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Abstract
Na+, Ca2+- permeable acid-sensing ion channel 1a (ASIC1a) is involved in the pathophysiologic
process of adult focal brain ischemia. However, little is known about its role in the pathogenesis of
global cerebral ischemia or newborn hypoxia-ischemia (H-I). Here, using a newborn piglet model
of asphyxia-induced cardiac arrest, we investigated the effect of ASIC1a-specific blocker
psalmotoxin-1 on neuronal injury. During asphyxia and the first 30 mins of recovery, brain tissue
pH fell below 7.0, the approximate activation pH of ASIC1a. Psalmotoxin-1 injection at 20 mins
before hypoxia, but not at 20 mins of recovery, partially protected the striatonigral and
striatopallidal neurons in putamen. Psalmotoxin-1 pretreatment largely attenuated the increased
protein kinase A-dependent phosphorylation of DARPP-32 and N-methyl-D-aspartate (NMDA)
receptor NR1 subunit and decreased nitrative and oxidative damage to proteins at 3 h of recovery.
Pretreatment with NMDA receptor antagonist MK-801 also provided partial neuroprotection in
putamen, and combined pretreatment with psalmotoxin-1 and MK-801 yielded additive
neuroprotection. These results indicate that ASIC1a activation contributes to neuronal death in
newborn putamen after H-I through mechanisms that may involve protein kinase A-dependent
phosphorylation of NMDA receptor and nitrative and oxidative stress.

Introduction
Varieties of homomeric and heteromeric acid-sensing ion channel (ASIC) subunits can form
sodium-permeable channels that are expressed in neurons throughout the central and
peripheral nervous system (Krishtal, 2003). Among these channels, the homomeric ASIC1a
allows not only Na+ but also Ca2+ influx into cells after it is activated by a reduction in
extracellular pH (Yermolaieva et al., 2004). Physiologically, ASIC1a is involved in synaptic
plasticity and learning and memory (Wemmie et al., 2002). However, studies have shown
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that it acts as a prominent mediator in acidosis-induced neuronal injury in adult brain
ischemia (Gao et al., 2005; Pignataro et al., 2007; Xiong et al., 2004).

Extracellular and intracellular pH in the brain are maintained physiologically at
approximately 7.3 and 7.1, respectively (Nedergaard et al., 1991; Tomlinson et al., 1993).
Cerebral ischemia induces substantial tissue acidosis, although the pattern and magnitude of
intracellular and extracellular pH varies with ischemic severity and duration (Simon and
Xiong, 2006; Yao and Haddad, 2004). Lactate accumulation from anaerobic glycolysis and
increased H+ release from ATP hydrolysis reduce brain pH to 6.5 or lower during severe
ischemia (Laptook et al., 1992; Nedergaard et al., 1991). This pH reduction is capable of
activating ASIC1a channels and allowing Ca2+ entry into neurons in a glutamate receptor-
independent manner (Xiong et al., 2004; Yermolaieva et al., 2004). Pharmacologic
intervention with psalmotoxin-1 (PcTX), a specific ASIC1a blocker, or ASIC1 gene ablation
significantly reduces infarct volume in adult stroke models (Pignataro et al., 2007; Xiong et
al., 2004).

Complex interactions may exist between ASIC1a and the N-methyl-D-aspartate (NMDA)
receptor in ischemic injury. On the one hand, NMDA receptors can modulate ASIC1a
channel function through Ca2+/calmodulin protein kinase II-dependent ASIC1a
phosphorylation in ischemic adult brain (Gao et al., 2005). On the other hand, some studies
have suggested that ASIC1a may change NMDA receptor function. ASIC1 knockout mice
show reduced excitatory postsynaptic potentials and NMDA receptor activation (Wemmie et
al., 2002). PcTX can significantly reduce NMDA-induced cell death (Gao et al., 2005), and
the neuroprotective effect of an NMDA receptor antagonist is less prominent in ischemic
ASIC1 knockout mice than in wild-type mice (Xiong et al., 2004). Moreover, combined
treatment with an ASIC1a blocker and an NMDA receptor antagonist resulted in a further
reduction of brain damage and extended the therapeutic time window for NMDA receptor
blockade (Pignataro et al., 2007). All of these findings open the possibility that ASIC1a-
mediated acidotoxicity aggravates NMDA receptor-mediated excitotoxicity in ischemic
brain and may help to explain why glutamate receptor antagonists have failed in clinical
trials. Considering that ASIC1 promotes dopamine signaling (Voglis and Tavernarakis,
2008) and that dopamine receptor activity can modulate NMDA receptor function in striatal
neurons, ASIC1a may bear resemblance to dopamine receptors that modulate NMDA
receptor activity through dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32)-dependent phosphorylation of NMDA receptor subunit NR1 (Svenningsson et
al., 2004; Yang et al., 2007).

We have shown previously that dopamine receptor activation participates in the mechanisms
of striatal neurodegeneration in neonatal hypoxia-ischemia (H-I) by modulating NMDA
receptor phosphorylation (Yang et al., 2007); however, the contribution of ASIC1a to the
mechanisms of neonatal brain damage is unknown. Here, we explored the possibility that
ASIC1a is a target for neuroprotection in a piglet model of neonatal H-I. We investigated
whether PcTX modulates the severity of brain damage, the phosphorylation state of the
NMDA receptor subunit NR1, and the level of oxidative and nitrative stress after neonatal
H-I. Piglets were selected partly because a period of rapid brain growth occurs soon after
birth and the level of development is more analogous to term human newborns than to many
rodents with a postnatal growth spurt (Dobbing and Sands, 1979). Previous work (Yang et
al., 2010) has also indicated distinct anatomical and biochemical differences in basal ganglia
between the newborn and adult swine. Moreover, regions of selective vulnerability to H-I in
piglet brain resemble those in term human newborns, and physiological monitoring is more
easily performed in piglets than in postanat rodents (Martin et al., 1997). We focused on
putamen because neurodegeneration in this region is rapid and resembles that occurring with
excitotoxic lesions (Martin et al., 2000).
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Materials and Methods
Experimental protocol

Animal protocols were approved by the Animal Care and Use Committee of the Johns
Hopkins University and performed in accordance with National Institutes of Health
guidelines. As described previously (Yang et al., 2010; Yang et al., 2007), 86 4- to 7-day-old
male piglets (2–2.5 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 (required for cardiac resuscitation) and
airway occlusion (asphyxia) for 7 mins (to produce cardiac arrest). 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 or asphyxia. All animals were
treated with the cefazolin (20 mg/kg, i.v., q.d.).

PcTX was obtained from tarantula Psalmopoeus cambridgei venom (Spider Pharm Inc.,
Yarnell, AZ). Small drill holes were made in the skull bilaterally at 8 mm anterior and 3 mm
lateral from bregma under aseptic conditions, and sterile stainless steel cannulae (0.5 mm
diameter) were inserted 14 mm below the dura and into the lateral ventricles. One
microgram of venom protein in 50 μl of artificial cerebrospinal fluid (aCSF) was injected
into each lateral ventricle at 20 mins before hypoxia or at 20 mins of recovery. The
microsyringe's cannulae were removed 10 min after the injection, the holes were sealed with
bone wax, and the incisions were closed with suture. Control animals received only aCSF.
To compare the neuroprotective effect of PcTX with that of NMDA receptor antagonist,
some H-I piglets were administered 1 mg/kg MK-801 (Ascent Scientific; Princeton, NJ; iv.
20 mins before hypoxia) or a pretreatment combination of PcTX and MK-801.

To study the diffusion range of PcTX, 0.25 nM FITC-PcTX (Phoenix Pharmaceuticals, Inc.
Burlingame, CA) in 50 μl of aCSF was injected into each lateral ventricle of two piglets 20
mins before induction of hypoxia. Animals experienced H-I and brains were harvested at 30
mins of recovery.

We focused on putamen because this region is the most vulnerable to H-I in this model
(Martin et al., 1997). Neuronal cell death progresses between 3 and 24 h after reoxygenation
in this region. Therefore, 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 PcTX treatment, H-I neuronal damage was observed at 4 days of
recovery (Martin et al., 2000).

Cerebral pH measurement
An optic pH sensor probe (Polestar Technologies, MA) with a detection range of pH 5.5 to
pH 8.5 was used for continuous measurement of brain tissue pH in a cohort of 4 piglets. The
probe was stereotaxically implanted into the sensorimotor cortex 20 mins before H-I
(bregma level -10 mm, 8 mm lateral, and 3 mm depth), and brain pH was continually
measured until 3 h of recovery. The probe was checked with buffer solutions (pH 6 and 7.6)
in the absence of light before and after the experiment.
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Neurobehavioral assessment
A neurologic deficit score (0 = best outcome, 154 = worst outcome) (Agnew et al., 2003;
Yang et al., 2010; Yang et al., 2007) was used to quantify overall neurologic function in an
observer-blinded fashion based on seven different components: 1) level of consciousness; 2)
brain stem function; 3) sensory responses; 4) motor function; 5) behavioral activities; 6)
spatial orientation; and 7) excitability.

Immunohistochemical and double immunofluorescence staining
The anesthetized piglets were perfused transcardially with ice-cold phosphate-buffered
saline and 4% paraformaldehyde at 30 mins, 3 h, or 4 days of recovery. Brains were
removed, bisected mid-sagittally, and cut into 1-cm slabs. The left forebrain was embedded
in paraffin for histology with hematoxylin and eosin (H&E) staining and neuropathological
assessment of damaged neurons. The right forebrain was cryoprotected, frozen, and cut into
serial 40-μm coronal sections through the putamen.

Double immunofluorescence staining was used to assess the neuronal localization of ASIC1;
the relationship among ASIC1, phospho-NR1 Ser897, and 3-nitrotyrosine; the relationship
between dopamine D1 receptor and early B cell factor 1 (Ebf1); the relationship between
dopamine D2 receptor and G-protein-coupled receptor 6 (Gpr6); and the relationship
between ASIC1 and Ebf1 or Gpr6 in striatum. Sections were blocked in 10% normal horse
serum and incubated with primary antibodies overnight at 4°C. Antibody binding was
visualized by incubating sections with Cy3-conjugated (1:500, Jackson ImmunoResearch,
West Grove, PA) or Alexa Fluor 488-conjugated (1:500, Invitrogen, Eugene, OR) secondary
antibodies. The following primary antibodies were used in this study: rabbit anti-ASIC1
(1:500, Sigma-Aldrich, St. Louis, MO) or goat anti-ASIC1 (1:50, Santa Cruz Biotechnology,
Santa Cruz, CA), mouse anti-NeuN (1:500, Chemicon, Temecula, CA), mouse anti-NR1
(1:200, BD Pharmingen, San Jose, CA), rabbit anti-phospho-NR1Ser897 (1:200, Upstate,
Lake Placid, NY), mouse anti-nitrotyrosine (1:500, Upstate), rabbit anti-D1R (1:300,
Chemicon), goat anti-D2R (Santa Cruz), mouse anti-Ebf1 (1:100, Santa Cruz), and rabbit
anti-Gpr6 (1:100, MBL International, Woburn, MA).

Immunohistochemical assessments were made on Ebf1 and Gpr6 in sham-operated and H-I
piglet brain. Free-floating sections were blocked in 10% normal horse serum and incubated
with anti-Ebf1 or anti-Gpr6 antibody followed with biotinylated 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. For
quantification of immunoreactivity, seven 200× optical fields 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), and the number of immunopositive stained
cells was quantified with ImageJ software (version 1.42q, NIH).

Western Blotting
Brain putamen tissues obtained from H-I 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 (Yang et al., 2010; Yang et al., 2007). Twenty-
microgram protein samples were separated by 4–12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The
membranes were probed with the following primary antibodies: rabbit anti-ASIC1 (1:2000),
mouse anti-Ebf1 (1:1000), rabbit anti-Gpr6 (1:1000), mouse anti-NR1 (1:2000), rabbit anti-
phospho-NR1 Ser896, rabbit anti-phospho-NR1 Ser897 (1:2000, Upstate), mouse anti-
synaptophysin (1:20,000, Chemicon), rabbit anti-DARPP-32 or anti-phospho-DARPP-32
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Thr34 (1:1500, Cell Signaling Technology, Danvers, MA), or mouse anti-nitrotyrosine
(1:40,000). Synaptophysin was used as a protein loading standard for membrane-enriched
fractions. Resulting protein bands were scanned and analyzed with Quantity One software
(Bio-Rad, Hercules, CA). Optical density values were normalized to the value of a sham-
operated, aCSF-treated animal on each gel. Each experiment was performed in quadruplicate
using tissue from four to six piglets per group.

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 level-matched sections, the number of
ischemic and non-ischemic neuronal profiles was counted randomly 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 square millimeter for each
piglet to be used in the statistical analysis.

All values are expressed as means ± SD. The neurologic 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
Alteration of arterial and cerebral cortical tissue pH during and after H-I

During the 40 mins of hypoxia, arterial PO2 was reduced to approximately 20 mmHg
(Figure 1A), and mean arterial blood pressure (MABP) was maintained near the baseline
level. Severe bradycardia and hypotension occurred during the 7-min period of asphyxia.
After successful cardiac resuscitation, MABP increased to above baseline and then gradually
returned to baseline level at 30 mins of recovery (Figure 1B). H-I induced hyperglycemia,
which gradually resolved after resuscitation (Figure 1C). Arterial blood pH gradually
decreased from 7.43 ± 0.09 to 7.28 ± 0.03 during hypoxia, dropped sharply during asphyxia,
and reached a level of 6.89 ± 0.07 at 5 mins of asphyxia (Figure 1D).

Cerebral cortical tissue pH fell slightly from 7.21 ± 0.07 to 7.17 ± 0.09 by the end of
hypoxia and reached a minimum value of 6.71 ± 0.15 at 5 mins after resuscitation (n = 4).
Notably, brain pH remained acidic (<7.0) between the asphyxia period and 30 mins of
recovery but was nearly normal at 2 h of recovery.

Localization of ASIC1 in piglet neurons
The ASIC1 antibody reacted with a ∼60 kDa protein in piglet and mouse striatum extracts
(Supplemental Figure 1). Immunohistochemical results showed ASIC1 immunoreactivity to
be located mainly in neuronal bodies and primary dendrites of newborn piglet striatum
(Figure 2A). This result is consistent with a previous report that ASIC1a is enriched in
medium spiny neurons of striatum in rodents (Jiang et al., 2009).

Neuronal damage in putamen after H-I
To determine if PcTX penetrates into the brain parenchyma after intracerebroventricular
injection, we tracked PcTX-FITC. Compared to the weak background autofluorescence
observed in caudate and putamen of animals treated with non-conjugated PcTX, injection of
PcTX-FITC into lateral ventricle 20 mins before hypoxia produced fluorescent signals in
septum, caudate, and putamen (anterior, median, and posterior) at 30 mins of recovery.
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Within these regions, PcTX-FITC was detected in the extracellular space and neuropil and
was associated with cell bodies of presumptive neurons (Supplemental Figure 2).

PcTX was administered with or without the NMDA receptor antagonist MK-801 to study
the role of ASIC1a channels and NMDA receptors in striatal neuronal injury after H-I. No
significant difference in MABP or rectal temperature was observed among groups that
received aCSF infusion, PcTX pretreatment, PcTX post-treatment, MK-801 treatment, or
combined treatment during H-I and 3 h of recovery (Supplemental Table). Successful
resuscitation was achieved in 58 of 68 piglets (85%). The amount of epinephrine [86 ± 115
μg/kg, 56 ± 85 μg/kg, 88 ± 137 μg/kg, 89 ± 118 μg/kg, and 70 ± 97 μg/kg in the aCSF,
PcTX pretreatment, PcTX post-treatment, MK-801, and combined treatment groups,
respectively] did not show any significant difference among treatment groups. In addition,
no significant difference was observed in arterial PO2, PCO2, or pH among H-I groups.
Subsequent mortality during the 4-day recovery period was 1 of 8 piglets in the aCSF group,
1 of 9 piglets in the PcTX pretreatment group, 0 of 8 piglets in the PcTX post-treatment
group, 2 of 9 piglets in the MK-801 treatment group, and 3 of 10 piglets in the combined
treatment group. Mortality rates include piglets that were euthanized because of inability to
extubate within 10 h of recovery or severe generalized seizures [1/0 (no extubation/
seizures), 0/1, 0/0, 2/0, and 2/1 in the aCSF, PcTX pretreatment, PcTX post-treatment,
MK-801, and combined treatment groups, respectively].

At 4 days of recovery, sham-operated piglets treated with aCSF and PcTX exhibited normal
cellular morphology and cytoarchitecture in the striatum (Figure 3A). Consistent with
previously published work (Martin et al., 1997; Yang et al., 2010; Yang et al., 2007), H-I
piglets treated with aCSF showed selectively distributed ischemic neurons in caudate and
putamen, with consistent neuronal death in the central putamen. Most putaminal neurons
exhibited ischemic morphology that consisted of cytoplasmic microvacuolation,
eosinophilia, and nuclear pyknosis, or no longer had distinct structure based on H&E
staining. The number of viable neurons in the putamen of the H-I aCSF group was 20.1 ±
5.0% (n = 7) of the number in the sham-operated, aCSF-injected piglets. Ischemic neuronal
injury was significantly less in groups pretreated with PcTX, MK-801, or the combination.
The density of viable neurons was significantly increased by PcTX pretreatment (47.4 ±
10%, n = 8). This protective effect was equivalent to that of MK-801 pretreatment (44.5 ±
17.5%, n = 7). Combined treatment with PcTX and MK-801 further protected putamen
neurons from H-I injury (79.2 ± 18.5%, n = 7). However, delaying the intraventricular
administration of PcTX until 20 mins of recovery diminished its protective effect (Figure
3B). The piglets post-treated with PcTX displayed 31.4 ± 17.5% (n = 7) viable putamen
neurons, a value not significantly different from that of the H-I aCSF group. Neuronal injury
was less severe and more variable in caudate than in putamen, and pretreatment with PcTX,
MK-801, or both drugs did not show a significantly protective effect. The percentage of
neurons with ischemic cytopathology was 62 ± 24% in the aCSF group, 68 ± 20% in the
PcTX pretreatment group, 69 ± 23% in the MK-801 group, and 80 ± 21% in the combined
treatment group.

Neurobehavioral deficits were the most severe on the first day of recovery from H-I. At this
time point, most H-I piglets treated with aCSF exhibited impaired consciousness, no light
and/or no auditory reflexes, and low muscle tone; some showed no response to pain
stimulation. Two-way repeated measures ANOVA indicated an overall protective effect of
PcTX pretreatment (P<0.001) and time (P<0.001) (Figure 3C). PcTX pretreatment
significantly improved neurobehavioral recovery of H-I piglets at 24 h and 48 h of recovery
compared with aCSF infusion. Interestingly, the neurobehavioral deficits in the MK-801-
treated group were significantly worse than those in the aCSF piglets at 24 h, and the deficits
remained worse at 24 h and 48 h in those pretreated with MK-801 and PcTX. Sham-
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operated piglets administered aCSF or PcTX infusion did not show neurologic deficit after
recovery from anesthesia.

Protein kinase A-dependent phosphorylation of NMDA receptor NR1 subunit and
DARPP-32 after H-I

The NMDA receptor NR1 subunit can be phosphorylated by protein kinase A (PKA) at
Ser897 or by protein kinase C at Ser896 soon after resuscitation. This phosphorylation plays
an important role in neuronal injury in piglet striatum (Guerguerian et al., 2002; Yang et al.,
2007). Double immunofluorescence staining indicated that most ASIC1 and NR1
immunoreactivities were co-localized in putamen of sham-operated piglet brains (Figure
2B). Here, we tested whether PcTX alters the level of phosphorylated NR1 after H-I.
Western blot results (Figure 4A) showed that PcTX did not change the basal level of
phospho-NR1 Ser896 or phospho-NR1 Ser897 in sham-operated piglets (n=4 each). H-I
increased phosphorylation of NR1 at Ser897 and Ser896 in putamen at 3 h of recovery
(n=6). PcTX pretreatment (n=6) inhibited the increase in phosphorylation of Ser897 but not
Ser896. The levels of total NR1 protein remained unchanged after H-I and PcTX treatment.

Immunoblotting was used to examine the levels of total DARPP-32 protein and PKA-
dependent phosphorylation of DARPP-32 at Thr34 in putamen of sham-operated and H-I
piglets. Phosphorylation of DARPP-32 at Thr34 is known to inhibit protein phosphatase 1
activity (Svenningsson et al., 2004). PcTX did not change the basal level of phospho-
DARPP-32 Thr34 in sham piglets. However, the level of phospho-DARPP-32 Thr34 was
significantly induced in H-I piglets at 3 h of recovery (Figure 4B). This increase was
significantly attenuated by PcTX pretreatment. In contrast to the change in Thr34
phosphorylation, the level of total DARPP-32 protein was unchanged with H-I and PcTX
pretreatment.

Nitrative and oxidative stress after H-I
Peroxynitrite-mediated protein damage is another important feature in H-I–damaged piglet
putamen (Martin et al., 2000; Yang et al., 2010; Yang et al., 2007). 3-Nitrotyrosine
immunoreactivity has been widely used as a marker for peroxynitrite-induced neurotoxicity.
Here, double immunofluorescence staining showed that most 3-nitrotyrosine
immunoreactivity co-localized with ASIC1 and phospho-NR1 Ser897 signals in putamen at
3 h after H-I (Figure 2B). Immunoblotting of membrane-enriched extracts from putamen at
3 h after H-I indicated that PcTX pretreatment did not alter the basal level of 3-nitrotyrosine
immunoreactivity integrated over multiple protein bands in sham-operated piglets (Figure
5A). With H-I, the total amount of 3-nitrotyrosine immunoreactivity increased in the aCSF
group, but this increase was significantly reduced by PcTX treatment. Oxyblot analysis also
identified carbonyl groups, a hallmark of the oxidative alteration of proteins. The results
indicate significant oxidative alteration to membrane-enriched proteins at 3 h of recovery
(Figure 5B). Proteins between 29 and 98 kDa appeared to be prominent targets of oxidative
stress. The intensity of these bands was elevated at 3 h of recovery. Likewise, PcTX
significantly attenuated carbonyl formation at 3 h of recovery.

Ebf1 and Gpr6 immunoreactivity at 4 days of recovery in H-I piglets
Dopamine D1 and D2 receptors are expressed on striatonigral and striatopallidal neurons,
respectively (Gerfen, 2000; Hersch et al., 1995). We wondered if PcTX selectively rescues
striatonigral or striatopallidal neuronal subpopulations. However, it is difficult to determine
surviving cell bodies with D1 receptor and D2 receptor immunoreactivity because most of
the labelings are dendritic in the neuropil. Ebf1 and Gpr6 are thought to be selectively
located in striatal neurons that project to nigra and globus pallidus, respectively (Lobo et al.,
2007; Lobo et al., 2006). Antibodies to Ebf1 and Gpr6 reacted specifically with proteins
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corresponding to these proteins in piglet and mouse striatal extracts (Supplemental Figure
1). We also confirmed this pattern of striatonigral and striatopallidal segregation in piglet
striatum by immunohistochemistry. Most piglet putamen cell bodies with D1 receptor
signals co-expressed Ebf1 rather than Gpr6, and most D2 receptor-positive cell bodies
immunostained with Gpr6 but not Ebf1 (Figure 2C). In addition, Ebf1- and Gpr6-positive
cells co-immunostained with ASIC1 (Figure 2D).

Immunohistochemical results revealed widespread Ebf1- and Gpr6-positive cells throughout
putamen of sham-operated piglets (Figure 6). PcTX pretreatment did not change the
distribution pattern of Ebf1 and Gpr6 immunoreactivity or the number of Ebf1- and Gpr6-
positive cells in putamen of sham-operated animals. H-I significantly decreased the number
of Ebf1- and Gpr6-positive cells in putamen at 4 days of recovery. Ebf1-positive cells
decreased to 30 ± 8% and Gpr6-positive cells decreased to 35 ± 16% that of the sham-
operated, aCSF-treated control group (n = 7 each). PcTX pretreatment significantly
attenuated the decrease of Ebf1-positive (66 ± 12%, n = 7) and Gpr6-positive (62 ± 6%, n =
7) cells compared with aCSF infusion (Figure 6B).

Discussion
The present study reveals several findings that help to clarify the evolution and mechanisms
of striatal neuronal degeneration in a clinically relevant animal model of pediatric H-I
encephalopathy. The results show that 1) brain tissue pH drops markedly during asphyxia
and remains below the approximate ASIC1a activation threshold through 30 mins of
recovery; 2) PcTx can protect the newborn brain from H-I injury; 3) PcTX has a relatively
narrow therapeutic window for protecting striatal neurons from H-I injury; 4) pretreatment
with PcTX rescues Ebf1-positive and Gpr6-positive neurons equivalently, thereby implying
that striatonigral and striatopallidal neurons are equally protected; 5) pretreatment with
PcTX reduces PKA-dependent phosphorylation of DARPP-32 and NMDA receptor subunit
NR1 and alleviates nitrative and oxidative damage to proteins after H-I; 6) the partial
neuroprotection provided by PcTX pre-treatment in putamen is at least as important as that
of an NMDA receptor antagonist; and 7) the protective effect of PcTX was additive with
that of an NMDA receptor antagonist.

The brain has increased reliance on anaerobic metabolism during H-I (Vannucci et al.,
2005). The glycolysis-induced lactate accumulation combined with increased H+ release
from ATP hydrolysis causes a reduction in brain pH. Here, we found that brain parenchymal
pH dropped markedly during asphyxia and reached a nadir of 6.71 in sensorimotor cortex at
5 mins of recovery. This pH is sufficient to activate ASIC1a, as it is below the activation
threshold of pH 7.0 (Pignataro et al., 2007; Xiong et al., 2004). The decrease in brain tissue
pH and subsequent recovery time depend on ischemic severity and duration (Hurn et al.,
1991). The relatively short duration of the ischemic period and the full pH recovery during
reperfusion may explain why the decrease in tissue pH in this model was not as great and
did not last as long as that observed in penumbra regions of animals with focal brain
ischemia (Back et al., 2000). In addition, during the early recovery period, immature brain
can metabolize the elevated lactate during reperfusion and reoxygenation or rapidly export it
into the venous circulation with its unique lactate transport ability (Vannucci and Hagberg,
2004). Thus, it was not unexpected that the brain could recover to a pH above 7.0 by 30
mins.

The demonstrated transient acidic milieu in the piglet brain during asphyxia provided the
rationale that PcTX could be protective in this model. PcTX injection into lateral ventricle
20 mins before hypoxia partially protected putamen neurons from H-I. In contrast, PcTX
injection at 20 mins of recovery did not produce significant neuroprotection in putamen. The
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dose and diffusion time need to be considered in interpreting this lack of effect of post-
treatment. Xiong et al (Xiong et al., 2004) used an effective dose of 0.2 ng of PcTX (0.4 μl
of 500 ng/ml) in mouse brain. Because the piglet brain is about 100 times the weight of a
mouse brain, a dose of 20 ng would be expected to give a similar concentration in the CSF.
However, because the diffusion distance from the lateral ventricle ependymal surface to the
most distant edge of the putamen is nearly 10 mm, we increased the dose of PcTX to 1 μg to
accelerate diffusion into a reasonable time frame before much of the PcTX would be cleared
by CSF absorption into the venous system. Thus, the dose should have been adequate when
administered 20 mins before hypoxia (65 mins before asphyxia), but the diffusion time may
have been too long for therapeutic efficacy when injected at 20 mins of recovery and when
the brain pH has largely recovered by 30 mins (assuming that tissue pH recovery in putamen
paralleled that measured in neocortex). Consequently, PcTX has a relatively short
therapeutic window in this model, a finding that contrasts with the prolonged effectiveness
of PcTX in focal brain ischemia of adult rodents (Pignataro et al., 2007).

NMDA receptor-mediated excitotoxicity has been implicated in neonatal ischemic damage
(Ferriero, 2004; Johnston, 2005), and the NMDA receptor antagonist MK-801 has shown
neuroprotective effects in rodent neonatal H-I models (Johnston, 2005). However, NMDA
receptor-mediated synaptic activity promotes neuronal survival. MK-801 can cause
reversible vacuolization in cortical neurons even in a dose of 0.1mg/kg (Allen and Iversen,
1990) and can trigger widespread apoptosis in the developing brain (Ikonomidou et al.,
1999). In addition, NMDA receptors mediate brain stem activity in response to hypoxia and
help sustain ventilation in the newborn (Panigrahy et al., 2000). In contrast to the effects in
immature rodents, intravenous injection of 3 mg/kg MK-801 provides no neuroprotection
and worsens neurologic outcomes in a piglet model of carotid artery ligation (LeBlanc et al.,
1991). In the present model, a lower dose of 1 mg/kg MK-801 protected putaminal neurons
from H-I injury but aggravated neurologic deficit during the first day of recovery. The
greater neurological deficit after treatment with MK-801 or MK-801 plus PcTX, despite
improved neuronal viability, presumably reflects the adverse behavioral side effects that
have limited the clinical use of NMDA antagonists. Although the purpose of this study was
not to find an optimal dose, it is possible that lower doses of MK-801 would minimize the
augmented early functional deficits and still provide neuroprotection.

ASIC1a and NMDA receptors are activated in ischemic brain and likely cross-talk to
enhance ischemic neuronal death. Previous work suggested that ASIC1a channels may act
on NMDA receptors and modulate their function. ASIC1 knockout mice have decreased
NMDA receptor activation during high-frequency stimulation (Wemmie et al., 2002).
Furthermore, the neuroprotective effect of an NMDA receptor antagonist is not as prominent
in ASIC1 knockout mice as in wild-type mice (Xiong et al., 2004). PcTX significantly
reduces NMDA-induced cell death (Gao et al., 2005). Moreover, combined therapy of
ASIC1a blockade and NMDA receptor antagonism results in a further reduction of brain
damage and extends the therapeutic time window for NMDA receptor blockade (Pignataro
et al., 2007). However, no work has shown how ASIC1a modulates the activity of the
NMDA receptor. Considering ASIC-1 promotion of dopamine signaling (Voglis and
Tavernarakis, 2008) and the integrated relationship between dopamine and NMDA receptors
in striatal neurons, we hypothesized that ASIC1a modulates the activity of the NMDA
receptor through DARPP-32-dependent phosphorylation of NMDA receptor subunit NR1
(Svenningsson et al., 2004; Yang et al., 2007).

Phosphorylation is an important mechanism for the regulation of NMDA receptor function.
Although it is not fully understood how phosphorylation of NR1 at Ser897 modulates
NMDA receptor activity, PKA-dependent phosphorylation of NR1 enhances Ca2+ influx
(Skeberdis et al., 2006) and promotes forward trafficking of the receptor from the
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endoplasmic reticulum to the synapse (Scott et al., 2003). Therefore, increased NR1
phosphorylation in H-I piglet striatum may signify increased activation or potentiation of
NMDA receptors. This process is relevant to the pathophysiology of striatal neuron death
(Guerguerian et al., 2002; Yang et al., 2007). In the present study, ASIC1, phosphorylated
NR1, and 3-nitrotyrosine co-localized in ischemic striatum. PcTX pretreatment attenuated
PKA-dependent phosphorylation of NR1 Ser897 and decreased nitrative and oxidative stress
in H-I piglets. These results suggest that the neuroprotective effect of PcTX is, at least in
part, associated with attenuated PKA-dependent NR1 phosphorylation.

Many factors are involved in the PKA-dependent phosphorylation of NR1 after H-I. For
example, agonists for dopamine D1 receptors but not D2 receptors increase overall
phosphorylation of NR1 (Snyder et al., 1998). Stimulation of D1 receptors leads to
phosphorylation of NR1 Ser897 (Dunah and Standaert, 2001). In addition, D1 receptor
activation increases PKA-dependent phosphorylation of Thr34 on DARPP-32, which
permits sustained phosphorylation of serine and threonine sites on NR1 by inhibition of
protein phosphatase-1; D2 receptor activation has the opposite effect (Svenningsson et al.,
2004). Our results show that PcTX attenuates phosphorylation of both DARPP-32 Thr34
and NR1 Ser897 and suggest that the D1 receptor/PKA/DARPP-32 cascade may be
involved in ASIC1a-neuronal injury after H-I. If so, PcTX may selectively protect
striatonigral neurons with D1 receptors rather than striatopallidal neurons with D2 receptors.
However, the D1 and D2 receptors are diffusely distributed throughout the neuropil with
less localization in striatal cell bodies (Hersch et al., 1995; Yang et al., 2007), thereby
making it difficult to quantify selective neuronal loss. In our current work, Ebf1 and Gpr6
serve as alternative cell markers for D1- and D2-receptor-positive cells, respectively. We
found that PcTX pretreatment protected Ebf1- and Gpr6-positive cells equivalently, as
ASIC1 immunoreactivity was evident in most striatal neurons and co-localized with Ebf1
and Gpr6. Therefore, ASIC1 expression does not distinguish between D1- and D2-receptor-
positive neurons. This observation is consistent with the finding that PcTX protected
striatonigral and striatopallidal neurons. The fact that PcTX protected striatal neurons
independent of dopamine receptor subtype suggests that neurotoxic ASIC1a channel
activation has an indirect relationship with postsynaptic dopamine receptor signaling or that
ASIC1a channels are involved in presynaptic mechanisms of dopamine release.

Differences in timing of ASIC1a and NMDA receptor activation may contribute to the
observed additive protection afforded by PcTX and MK-801. ASIC1a is presumably
activated during asphyxia and early recovery when parenchymal pH is <7.0. However,
currents through NMDA-activated channels are known to be suppressed at pH levels
achieved during ischemia (Giffard et al., 1990). Thus, NMDA receptor-mediated
excitotoxicity is likely to be more prominent at later times of recovery, when ASIC1a is less
active. Blocking Na+ and Ca2+ entry in different phases of ischemia/reperfusion may
provide additive protection. However, this explanation is probably an oversimplification
because of the ability of PcTX to reduce NR1 phosphorylation at 3 h, long after
parenchymal pH has recovered. One possibility is that early oxidative stress initiated by
ASIC1a activation has long-lasting effects on DARPP-32 Thr 34 phosphorylation, which is
known to inhibit protein phosphatase-1. Inhibition of protein phosphatase-1 would, in turn,
maintain NR1 in a phosphorylated state and presumably prolong excitotoxicity and
consequent oxidative stress. Analogously, pretreatment with a D1 receptor antagonist
reduces DARPP-32 Thr34 and NR1 Ser897 phosphorylation at 3 h of recovery, yet
dopamine in microdialysates largely recovers by 30 mins after reoxygenation. Thus,
promotion of excitotoxic stress at later times of recovery may be dependent on dopaminergic
and acidic stimulation that occur earlier during ischemia/reperfusion.
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One limitation of this study is that the solution of PcTX contains multiple proteins. Although
we cannot exclude off-target effects in piglet brain, the observation that mice with ASIC1a
gene deletion have the same ischemic neuroprotection as PcTX treatment of wild-type mice
provides some assurance that the effects of PcTX are largely mediated by ASIC1a effects
(Pignataro et al., 2007; Xiong et al., 2004).

In conclusion, this study demonstrates that treatment with ASIC1a blocker PcTX before
hypoxia reduces neuronal injury in selectively vulnerable putamen and accelerates
neurologic recovery in a large-animal model of neonatal H-I encephalopathy. This
protection was associated with a marked reduction in nitrative and oxidative damage to
proteins. These effects may be mediated, at least in part, by modulation of NMDA receptor
phosphorylation. Combined inhibition of ASIC1a channels and NMDA receptors had a
greater neuroprotective effect than each individual treatment. This additive effect implies
that ASIC1a and NMDA receptors also act independently in damaged neurons. Therefore,
ASIC1a is another important channel that contributes to oxidative stress and
neurodegeneration in global cerebral ischemia in immature brain.
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Research Highlights
Brain tissue pH drops during asphyxia and early recovery in neonatal H-I pig; PcTX
pretreatment reduces oxidative damages and protects striatal neurons; this effect is as
important as and additive with that of MK-801; PcTX reduces PKA-dependent
phosphorylation of DARPP-32 and NMDA receptor subunit NR1; striatonigral and
striatopallidal neurons are equally protected.
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Figure 1.
Arterial PO2 (A), mean arterial blood pressure (MABP, B), arterial glucose (C) and arterial
and brain tissue pH (D) of four piglets (means ± SD) during baseline, hypoxia (Hyp),
asphyxia (Asp), and 3 h of recovery. The dashed line provides a reference pH of 7.0, which
represents the approximate pH threshold below which ASIC1a begins to open.
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Figure 2.
Double immunofluorescence of ASIC1 and NeuN in normal pig striatum (A); ASIC1 and
NMDA receptor NR1 subunit or nitrotyrosine, and nitrotyrosine and phosphorylated NR1
Ser897 (pSer897 NR1) in pig putamen at 3 h of recovery after H-I (B); Ebf1 or Gpr6 and
dopamine D1 receptor (D1R) or dopamine D2 receptor (D2R) in pig putamen at 3 h of
recovery after H-I (C); ASIC1 and Ebf1 or Gpr6 in normal pig striatum (D). White dash line
indicates the boundary between grey matter and white matter. White matter (WM). Scale bar
= 20 μm.
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Figure 3.
Effects of PcTX on neuronal damage and neurologic deficits in piglets subjected to H-I.
Piglets exposed to H-I or sham surgery received aCSF, PcTX pretreatment, PcTX post-
treatment, MK-801, or PcTX and MK-801 in combination. (A) Representative photographs
of H&E-stained sections at 4 days of recovery show normal cellular morphology and
cytoarchitecture in putamen of sham-operated animals treated with aCSF and PcTX. All H-I
groups contained putaminal neurons that exhibited ischemic morphology (cytoplasmic
microvacuolation, eosinophilia, and nuclear pyknosis) or that had lost distinct structure.
Scale bar = 40 μm. (B) Quantitative results for viable putamen neurons (expressed as a
percentage of the mean value of the sham+aCSF group). (C) Neurologic scores during the 4-
day recovery. Data are shown as means ± SD (n = 4 to 8 per group). *P < 0.05 versus sham-
operated aCSF group; #P < 0.05 versus H-I aCSF group; † P < 0.05 versus H-I PcTX
+MK-801group; ANOVA followed by the Student-Newman-Keuls test. H-I+PcTX pre, H-I
piglets pretreated with PcTX; H-I+PcTX post, H-I piglets post-treated with PcTX.
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Figure 4.
Western blot analysis showing effects of PcTX pretreatment on levels of phosphorylated and
total NMDA receptor NR1 subunit (A) and DARPP-32 (B) in a 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 ± SD) were normalized to the sham+aCSF value. *P < 0.05
versus sham+aCSF group; #P < 0.05 versus H-I+aCSF group; one-way ANOVA followed
by the Student-Newman-Keuls test.
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Figure 5.
The effect of PcTX pretreatment on H-I–induced nitrative and oxidative stress in putamen at
3 h of recovery. Western blot analysis showed that PcTX decreased H-I–induced 3-
nitrotyrosine (A) and carbonyl (B) immunoreactivity on multiple protein bands in putamen
of H-I piglets at 3 h of recovery. All data are shown as means ± SD. *P < 0.05 versus sham
+aCSF group; #P < 0.05 versus H-I+aCSF group; one-way ANOVA followed by the
Student-Newman-Keuls test.
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Figure 6.
PcTX treatment attenuates the loss of Ebf1- and Gpr6-positive cells in putamen at 4 days of
recovery after H-I. Representative immunohistochemical staining shows Ebf1 or Gpr6
signals (A) in putamen of piglets at 4 days of recovery after sham surgery or H-I. Scale bar =
50 μm. (B) Quantitative results indicate that H-I induced a loss of Ebf1- and Gpr6-positive
cells in putamen at 4 days of recovery; both were attenuated by PcTX treatment. All data are
shown as means ± SD. *P < 0.05 versus sham+aCSFgroup; #P < 0.05 versus H-I+aCSF
group; one-way ANOVA followed by the Student-Newman-Keuls test.
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