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Background: The normal regulation of brain pH is particularly critical for protein structure and enzymatic
catalysis in the brain. This study aimed to investigate the regulation mechanism of brain pH after hypoxic-
ischemic brain injury (HIBI) through the combination of amide proton transfer (APT) imaging, the analysis
of brain pH levels, and the analysis of voltage-gated proton channel (Hv1) expression in piglets with HIBI.
Methods: A total of 59 healthy piglets (age range, 3-5 days after birth; body weight, 1-1.5 kg) were
selected. Six piglets were excluded due to death, modeling failure, or motion artifacts, leaving a total of 10
animals in the control group and 43 animals in the HIBI model group. At different time points (0-2, 26,
6-12, 12-24, 24-48, and 4872 hours) after HIBI, brain pH, Hv1 expression, and APT values were measured
and analyzed. The statistical analysis of data was performed using the independent samples t-test, analysis of
variance, and Spearman rank correlation analysis. A P value less than 0.05 indicated statistical significance.
Results: As shown by the immunofluorescent staining results after HIBI, Hvl protein expression in the
basal ganglia reached a peak value at 0-2 hours, with a statistically significant difference between 0-2 hours
and other time points (P<0.001). In piglets, the APT value reached a trough at 0-2 hours after HIBI, and
subsequently, it gradually increased, and there was a significant difference between the control group and all
HIBI model subgroups (P<0.001) except for the 2—6 hours subgroup (P=0.602). Brain pH decreased after
HIBI and reached a trough at 0-2 hours, then gradually increased. Hvl protein expression, pH, and APT
values were all correlated (P<0.001).

Conclusions: After HIBI, values of brain pH, APT, and the expression of Hvl changed over time and had
a linear correlation. This suggests that there was a shift in brain hydrogen ions (H") in the neural network

and a change in brain pH after hypoxic-ischemic (HI) injury.
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Introduction

When the brain suffers hypoxic-ischemic (HI) injury,
aerobic energy dysbolism occurs (1). Aerobic metabolism
is replaced by anaerobic metabolism, and anaerobic
metabolism results in the production of lactate (Lac).
Subsequently, Lac accumulates in the brain (2,3). Lac
accumulation leads to the suppression of glycometabolism
and the depletion of adenosine triphosphate (ATP), which
worsens intracellular acidosis (4). However, studies have
shown that intracellular acidosis is not only caused by
Lac accumulation but is also associated with nicotinamide
adenine dinucleotide (NADH) accumulation and an
increase in hydrogen ions (H") in the brain (5), of which the
increase in H" is essential for a change in brain pH.

Under physiological conditions, the regulation of brain
pH is important, and a normal pH is particularly critical for
protein structure and enzymatic catalysis in the brain. The
intracellular and extracellular pH ranges are approximately
7.2 to 7.3 and 7.3 to 7.4 in the mammalian brain,
respectively (6,7). During cerebral anaerobic glycolysis
after HI injury, Lac (C;HO;) is produced from pyruvic
acid (C;H,0;), in which a portion of H" is consumed, and
a portion is discharged to the intercellular space via ion
channels and transporters.

Voltage-gated proton channels (Hv1) can regulate the
pH in cells. Hvl is pH sensitive and voltage-dependent and
has a high selectivity to protons (8), thus hindering other
cations from passing through it (9). In the central nervous
system, Hvl is mainly expressed in microglia (10). Hvl can
be activated by an intracellular acidic environment (11,12)
and primarily mediates the outflow of H". Such transport
requires no consumption of ATP and is a type of passive
transportation based on an electrochemical gradient.

Amide proton transfer (APT) imaging requires no
exogenous contrast media. It is an imaging technique
based on free proteins in the cells and the exchange
between amide protons (in the polypeptides) and water
protons. Specifically, amide protons are saturated using
radio frequency (RF) pulses at a specified frequency and
then exchanged with water protons. As a result, free water
protons are partially saturated, and the MR signals of water
are changed. Such a signal change depends on the exchange
rate between the amide protons and water protons. The
exchange rate is determined by protein concentration
and pH iz vivo (13). The most common APT quantitative
analysis method is magnetization transfer ratio with

asymmetrical analysis (MTRasym) at +3.5 ppm. The MTR
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difference at £3.5 ppm of the water resonance frequency is
the APT signal intensity, and the latter mainly depends on
the protein content and pH of cells. After HI injury, there
is a decrease in brain pH, followed by a reduction in the
exchange rate of amide protons and water protons in cells
and a decline of APT signals (14,15).

This study aimed to investigate brain pH and Hvl
expression at different time points after HI injury.
Furthermore, this study aimed to assess the shuttle of brain
H" in the neural network and changes in brain pH after HI

injury.

Methods
Experimental animals

A total of 59 healthy piglets (age range, 3-5 days after birth;
body weight, 1-1.5 kg; Yorkshire piglets or Large White
piglets) were selected. Six piglets were excluded due to
death or motion artifacts, leaving a total of 10 animals in
the control group and 43 animals in the HI brain injury
(HIBI) model group. Based on magnetic resonance imaging
(MRI) scan time after HIBI, the model group was further
divided into 6 subgroups (0-2 hours, n=8; 2—-6 hours, n=8;
6-12 hours, n=6; 12-24 hours, n=10; 24-48 hours, n=5; and
48-72 hours, n=6).

Animal modeling

Control group

At a room temperature of 28 to 30 °C, 0.6 mL/kg Su-mian-
xin (Changchun Military Veterinary Institute, Academy of
Military Medical Science) was intramuscularly injected (16).
Endotracheal intubation was performed with a tracheal
cannula (diameter: 2.5 mm) for mechanical ventilation,
and the tracheal cannula was connected to a TKR-200C
small animal ventilator [Jiangxi Teli Anesthetic Ventilator
Equipment (China) Co., Ltd.]. The ventilator parameters
with 100% oxygen were as follows: inspiration/expiration
ratio (I/E), 1:1.5; respiratory rate (RR), 30 bpm; and
pressure, 0.05 to 0.06 MPa. A TuffSat hand-held pulse
oximeter (GE, USA) was used to monitor the heart rate (HR)
and pulse oxygen saturation (SpO,). Jugular catheterization
was conducted, and then the catheter was fixed. After the
neck skin was disinfected with iodophor, a median incision
was made. Next, the bilateral common carotid arteries were
dissected, and finally, the incision was sutured. The piglets
were carefully encapsulated with thick quilts during the
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operation and placed into the incubator (912-005, Shenzhen
Reward Life Technology Co., Ltd.) immediately after
modeling, with the rectal temperature kept at 38 to 40 °C.

Model group
The same procedures outlined previously for the control
group were performed on piglets in the model group.
The common carotid arteries were clamped bilaterally
with artery clips to restrict the blood flow, and this was
maintained for 40 minutes by mechanical ventilation using
6% oxygen (Dalian Special Gases Co., Ltd.). Subsequently,
100% oxygen (Dalian Special Gases Co., Ltd.) was inhaled,
and the blood supply of the bilateral common carotid
arteries was restored simultaneously. Lastly, the incision
was sutured. The SpO, and HR were monitored during
the entire process. Any episodes of shock or convulsions
that occurred during and after the procedure were treated
promptly. Mechanical ventilation was stopped after the
recovery of spontaneous breathing. The piglets were
placed into the incubator (912-005, Shenzhen reward Life
Technology Co., Ltd.) immediately after modeling.

An MRI scan was performed in the model group at 0-2,
2-6, 6-12, 12-24, 24-48, and 48-72 hours after HI injury.

Except for imaging, the piglets were all fed in the
incubator to maintain their body temperature and diet supply.
The animals were encapsulated in thick quilts to ensure
comfort and a constant body temperature during scanning.

APT scan and post-processing

MRI transverse scanning was performed using the Philips
3.0-T Achieva MRI system with 8-channel array coils.
The scan parameters were as follows: time of repeat (TR),
3,000 ms; time of echo (TE), 7.5 ms; fast spin echo (FSE)
factor, 54; saturation time at 2 T, 800 ms; displacement,
+3.5 ppm; field of view (FOV), 170 mm x 145 mm; matrix,
108x71; and slice thickness, 5 mm. Simultaneous multi-slice
coronal imaging was conducted for all piglets, with the basal
ganglia oriented at the middle slice during scanning. APT
images were analyzed and measured using interactive data
language (IDL)-based software, and then their pseudo-color
images were reconstructed. After the software automatically
analyzed the raw data, the region of interest (ROI) (i.e.,
bilateral basal ganglia) was carefully marked in the obtained
APT images by combining the conventional T2-weighted
images and avoiding skull interference cerebrospinal fluid
(CSF), and the cerebral ventricles. The APT value of the
acquisition region reflected the signal intensity of the ROL
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Brain pH and histological examination

HIBI model piglets were sacrificed immediately after APT
imaging, the skull was opened to expose the whole brain,
then the bilateral cerebral hemispheres were dissected, and
a pH electrode (Sartorius PB-10) was carefully inserted
into the ROI (basal ganglia). Subsequently, the piglets
were kept lying prostrate on the operation bench, and the
pH electrode was vertically inserted 2.0 to 2.5 c¢m into the
brain from the vertex (Figure I). It was then withdrawn
and inserted again into a new position in brain tissue for
measurement. These measurements were repeated 4 times
to obtain the pH in the bilateral basal ganglia and were
completed as quickly as possible after animal sacrifice.

Histological examination and analysis

After the final MRI scan was finished, the cerebral
hemispheres were rapidly collected and fixed in 10%
neutral formalin for 24 to 48 hours. Next, the tissues were
coronally cut into 4-mm sections, but the slices containing
the basal ganglia and hippocampus were preserved. The
tissue sections were subject to Hvl immunofluorescent
staining (Hv1 polyclonal antibody, Abcam, ab117520). The
images were acquired under the confocal microscope (ZEISS

LSMS80).

Evaluation and processing of experimental results

Hvl immunofluorescent staining results were evaluated by
two pathologists (during their analysis, the pathologists were
blinded to the identity of the samples, and they were unaware
of grouping information). The immunohistochemical images
were analyzed for optical density (OD) and observed under
the microscope [high power (HP) x400]. A greater OD
indicated higher Hvl expression, and Hvl was expressed
in the cell membrane of microglia. These indicators were
observed in 5 fields of the basal ganglia, and the data
obtained in these 5 fields were used to analyze and evaluate
Hvl expression within each group at different time points.
The relative grayscale was analyzed with Image ] analysis

software.

Statistical analysis

SPSS software for Windows (version 22.0, Chicago, IL,
USA) was used for the statistical processing of data. The
quantitative data were presented as mean = standard
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Length: 22.5 mm

Figure 1 Schematic diagram of pH measurement. The region of interest (basal ganglia) is marked with a yellow box. The experimental

animal was kept lying prostrate on the operation bench, a pH electrode was vertically inserted 2.0 to 2.5 cm into the brain from the vertex to

measure pH levels twice in the bilateral basal ganglia, and then the two measurement results were averaged.
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Figure 2 Time-based change trend of APT values after HIBI.
After hypoxic-ischemic brain injury, the APT value was decreased
and then increased, and it reached a trough at 0-2 hours. There
was a significant difference between the 0-2 hours subgroup and
all the remaining subgroups, except for the 2—6 hours subgroup
(P=0.602). APT, amide proton transfer; APTw, amide proton
transfer weighted; HIBI, hypoxic-ischemic brain injury.

deviation (SD). Before ANOVA, the data were analyzed
for homogeneity of variance using the Levene test, and
the normal distribution and homogeneity of the variance
of data in each group were validated. One-way ANOVA
analyzed the data showing homogeneity of variance, and
the intergroup comparison of the mean was performed
using LSD #-testing. The correlations among APT value,
Hv1 expression, and pH were investigated by Spearman
rank correlation analysis, and a P value less than 0.05 was
considered a statistically significant difference.
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Experiments were performed under a project license
(“Regulations for the Administration of Affairs Concerning
Experimental Animals” and “Measures for the Administration
of Licenses Concerning Experimental Animals”, No.
2015PS337K) granted by the China Medical University
ethics committee, in compliance with the China Medical
University guidelines for the care and use of animals.

Results

APT values in the basal ganglia at different time points
after HIBI

There was no significant difference in the APT value of the
basal ganglia between the left and right cerebral hemispheres
(mean = SD: left, 0.53:0.089; right, 0.54:0.092; P=0.82).
Thus, the mean APT value of the bilateral basal ganglia was
included in each group’s analysis. As shown by the statistical
results of the APT value, there was no significant difference
between the 24-48 or 48-72 hours HIBI model subgroups
and the control group (P=0.094 and P=0.341, respectively).
However, a significant difference between the remaining HIBI
model subgroups and the control group was noted (control
vs. 0-2 hours, P<0.001; control vs. 2-6 hours, P<0.001;
control vs. 6-12 hours, P<0.001; control vs. 12-24 hours,
P<0.001) (Figure 2).

Hv1 expression in the basal ganglia and pH measurements
at different time points after HIBI

In terms of Hvl expression, there was a significant
difference between the control group and the HIBI model
subgroups (0-2, 2-6, 6-12, and 12-24 hours, P=0.002,
P<0.001, P=0.005, and P=0.03, respectively), except for the
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Figure 3 Immunofluorescent Hvl expression after hypoxic-ischemic brain injury (400x). Lines 1 to 4 show Hvl expression in the control

group and at 2-6, 6-12, and 24-48 hours after hypoxic-ischemic brain injury. The left image shows Hv1 expression in the cell membrane,

the middle image shows target proteins in the nucleus and cell membrane, and the right image shows the nucleus. The Hvl expression peak

was found at 2—6 hours after hypoxic-ischemic brain injury.

24-48 and 48-72 hours subgroups (P=0.628 and P=0.438,
respectively). Hvl expression reached a peak at 2—6 hours,
and there was a significant difference between the control
group and all HIBI model subgroups (P<0.001) (Figures 3,4).

A statistically significant difference in pH was observed
between the control group and all HIBI model subgroups
(P<0.001), excluding the 24-48 and 48-72 hours subgroups
(P=0.17 and P=0.38, respectively).

Correlations among the APT value of the basal ganglia,
Hv1 expression, and pH at different time points after HIBI

After HI injury, the APT value of the basal ganglia had

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

a significant negative correlation with Hvl expression
(p=-0.727; P<0.001), but a linear positive correlation with
pH (p=0.862; P<0.001). There was a significant negative
correlation between pH and Hvl expression (p=—0.666;
P<0.001) (Figure 5).

Discussion

The brain of neonates is under continuous development
and maturation and has a great demand for oxygen. Under
normal physiological conditions, the internal environment
of the brain is in a steady state. When HI injury occurs,
there is intracellular energy dysbolism, and the energy
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Figure 4 Violin plot for the time-based changes of Hvl expression and pH after hypoxic-ischemic brain injury. After hypoxic-ischemic brain
injury, Hvl expression tended to increase first, then decrease, and reached a peak at 2-6 hours, whereas pH had an opposite change trend

and reached a trough at 0-2 hours. Subsequently, it increased gradually. HIBI, hypoxic-ischemic brain injury.
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Figure 5 Time-based change trends and correlations among the APT value, Hvl expression, and pH after hypoxic-ischemic brain injury.
After hypoxic-ischemic brain injury, there was a significant negative correlation between the APT value and Hvl expression (p=—0.727;
P<0.001) and between pH and Hvl expression (p=—0.666; P<0.001), but a linear positive correlation between the APT value and pH
(p=0.862; P<0.001). APT, amide proton transfer; APTw, amide proton transfer weighted.
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produced by aerobic metabolism is insufficient; thus,
anaerobic metabolism occurs, which causes cerebral
acidosis (17). HI, injury-induced acidosis is associated
with many factors, such as Lac accumulation, NADH
accumulation, and a predominant increase in H". The pH
gradient is associated with the mode of energy metabolism
and the self-regulation of specific proteins. Our previous
study results have suggested that astrocyte (AS) swelling may
occur early after HI injury (18). Cell swelling and energy
depletion after HI injury cause a failure of the ion pump on
the cell membrane surface, resulting in deionization. This
leads to the opening of different ion channels and a resultant
change in the number of intracellular and extracellular H".
Hv1 has a high selectivity for H* (19) and mainly
mediates H" outflow based on the electrochemical gradient,
which is a type of passive transportation. Hv1 is primarily
expressed in microglia. There are many microglia in the
brain, including all encephalic regions and gray and white
matter (20). The Hvl antibody (ab117520, whose specificity
was only confirmed in the human body) was used in this
study. Since Hv1 antibodies used in pigs on the market are
very rare and the protein gene similarity between pigs and
humans is very high, we used this antibody to react with
pigs. Fortunately, our results showed that the Hv1 protein
was expressed in microglial cells. In the follow-up study,
this aspect will be improved. After HI injury, microglia
cells are among the earliest to respond. Their activation
can result in the production of numerous oxygen radicals,
and these radicals can react with lipids, proteins, coenzyme
factors, and DNA. Therefore, microglia are capable of
inducing neuron or gliocyte injury and apoptosis (21,22).
"This study showed that after HIBI, Lac was produced in the
cells via anaerobic glycolysis and ATP hydrolysis resulted
in the massive release of protons. This was followed by a
decrease in pH and an increase in Hv1 protein expression.
We presumed that this occurred because of the intracellular
acidosis that resulted after HIBI, and acidification of
the intracellular environment led to increased Hvl
expression. If the concentration of H" in the cells exceeded
the buffering capability of the cells, H" was discharged
from cells via expressed Hv1l. Therefore, increased Hvl
expression resulted from the increase in protons, and both
variables were positively correlated, and the extracellular
increase in H' led to a concomitant decrease in extracellular
pH (to <6.5) (5). The pH electrode was used to measure
extracellular pH in the brain. After HI, protons within
the cells increased and were released from the cells by
increasingly expressed Hvl. As a result, extracellular pH as
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measured in the brain reflected the intracellular pH level.

"This decrease in extracellular pH activated acid-sensitive
ion channels (ASICs) and the inflow of sodium ions (Na")
and calcium ions (Ca™) (23). The cells became depolarized,
thus activating voltage-gated Ca®* channels and N-methyl-
D-aspartic acid (NMDA) glutamate (Glu) receptors, which
resulted in further Ca* overload in numerous cells and
secondary neuronal injury (24,25). Normally, the release,
uptake, and reabsorption of Glu are in a dynamic balance.
After HI injury, however, the increased release or injured
reabsorption mechanism of Glu causes a sharp elevation
of extracellular Glu level, thereby activating the NMDA
receptor. The activation of NMDA receptors can induce
neuronal excitotoxicity (26-28), which requires a release of
superoxide via nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase in the neurons (29). The pH and Na'/
H" exchange in neurons are effective regulators for the
production of excitatory superoxide (30).

Some studies have shown that mild acidosis can protect
nerves injured by excitotoxicity and ischemia-reperfusion
(31-34). Active oxygen produced by microglia in Hvl
knockout mice is significantly less than that in wild-type
mice, with a decrease in activated microglia and apoptotic
neurons (35,36). The reason for this is that only a minimal
decline in intracellular pH leads to the activation and
resultant uncoupling of NADPH oxidase and the NMDA
receptor in neurons, thus preventing neuronal apoptosis.
Therefore, the regulation of brain pH is critical for brain
survival after HI injury (6). However, cerebral acidosis
occurs after HIBI, and Hvl can promote the outflow of
H" in the cells, thus mitigating intracellular acidosis and
stabilizing the intracellular environment. In this way, Hvl
expression in microglia is a “double-edged sword” (meaning
it has positive and negative effects) for neonates after HI
injury. These findings support an association between
metabolic activity and excitotoxicity. After HIBI, pH was first
decreased and then reached a trough at 0-2 hours, whereas
Hvl expression was increased and peaked at 2-6 hours,
which shows a nearly identical change. The high expression
of Hvl promoted the outflow of excessive H" from within
the cells to the extracellular space. Then the H" produced
by anaerobic metabolism were discharged with the recovery
of aerobic metabolism and blood flow, followed by the
recovery of pH, which eventually resulted in an associated
reduction in Hvl expression. Meanwhile, HIBI induced the
injury and necrosis of partial nerve cells, which resulted in
an associated decrease in Hv1 expression.

Because the coupling mechanism of activated NMDA
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receptors and superoxidase is associated with pH and Na'/
H" exchange in neurons, it can be inferred that interfering
with H" protein channels in this time window can influence
brain pH to a certain degree, and therefore delay acidosis-
induced brain injury after HIBL

After HI injury, APT signal intensity first decreased
and then increased, showing a changing trend coincident
with brain pH. The decrease in APT value is secondary to
intracellular acidosis caused by anaerobic metabolism. The
subsequent increase in APT value is due to the increase in
brain pH due to the recovery of aerobic metabolism and the
excretion of H" by reperfusion. This explanation is based
on the hypothesis that the protein concentration in the
brain remains unchanged after HI injury, and APT signal
intensity is positively correlated with brain pH.

Conclusions

After HIBI, the pathophysiological processes are extremely
complex, involving intracellular and extracellular ion steady
states and abnormal electrical activities of cells, among other
factors. Hvl protein expression mutually influences and
regulates intracellular pH change and energy metabolism in
the brain.
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