg/h for the first 3 h and 1 µmol/
kg/h for the next 3 h. Although doses as high as 10 µmol/kg/h can provide long-term protection
in rats (Harakuni 2000), this dose was found to produce substantial hypotension in the piglet
and thus was not used. To compare the neuroprotective effects of PPBP with those of a well-
established NMDA receptor antagonist, hypoxic-ischemic piglets were injected intravenously
with 1 mg/kg MK-801 (Ascent Scientific; Princeton, NJ; 20 min before hypoxia). Control
animals received the 0.9% saline vehicle (containing 0.5% ethanol).

Because neuronal cell death progresses between 3 and 24 h after reoxygenation in this region,
we made biochemical measurements at 3 h before the loss of neurons would affect the
measurements. To allow for a possible delay in the maturation of histological injury with PPBP
treatment, an extra 3 days was added to the recovery time beyond the normal 1 day required
for full expression of medium spiny neuronal cell loss (Martin et al., 2000).

Neurobehavioral Assessment
A neurologic deficit score (Agnew et al., 2003; Brambrink et al., 1999; Yang et al., 2007b)
(NDS; 0 = best outcome, 154 = worst outcome) was used to quantify neurologic function in
piglets based on seven different components: 1) level of consciousness (maximum score 15);
2) brain stem function (respiration, light reflex, corneal reflex, and swallow reflex; maximum
score 22); 3) sensory responses (olfaction, vision, audition, algesia, and tactile localization;
maximum score 20); 4) motor function (muscle tone in trunk and limbs, postural reflexes, and
mobility; maximum score 46); 5) other activities (appetite, vocalization, psychomotor activity,
and social interactivity; maximum score 16); 6) spatial orientation (during locomotion, with
sniffing, and toward depth; maximum score 20); 7) excitability (startle myoclonus, seizures;
maximum score 15).

Immunohistochemistry
The anesthetized piglets were perfused transcardially with ice-cold phosphate-buffered saline
and 4% paraformaldehyde (PFA) at 3 h or 4 days of recovery. Brains were removed, bisected
midsagittally and cut into 1-cm slabs. The left forebrain was paraffin embedded for histology
with hematoxylin and eosin (H&E) staining and neuropathological assessment of damaged
neurons. To show that the 4-to-7-day piglet striatum is cytoarchitectonically and
chemoarchitectonically distinct from the adult pig striatum, an adult pig was perfusion-fixed
with 4% PFA. The right forebrains from all animals were cryoprotected, frozen, and cut into
serial 40 µm coronal sections through the putamen. In H–I and control piglets
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mmunohistochemical assessments were made of sigma-1 receptor; 8-nitroguanosine, a marker
of DNA nitration (Akaike et al., 2003); and 8-hydroxyguanosine (OHG) or 8-hydroxy-2-
deoxyguanosine (OHdG), markers of oxidative damage to DNA and RNA (Martin et al.,
2000). Free-floating sections were blocked in 10% normal horse serum and incubated with,
mouse anti-DNA and RNA oxidative damage markers (1:1500, QED Bioscience. San Diego,
CA), or mouse anti-nitroguanosine (1:2000, Dojindo, Japan) overnight at 4°C. For comparisons
between newborn and adult pigs (supplemental Figure 1), sections were stained with cresyl
violet and immunohistochemically using antibodies to microtubule associated protein-2
(MAP-2) (Roche, Mannheim, Germany) and calbindin D28 (Sigma-Aldrich, St. Louis MO).
Antibody binding was visualized by incubating sections with biotinylated anti-mouse or anti-
rabbit IgG (1:200, Vector Laboratories, Burlingame, CA) and VECTASTAIN Elite ABC
reagent (Vector). Immunostaining was developed with diaminobenzidine (Vector) as a
chromogen. Negative controls were treated without primary antibodies and showed no positive
signals.

Immuno-reactivity was quantified using ImageJ software (version 1.42q, NIH), the optical
density (OD) was integrated over the area of individual cells. Four to five positive stained cells
per section were randomly selected in anterior, median, and posterior putamen sections
(bregma level: +15 mm, +9 mm, and +5 mm) (Salinas-Zeballos et al., 1986). The area of stained
cells was measured and the OD per area was quantified after subtracting the background OD
in unstained tissue. Comparisons between groups were based on measurements from 85 to 150
stained cells. To confirm the expression of sigma-1 receptor in putamen, sections were
incubated with rabbit anti-sigma-1 receptor (1:200, Santa Cruz Biotechnology, Santa Cruz,
CA) and mouse anti-NeuN (1:500, Chemicon, Temecula, CA), followed by incubation with
anti-rabbit Cy3 (1:500, Jackson ImmunoResearch, West Grove, PA) and anti-mouse Alexa
Fluor 488 (1:500, Invitrogen, Eugene, OR).

Co-immunoprecipitation and Western Blotting
Brain tissues obtained from hypoxic-ischemic piglets at 3 h of recovery and time-matched
sham-operated animals were homogenized and fractionated into membrane-enriched and
cytosol-enriched fractions, as described previously (Guerguerian et al., 2002; Yang et al.,
2007b).

For co-immunoprecipitation (co-IP), membrane-enriched homogenates (500 µg of protein)
were pre-incubated for 1 h with 40 µl protein A/G-Sepharose (GE Healthcare, Sweden) and
then centrifuged at 12,000 × g to remove any nonspecific binding to protein A/G. The
supernatant was incubated with 2 µg anti-postsynaptic density-95 (PSD-95) antibody (Santa
Cruz) or anti-NR2A/B antibody (Chemicon) overnight at 4°C and then with protein A/G-
Sepharose (40 µl) overnight at 4°C. Samples were centrifuged at 12,000 × g, and the pellets
were washed five times with homogenization buffer (Yang et al., 2007b). Bound proteins were
eluted by adding sample buffer (20 µl) and boiling at 100°C for 5 mins. Samples were finally
centrifuged and supernatants were analyzed by Western blotting.

For Western blotting, 20 µg of total protein (boiled) or immunoprecipitated protein were
separated by 4 – 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto nitrocellulose membranes. The membranes were probed with the
following primary antibodies: anti-NR1 (1:2000, BD Pharmingen, San Jose, CA), anti-
phospho-NR1 Ser896, anti-phospho-NR1 Ser897 (1:2000, Upstate, Lake Placid, NY), anti-
synaptophysin (1:20,000, Chemicon), anti-actin (1:2000, Santa Cruz), anti-sigma-1 receptor,
anti-nNOS (1:1000, Santa Cruz), anti-NR2 (1:200, Chemicon), anti-PSD-95 (1:500, Santa
Cruz), anti-phospho-nNOS Ser847 (1:2000, Abcam, Cambridge, MA), or anti-nitrotyrosine
(1:40,000, Upstate). Synaptophysin and actin were used as protein loading standards for
membrane- and cytosol-enriched fractions, respectively. After being immunoblotted, the bands
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were scanned and analyzed with Quantityone software (Bio-Rad, Hercules, CA). Values of
optical density (OD) were normalized to the value of a sham-operated, saline-treated animal
on each gel. Each experiment was performed in quadruplicate using tissue from four to six
piglets per group.

NOS Activity Assay
Membrane-enriched homogenates (50 µg of protein) were used to measure NOS activity by
the conversion of [14C] arginine to [14C] citrulline with a NOS activity assay kit (Cayman
Chemical. Ann Arbor, MI). Briefly, homogenates were incubated with 40 µl reaction buffer
containing 1.25 mM NADPH, 0.75 mM CaCl2, and 1.25 µCi/ml [14C] arginine for 30 min; the
reactions were terminated with a stop buffer. Remaining [14C] arginine was removed from the
solution with equilibrated resin. Finally, the radioactivity was quantified by liquid scintillation
spectroscopy and expressed as a percentage of the value of a sham-operated, saline-treated
animal.

Data and Statistical Analysis
Profile counting was used to estimate ischemic neuronal damage in mid-coronal sections of
putamen on H&E-stained paraffin sections. In sections that were matched for level, the number
of ischemic and non-ischemic neuronal profiles was counted in an observer-blinded fashion in
seven non-overlapping microscopic fields at 1000× power in anterior, median, and posterior
putamen sections (bregma level: +15 mm, +9 mm, and +5 mm). The values were averaged to
obtain a single value of viable neurons per mm2 for each piglet to be used in the statistical
analysis.

All values are expressed as mean ± s.d. The neurological deficit score was analyzed by two-
way analysis of variance (ANOVA) with repeated measures. Other measurements were
analyzed with one-way ANOVA followed by the Student-Newman-Keuls multiple range test.
P < 0.05 was considered statistically different.

Results
PPBP reduced neuronal damage in putamen after H–I

Previous studies have shown that brain damage in this model is selectively distributed in basal
ganglia and somatosensory cortex, with a consistent neuronal death in central putamen at 4
days of recovery (Martin et al., 1997; Martin et al., 2000). In the present study, we observed
normal cellular morphology and cytoarchitecture in the striatum and sensorimotor cortex
(Figure 1A) of sham-operated animals treated with saline or high-dose PPBP. Neuronal density
in the putamen of sham-operated animals treated with PPBP was 101.5 ± 7.1% (n = 4) of those
treated with saline (n = 4).

During the 40 mins of hypoxia, mean arterial blood pressure (MABP) was maintained near the
baseline values and did not differ among groups (Table 1). Severe bradycardia and hypotension
occurred during the 7-min period of asphyxia. Successful resuscitation was achieved in 88%
of piglets. The amount of epinephrine used in piglets successfully resuscitated did not differ
among those subsequently treated with saline (62 ± 111 µg/kg), low-dose PPBP (34 ± 57 µg/
kg), and high-dose PPBP (46 ± 73 µg/kg). Most physiological parameters were not different
among the H–I groups. However, piglets that received the high-dose of PPBP after H–I had
lower MABP during the infusion period than did those that received saline. Sham-operated
piglets that received the high-dose PPBP infusion also exhibited lower MABP (57 ± 6 vs 70 ±
8 mmHg) at 3 h of recovery. Subsequent mortality during the 4-day recovery period was 3 of
13 in the saline group, 1 of 8 in the low-dose PPBP group, and 1 of 8 in the high-dose PPBP
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group. Mortality included those euthanized because of severe generalized seizures (2, 1, and
0 in saline, low-dose PPBP, and high-dose PPBP groups, respectively).

Western blots of piglet striatum confirmed the presence of sigma-1 receptors with a molecular
weight similar to that in mature rat striatum (Figure 1B). Immunohistochemistry showed that
sigma-1 receptors were localized specifically in the perinuclear region of neurons in newborn
piglet striatum (Figure 1B). Four days after H–I, most putaminal neurons of saline-treated
animals exhibited ischemic morphology that consisted of cytoplasmic microvacuolation,
eosinophilia, and nuclear pyknosis, or no longer possessed distinct structure based on H&E-
stained sections (Figure 1A). At this time point, the number of viable neurons that could be
found in the putamen was 21.5 ± 11.4% (n = 10) that of sham-operated animals. The density
of viable neurons was significantly increased by post-ischemic treatment with low-dose PPBP
(44.4 ± 12.5% of sham, saline group, n = 7) and high-dose PPBP (61.7 ± 19% of sham, saline
group, n = 7). Protection with the low dose of PPBP was equivalent to that seen with the NMDA
antagonist MK-801 (44.5 ± 17.5% of sham, saline group, n = 7).

Consistent with previous work (Martin et al., 1997; Martin et al., 2000; Yang et al., 2007b),
neuronal injury was less severe in the caudate nucleus, with the density of viable neurons equal
to 66.8 ± 32.0%, 67.5 ± 15.6%, and 74.3 ± 26.4% of the sham saline value in the H–I saline,
low-dose PPBP, and high-dose PPBP groups, respectively. No significant differences were
found among H–I groups.

Neurobehavioral deficits were the most severe on the first day of recovery from H–I (Figure
1D). Most H–I piglets treated with saline showed impaired consciousness, no light and/or no
auditory reflexes, low muscle tone, and sometimes no response to pain stimulation. Two-way
repeated measures ANOVA indicated an overall effect of treatment (P < 0.001) and time (P <
0.001). High-dose PPBP treatment significantly improved neurobehavioral recovery of H–I
piglets at 24 and 48 h of recovery, and low-dose PPBP treatment reduced deficits at 24 h of
recovery. Sham-operated animals treated with saline or high-dose PPBP did not show
neurologic deficit after recovery from anesthesia.

Based on our histological and neurologic deficit results, high-dose PPBP treatment was used
for the biochemical experiments.

PPBP altered ischemia-induced phosphorylation of NR1 in a site-specific manner
NR1 phosphorylation occurs at Ser897 by protein kinase A (PKA) and at Ser896 by protein
kinase C (PKC) (Tingley et al., 1997). Because H–I produces an increase in NR1
phosphorylation soon after resuscitation in piglet putamen (Guerguerian et al., 2002; Mueller-
Burke et al., 2008; Yang et al., 2007b), we tested the possibility that PPBP altered the level of
phosphorylated NR1 after H–I. Western blot results (Figure 2) showed that PPBP did not
change the basal level of phosphorylated NR1 Ser896 or Ser897 in sham-operated animals. H–
I increased phosphorylation of NR1 at Ser897 and Ser896 in putamen at 3 h of recovery. The
increase in Ser897 phosphorylation was not inhibited by PPBP. Interestingly, PPBP augmented
the H–I–induced level of Ser896 phosphorylation. The levels of total NR1 protein remained
unchanged after H–I and PPBP treatment.

PPBP reduced the formation of nNOS-PSD-95 complex in membrane after H–I
PPBP has been shown to attenuate nNOS activity and to reduce ischemia-evoked NO
production in an adult focal ischemia model (Goyagi et al., 2001). To study how PPBP might
affect nNOS function after H–I, Western blot analysis was used to examine the expression
level of nNOS in the membrane-enriched fraction in putamen of H–I and sham-operated piglets
at 3 h of recovery. We found that in sham-operated piglets, nNOS expression was greater in
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the cytosol-enriched fraction of putamen than in the membrane-enriched fraction (ratio to
nNOS level in membrane-enriched fraction: 7.6 ± 1.1; Figure 3A). PPBP did not change the
basal level of nNOS in sham-operated animals. However, the nNOS level in the membrane
fraction was significantly increased 3 h after H–I (Figure 3B). This increase was markedly
reduced by PPBP treatment. In contrast to that in membrane-enriched fraction, the nNOS level
in the cytosol-enriched fraction was unchanged 3 h after H–I or by PPBP treatment (Figure
3C). This lack of a detectable decrease in nNOS in the cytosolic fraction is likely because the
expression of nNOS protein in the cytosol-enriched fraction was already substantially greater
than that in the membrane-enriched fraction.

nNOS activity can be regulated by its coupling to the NMDA receptor NR2 subunit via PSD-95
(Aarts et al., 2002; Sattler et al., 1999). Considering the abundant expression of NR2A and
NR2B in newborn piglet striatum (Guerguerian et al., 2002), we used co-IP to investigate
whether PPBP changes nNOS level in the membrane-enriched fraction through an altered
association of nNOS and NR2A/2B. Immunoprecipitation with NR2A/2B antibody resulted
in co-precipitation of nNOS (Figure 3D). H–I significantly increased the interaction of NR2A/
2B with nNOS in the putamen at 3 h, but this increase was attenuated by PPBP treatment (ratio
to sham+saline: 1.19 ± 0.13, P < 0.05). PPBP did not change the basal level of nNOS/NR2
association. To elucidate if the association of nNOS and NR2A/B after H–I and PPBP treatment
is specific for regions destined for neuronal death, the level of NR2A/2B and nNOS association
was examined in the prefrontal cortex, which is spared from neuronal death. No change of
association was detected there after H–I or with PPBP treatment (Figure 3E).

These results were also consistent with NOS catalytic activity in the membrane-enriched
fraction of putamen (Figure 3F). NOS activity was increased at 3 h after H–I. PPBP
administration had no significant effect on activity in tissue from sham-operated animals but
reduced activity in tissue from H–I animals.

PSD-95 is involved in linking nNOS to NR2 and assembling a ternary complex that efficiently
couples Ca2+ influx to NO synthesis (Sattler et al., 1999). To investigate the role of PSD-95
in linking nNOS to NR2 after H–I, we performed co-IP in putamen tissue using PSD-95
antibody at 3 h after H–I. Both NR2A/2B and nNOS could be co-immunoprecipitated with
PSD-95. The level of coupling of PSD-95 to nNOS, but not coupling of PSD-95 to NR2A/2B,
was significantly increased after H–I. This increase was significantly reduced by PPBP
treatment (Figure 4A). The basal level of coupling of PSD-95 to NR2A/2B or nNOS remained
unchanged by PPBP treatment in sham-operated animals. In contrast to that in putamen, the
level of coupling of PSD-95 to NR2 or nNOS in prefrontal cortex (Figure 4B) was unchanged
at 3 h after H–I or by PPBP treatment.

Although the precise mechanism that regulates nNOS anchoring to PSD-95 remains unclear,
recent studies indicate that phosphorylation of nNOS at Ser 847 may play a role in modulating
this coupling (Robison et al., 2005; Zhou et al., 2008). We investigated whether PPBP
administration has an effect on the level of phospho-Ser847 in nNOS. Western blot results
(Figure 4C) showed that H–I substantially increased the level of Ser847-phosphorylated nNOS
in the membrane-enriched fraction of putamen at 3 h of recovery. This increase was attenuated
by PPBP treatment. The H–I induction and PPBP reduction of nNOS Ser847 phosphorylation
was proportionate to changes of nNOS expression in the membrane-enriched fraction, as
indicated by the lack of change in the ratio of phospho-Ser847 to the total nNOS
immunoreactivity.

PPBP reduced nitrative and oxidative stress after H–I
We used immunohistochemistry to study whether PPBP treatment reduces nitrative and
oxidative damage to nucleic acids in putamen at 3 h after H–I. In addition, we subjected
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membrane-enriched extracts from putamen to immunoblot analysis to detect peroxynitrite-
mediated oxidative protein damage. OHG/OHdG-positive staining was visible in the putamen
of sham-operated and H–I animals (Figure 5A). However, the cellular patterns were quite
different in the two groups. Positive cells in both groups had cytoplasmic labeling suggestive
of an RNA pattern, although the intensity of cytoplasmic immunoreactivity was much higher
in H–I animals. In contrast, intense nuclear labeling could be seen only in H–I–injured cells.
Quantification with OD measurements of stained cells in putamen showed that the OD was
three-fold greater in the H–I saline group than in the sham-operated saline groups. PPBP
treatment did not change the basal OD level in sham animals but significantly decreased the
cellular OD of OHG/OhdG immuno-reactivity compared to that of the saline-treated group at
3 h after H–I (Figure 5C).

Similarly, few 8-nitroguanosine–positive cells were visible in the putamen of sham groups
(Figure 5B), and no difference in cellular OD could be discerned between saline- and PPBP-
treated sham groups. At 3 h after H–I, intensive 8-nitroguanosine signals were localized in
cellular cytoplasm and nucleus (inset of Figure 5B). H–I increased the cellular OD by eight
fold in the saline-treated group, and treatment with PPBP largely prevented this increase
(Figure 5C).

PPBP administration did not alter the basal level of 3-nitrotyrosine immunoreactivity integrated
over multiple protein bands in sham-operated animals (Figure 5D). With H–I, the total amount
of 3-nitrotyrosine immunoreactivity increased in the saline group, but this increase was
significantly reduced by PPBP.

Discussion
Our results showed that post-treatment of newborn piglets with the sigma receptor ligand PPBP
after H–I 1) dose-dependently protected striatal neurons from H–I injury, 2) decreased H–I–
induced recruitment of nNOS to the membrane, 3) alleviated the coupling of nNOS to PSD-95,
4) suppressed NOS activity in the membrane, and 5) reduced nitrative and oxidative damage
to nucleic acids and proteins.

Previous studies have shown that PPBP provides robust neuroprotection in adult focal ischemia
models and in cultured neurons (Goyagi et al., 2001; Harukuni et al., 1998; Takahashi et al.,
1996; Yang et al., 2009; Yang et al., 2007a). Although striatum is considered to mature more
rapidly than cerebral cortex during development, anatomical structures and some biochemical
markers, such as GABAA receptor and dopaminergic markers, have shown apparent
differences between newborn and adult striatum (Goetz et al., 2007; Laurie et al., 1992);
(Haycock et al., 2003). Newborn pigs are markedly different from adult pigs in striatal cytology
(cell density) and neuronal architecture as demonstrated in sections stained with cresyl violet
and for calbindin D28 and MAP-2 (Supplementary Figure 1). Therefore, mechanisms of
cellular injury drugs action, and efficacy of drug are not necessarily the same in newborn or
developing striatum compared to adult fully-differentiated striatum, similar to the idea revealed
in mouse cortical neurons (Martin et al., 2009).

Our present work demonstrates for the first time the neuroprotection by a sigma receptor ligand
in neonatal H–I brain injury. We focused on putamen, where injury evolves rapidly during
early reoxygenation and where excitotoxic mechanisms are prominent (Martin et al., 2000).
The degree of protection with the low dose of PPBP was as great as that seen with MK-801.
Moreover, protection with the high dose of PPBP was only marginally better possibly because
complete blockage of NMDA receptors has counterproductive effects or because sigma
receptors may modify the function of multiple receptors and transporters. H–I and
reoxygenation lead to the formation of large quantities of oxidants, such as superoxide,
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hydrogen peroxide, hydroxyl radical, and peroxynitrite, which is also a potent nitrating agent.
In our study, PPBP significantly reduced H–I oxidative and nitrative damage to nucleic acids
and proteins. These effects of PPBP may underlie its neuroprotective properties in neonatal
brain.

Sigma receptor ligands may act by interrupting cascades of NMDA receptor-mediated
neuroexcitotoxicity. For example, sigma receptor ligands inhibited postsynaptic glutamate-
evoked Ca2+ influx (Klette et al., 1995) and suppressed NO production (Goyagi et al., 2001).
However, the molecular details of this modulation are not clear. Sigma receptor ligands may
act to downregulate NMDA receptor/channel function by phosphorylation mechanisms, by
altering receptor trafficking and localization, or by directly binding to the receptor. PPBP has
been reported to inhibit currents of NR1a/2B expressed in Xenopus oocytes with an IC50 of 2
µM (Whittemore et al., 1997). Although we did not measure brain concentrations of PPBP,
one might anticipate that the concentration would be <2 µM with an infusion of 1–2 µmol/kg/
h, unless PPBP was preferentially distributed across the blood-brain barrier. Thus, we
considered the possibility that PPBP may act through other mechanisms, such as alterations in
H–I–induced changes of NR1 phosphorylation.

Our results in neonatal putamen show that PPBP potentiated phosphorylation of Ser896
induced by H–I. Although a trend for increased Ser897 phosphorylation was also evident after
H–I, this trend was not statistically significant. Consistent with our data, others have shown
that intrathecal administration of sigma receptor agonists potentiate NMDA-induced
phosphorylation of NR1 at both the PKC-sensitive site, Ser896, and the PKA-sensitive site,
Ser897, in the dorsal horn of adult mouse spinal cord (Kim et al., 2008). In striatum, the
dopamine- and cAMP-regulated protein-32 plays a prominent role in NR1 phosphorylation at
PKA-sensitive sites (Snyder et al., 1998). It is known that PKA-mediated phosphorylation of
NR1 Ser897 promotes Ca2+ influx (Dudman et al., 2003; Scott et al., 2003; Skeberdis et al.,
2006) and enhances NMDA receptor currents (Maldve et al., 2002). Our previous studies
showed that whole-body hypothermia or dopamine D1 receptor antagonist administration
attenuated H–I–induced phosphorylation of NR1 at Ser897 in piglet striatum and protected
striatal neurons from H–I injury (Mueller-Burke et al., 2008; Yang et al., 2007b). Thus, a
potential effect of PPBP on Ser897 phosphorylation during H–I may have been obscured by a
strong dopaminergic influence in this brain region. Indeed, the inability of PPBP to provide
complete protection in putamen might be related to persistent phosphorylation of Ser896 and
Ser897. In addition, Src family tyrosine kinases are involved in NMDA receptor-mediated
excitotoxicity and perinatal H–I injury (Jiang et al., 2008). Therefore, further work is required
to explore other candidate kinases(Yang et al., 2009) through which sigma receptor ligands
might act.

In addition to acting directly on NMDA receptors, sigma receptor ligands may act by
attenuating NMDA receptor-induced nNOS activation (Bhardwaj et al., 1998) and reducing
ischemia-evoked neuronal NO production (Goyagi et al., 2001). Considering the fact that
nNOS is linked to NMDA receptor by PSD-95 (Sattler et al., 1999) and that interrupting this
association significantly reduces cell death (Aarts et al., 2002; Cui et al., 2007; Sattler et al.,
1999; Sun et al., 2008), we investigated whether the sigma receptor ligand interrupts this
association and thereby reduces oxidative and nitrative stress in neurons in newborn brain. Our
results revealed an H–I induced association of nNOS with NR2 in piglet putamen. This
association was essentially blocked by PPBP treatment. Additional work demonstrated that
the increased association of nNOS with NR2 occurred in parallel with an increased coupling
of nNOS to PSD-95 and an increase in NOS catalytic activity in the membrane-enriched
fraction at 3 h of recovery, all of which were attenuated by PPBP treatment after resuscitation.
Moreover, neither H–I nor PPBP treatment affected the association of NR2 with PSD-95.
Therefore, these results suggest that the H–I–induced association of NR2 with nNOS and the
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H–I–induced increase in NOS catalytic activity are driven by changes in nNOS–PSD-95
interactions and not by NR2–PSD-95 interactions. Whether the sigma receptor ligand directly
regulates nNOS-PSD-95 interactions or whether the effect of PPBP was mediated indirectly
by another mechanism secondary to cell preservation by PPBP was not addressed in here or
in other models.

Some evidence implicates phosphorylation of nNOS in modulating the coupling of nNOS to
PSD-95. The Ser847 residue of nNOS can be phosphorylated by calcium calmodulin kinase II
(CaMKII) and dephosphorylated by phosphatases calcineurin and PP1/PP2A (Rameau et al.,
2003; Rameau et al., 2004). An in vivo study showed that brain ischemia enhanced the
phosphorylation level of Ser847 in nNOS and the coupling of nNOS to PSD-95; treatment with
okadaic acid, an inhibitor of PP1/PP2A, further increased the phosphorylation of Ser847 and
enhanced the interaction of nNOS with PSD-95 (Zhou et al., 2008). Moreover, CaMK II binds
to NR2B in proximity to nNOS tethered by PSD-95 (Robison et al., 2005). These findings raise
the possibility that Ser847-phosphorylated nNOS might be involved in the coupling of nNOS
to PSD-95. Our results showed that H–I did increase the level of Ser847-phosphorylated nNOS
in proportion to the total increase of nNOS protein in the membrane-enriched fraction.
Interestingly, PPBP decreased nNOS Ser847 phosphorylation in proportion to nNOS
expression in the membrane fraction after H–I. Therefore, our results indicate that the
phosphorylation level of Ser847 has a close relationship with nNOS localization at the
membrane. Additional work will be needed to elucidate whether phosphorylation of Ser847
directly modulates nNOS level in the membrane and how PPBP changes the level of Ser847-
phosphorylated nNOS.

Two-way ANOVA indicated a highly significant overall effect of PPBP treatment over the 4-
day recovery period (P < 0.001). However, neurological function spontaneously improves after
cardiac arrest as animals emerge from a clouded state of consciousness. Although PPBP
accelerated this improvement, differences from the control group became non-significant by
4 days of recovery possibly because the gross neurological deficit scoring system is not
specifically sensitive to striatal damage. We did not continue PPBP throughout the 4-day
recovery period because reductions in infarct volume with PPBP treatment after transient focal
ischemia in adult rats was found to be lost when treatment extended beyond 1 day (Harukuni
et al., 1998).

In conclusion, our study demonstrates that in a neonatal H–I model, treatment with PPBP, a
sigma receptor ligand, after resuscitation reduces neuronal injury in selectively vulnerable
putamen. This protection was associated with a marked suppression of NOS activity in the
membrane and reduction of nitrosative and oxidative damage to proteins and nucleic acids.
These effects may be mediated by a disruption in the association of nNOS with the NMDA
receptor. Therapeutic use of sigma receptor ligands in neonatal H–I may provide a means for
protecting striatum without provoking the adverse effects of completely blocking NMDA
receptors in the developing brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effects of PPBP on neuronal damage and neurologic deficits in piglets subjected to hypoxia-
ischemia (H–I). Piglets exposed to H–I or sham surgery were infused intravenously with saline,
low-dose PPBP (PPBP-Low), or high-dose PPBP (PPBP-High). (A) Representative
photographs of H&E-stained sections show that low and high doses of PPBP alleviate ischemic
neuronal damage in putamen at 4 days of recovery. Arrows point to representative ischemia-
damaged neurons and arrow head shows the normal neurons. Scale bar=40 µm and scale bar
in insert = 8 µm. (B) Western blot and double-immunofluorescent results show that sigma-1
receptors exist in pig striatum and are localized mainly in neurons. Ponceau S was used as a
loading control. Scale bar = 8 µm. (C) Quantitative results for viable putamen neurons
expressed as a percent of the mean value of the sham+saline group. (D) Neurologic scores
during the 4-day recovery. Data represent means ± s.d. (n = 4 to 10 per group). *P < 0.05 versus
sham+saline group; #P < 0.05 versus H–I+saline group; ANOVA followed by the Student-
Newman-Keuls test.
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Figure 2.
Western blot analysis showing effects of PPBP on levels of Ser896- and Ser897-
phosphorylated NR1 and total NR1 in membrane-enriched fraction of putamen at 3 h of
recovery (n = 4 to 6 per group). Synaptophysin (Syn) was used as a loading control. Data
(means ± s.d.) were normalized to the sham+saline value. *P < 0.05 versus sham+saline groups;
#P < 0.05 versus H–I+saline group; one-way ANOVA followed by the Student-Newman-Keuls
test.
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Figure 3.
Effects of PPBP treatment on nNOS expression and activity in putamen of sham-operated or
H–I piglets at 3 h of recovery (n = 4 to 6 per group). (A) nNOS expression was greater in the
cytosol (cyto)-enriched fraction of putamen than in the membrane (mem)-enriched fraction.
Ponceau S was used as a loading control. H–I increased the nNOS level in the membrane-
enriched fraction (B), but not in the cytosol-enriched fraction (C). PPBP alleviated H–I–
potentiated nNOS expression in the membrane-enriched fraction. Immunoprecipitation with
antibody against NR2A/2B resulted in the co-precipitation of nNOS in the membrane-enriched
putamen fraction (D) and prefrontal cortex (E). However, H–I increased the interaction
between nNOS and NR2 only in the putamen [as seen by an increase in optical density (OD)
ratio] (D). The increase was restored to control levels by PPBP treatment. (F) PPBP treatment
alleviated H–I–induced NOS activity in membrane enriched fraction of putamen. All data are
shown as means ± s.d., normalized to the sham+saline value. *P < 0.05 versus sham+saline
group; #P < 0.05 versus HI+ saline group; one-way ANOVA followed by the Student-
Newman-Keuls test.
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Figure 4.
The impact on association of NR2 with nNOS by H–I and PPBP treatment involves changes
in coupling of nNOS to PSD-95, but not PSD-95 to NR2. Immunoprecipitation of membrane-
enriched fraction of putamen (A) or prefrontal cortex (B) at 3 h of recovery with antibody
against PSD-95 results in the co- precipitation of nNOS and NR2. H–I increased the interaction
between nNOS and PSD-95 [as seen by an increase in optical density (OD) ratio] only in
putamen. This increase was restored to control level by PPBP treatment. (C) Western blot
analysis showed that H–I induced nNOS Ser847 phosphorylation in the membrane-enriched
fraction at 3 h of recovery; the induction was prevented by PPBP treatment. The H–I– induced
increase in phosphorylated Ser847 was proportional to the increase in total membrane nNOS,
resulting in no change in the relative amount of phosphorylated protein. All data are shown as
means ± s.d., normalized to the sham+saline value. *P < 0.05 versus sham+saline group; #P
< 0.05 versus H–I+saline group; one-way ANOVA followed by the Student-Newman-Keuls
test.
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Figure 5.
PPBP treatment reduces H–I–induced oxidative and nitrative stress in putamen at 3 h of
recovery. Representative sections of immunohistochemical staining for 8-hydroxy-2-
deoxyguanosine (OHdG)/8-hydroxy-guanosine (OHG) (A) and 8-nitroguanosine (Nitro-G)
(B) in putamen of piglets at 3 h of recovery after sham surgery or H–I. Faint staining of cell
bodies was present in sham-operated piglets, whereas elevated signals could be observed in
both cytosol and nucleus. Inset: representative Nitro-G signal in nucleus. Scale bar = 50 µm;
inset scale bar = 10 µm. (C) H–I increased optical density (OD) of OHdG/OHG and Nitro-G
positive cells in putamen at 3 h of recovery; both were attenuated by PPBP treatment (n = 85
to 150 cells per group). (D) Western blot analysis showed that PPBP decreased the H–I–induced
3-nitrotyrosine immunoreactivity on multiple protein bands in putamen of sham-operated and
H–I piglets at 3 h of recovery. All data are shown as mean ± s.d. *P < 0.05 versus sham+saline
group; #P < 0.05 versus H–I+saline group; one-way ANOVA followed by the Student-
Newman-Keuls test.
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