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Abstract Background Despite therapeutic hypothermia, neonates with hypoxic–ischemic
encephalopathy still develop neurological disabilities. We have previously investigated
neuroprotection by remote ischemic postconditioning (RIPC) in newborn piglets
following hypoxia–ischemia (HI). The aim of this study was to further investigate
potential effects of RIPC on cerebral immunohistochemical markers related to edema,
apoptosis, and angiogenesis.
Methods Brain expression of aquaporin 4, caspase-3, B-cell lymphoma 2, and vascular
endothelial growth factor was analyzed by immunohistochemistry in 23 piglets,
randomly selected from a larger study of RIPC after HI. Twenty animals were subjected
to 45minutes of HI and randomized to treatment with and without RIPC, while three
animals were randomized to sham procedures. RIPC was conducted by four condition-
ing cycles of 5-minute ischemia and reperfusion. Piglets were euthanized 72 hours after
the HI insult.
Results Piglets subjected to HI treated with and without RIPC were similar at baseline
and following the HI insult. However, piglets randomized to HI alone had longer
duration of low blood pressure during the insult. We found no differences in the brain
expression of the immunohistochemical markers in any regions of interest or the whole
brain between the two HI groups.
Conclusion RIPC did not influence brain expression of markers related to edema,
apoptosis, or angiogenesis in newborn piglets at 72 hours after HI. These results
support previous findings of limited neuroprotective effect by this RIPC protocol. Our
results may have been affected by the time of assessment, use of fentanyl as
anesthetic, or limitations related to our immunohistochemical methods.
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Introduction

Each year, over 1 million neonates develop neonatal encepha-
lopathy worldwide.1 The condition is associated with
increased infant mortality and neurological disability.1 Peri-
natal hypoxia and ischemia (HI) resulting in hypoxic–ischemic
encephalopathy (HIE) is the leading cause of neonatal enceph-
alopathy.2 Therapeutic hypothermia is a well-established
neuroprotective treatment in HIE.3 However, around 50% of
neonates treated with hypothermia still die or suffer from
neurodevelopmental impairments.4 Low-resource settings
have the highest incidence of HIE, but there is sparse evidence
of an effect of therapeutic hypothermia in these countries and
results may even be compatible with adverse outcomes.1,5,6

Therefore, inexpensive, readily available, and easily applicable
treatments are needed either alone or in combination with
therapeutic hypothermia.

Remote ischemic postconditioning (RIPC) fulfills these crite-
ria. After a severe HI insult, endogenous tissue protection may
be induced by application of local ischemia in one or multiple
limbs. However, the neuroprotective effect of RIPC in neonatal
HIE remainsquestionable.7WehavepreviouslyshownthatRIPC
of four cycles with 5-minute ischemia and reperfusion was
associatedwith improvedbrainmetabolism innewbornpiglets,
72hours following HI, indicated by a lower brain lactate/N-
acetyl-aspartate ratio assessedbymagnetic resonancespectros-
copy.8 Brain lactate/N-acetyl-aspartate has been shown to be
the most accurate predictor of long-term outcome in neonatal
HIE.9,10 However, we found no association between RIPC and
multiple other outcomes including cerebral diffusion-weighted
imaging, histopathology, and functional capabilities. Another
piglet model of HI induced by carotid-clamping also found that
RIPC of four cycles with 10-minute ischemia and reperfusion
was associatedwith lower lactate/N-acetyl-aspartate, aswell as
histological cell death after 48hours but only in the cerebral
white matter.11 Therefore, we wanted to conduct additional
analyses based on a subset of brain samples from our previous
study to further investigate plausible effects of RIPC.

Edema, apoptosis, and angiogenesis have been implicated in
thedevelopmentofneonatalHI brain injuryorprotection.12–14 In
rodent models of cerebral ischemia, postconditioning has been
found to decrease brain expression of the water-channel aqua-
porin 4 (AQP4) and the apoptotic caspase-3, while increasing the
expressionof theantiapoptoticB-cell lymphoma2(Bcl-2)andthe
angiogenic vascular endothelia growth factor (VEGF).15–21 Thor-
ough investigation of thesemarkers in larger animalmodelsmay
take RIPC one step further into clinical testing in human new-
bornswithHIE.22 The aimof this studywas therefore to compare
the brain expression of AQP4, caspase-3, Bcl-2, and VEGF in
newborn piglets 72hours after a standardized HI insult treated
with and without RIPC.

Methods

Ethical Statement
The experiment was approved by the Danish Animal Experi-
ments Inspectorate (identifier: 2012�15�2934�00036).
Reporting of the study complies with the Animal Research:

Reporting of In Vivo Experiments guidelines (Supplementary

Material S1, available in the online version).23

Study Design
As part of a larger study investigating the neuroprotective
effect of RIPC in newborn piglets following HI (n¼54), we
randomly selected 10 piglets subjected to HI, 10 piglets
subjected to HI treated with RIPC, and 3 sham piglets.8 All
animals from our main study were individually numbered,
and the numbers were written down on same-sized paper
sheets. For each group, these papers were drawn until all
slots were filled. These animals were further evaluated for
cerebral immunohistochemical markers including AQP4,
caspase-3, Bcl-2, and VEGF.

Experimental Procedures
Wehave previously described the experimental procedures.8

Briefly, piglets were anesthetized with sevoflurane by mask
(1–2%). Following intravenous administration of propofol
(5mg/kg), fentanyl (10 µg/kg), and rocuronium (1mg/kg),
the piglets were intubated and mechanically ventilated.
Anesthesia was maintained by intravenous infusion of pro-
pofol (4–12mg/kg/h) and fentanyl (10 μg/kg/h). Ventilator
settings were adjusted to maintain partial arterial CO2

pressure between 4.5 and 5.5 kPa. An umbilical artery and
the umbilical vein were aseptically cannulated for monitor-
ing of blood pressure, blood sampling, and additional intra-
venous infusion. Continuous intravenous infusion of 5%
dextrose with 0.45% NaCl (5–10mL/kg/h) was then initiated.
Piglets were monitored by pulse oximetry, electrocardiogra-
phy, and single-channel amplitude-integrated electroen-
cephalography (aEEG). A 45-minute HI insult was initiated
by reducing FiO2 to 4%with a respiratory rate of 16/min. After
reaching an upper margin of aEEG <7 µV, the oxygenation
was titrated to maintain an amplitude between 3 and 5 µV
and to obtain amean arterial blood pressure (MABP)<70% of
baseline for 10minutes.24 The HI insult was terminated by
resuscitation with 21% oxygen. One hour after the HI insult,
the piglets were randomized to either no intervention or
RIPC using sealed envelopes in blocks of four to eight
animals. The RIPC treatment was induced using plastic strips
applied externally around the most proximal part of both
hind limbs to obstruct blood circulation. The obstruction of
arterial blood flowwas verified by absence of flowevaluated
by Doppler ultrasound; however, the exact applied pressure
was not assessed. Four conditioning cycles of 5-minute
ischemia and reperfusion were conducted. The anesthesia
was then halted and the piglets were extubated. During the
recovery period, each piglet was closely monitored. The
piglets received daily antibiotics and were fed every 2 hours.
Sham animals only received anesthesia, normoxic positive
pressure ventilation, and supportive care. After 72 hours, all
piglets were anesthetized again, scanned, and euthanized by
a lethal dose of pentobarbital. The brain was lifted from the
scull and the right hemisphere was immersed in 4% formal-
dehyde. After fixation, the hemisphere was cut in coronal
blocks of 3 to 4mm, while the cerebellumwas cut in sagittal
blocks. All blocks were embedded in paraffin. Sections were
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stained with hematoxylin and eosin followed by evaluation
and scoring of the histopathology by the grading system of
Thoresen et al 1996.25

Immunohistochemistry
In this study, unstained sections of 4 µm were cut from each
paraffin block. The immunohistochemical staining was per-
formed using Ventana Benchmark ULTRA slide staining
system. The unstained slides were deparaffinized and rehy-
drated in graded ethanol and distilled water. Heat-induced
epitope retrieval was performed in ULTRA CC1 buffer. Sec-
tions were incubated at 37°C with the primary antibodies:
rabbit monoclonal antiactive caspase-3 (1:25, Abcam, Inc.,
Cambridge, United Kingdom), mouse monoclonal anti-Bcl-2
(RTU, VentanaMedical Systems, Inc., Tucson, Arizona, United
States), rabbit polyclonal anti-AQP4 (1:1500, Santa Cruz
Biotechnology, Inc., Santa Cruz, California, United States),
and anti-VEGF (1:200, Santa Cruz Biotechnology, Inc., Santa
Cruz, California, United States). After incubation, endoge-
nous peroxidase activity was blocked with OptiView Peroxi-
dase inhibitor for 4minutes at 36°C. Sections were then
incubated with secondary and tertiary antibodies (OptiView
HQ Universal Linker and OptiView HRP Multimer) both for
8minutes at 36°C. Staining was visualized using OptiView
DAB and OptiView H2O2. OptiView Copper was used to
amplify the signal. All sections were examined using an
Olympus BX40 microscope. All tissue sections were exam-
ined by an investigator blinded to treatment and clinical
course. For cleaved caspase-3, Bcl-2, and VEGF, the frequency
of positive cells was evaluated using a semiquantitative scale
ranging from 0 to 100% with fixed 10% intervals to assess the
relative number of positive cells in each region of interest.
For each region, the frequency of immunoreactive cells was
evaluated in five nonoverlapping fields of view at �40
magnification and averaged. We chose these smaller 10%
intervals based on pilot studies indicating that evaluation of
group-specific differences would prove difficult using wider
intervals, as the majority of samples would receive the same
frequency score.26 For AQP4, the immunoreactivity was
examined according to intensity due to a complex expression
pattern that made cell-counting impossible. We used a
semiquantitative scale ranging from 1 to 5.27 All areas of
the stained regions were evaluated. The scores represent the
predominant staining intensity found in each region.

Experimental Outcomes
Six regions of interest were selected for immunohistochemi-
cal analyses as follows: (1) cerebral cortex, (2) basal ganglia,
(3) thalamus, (4) hippocampus, (5) cerebellum, and (6)white
matter (posterior limb of internal capsule). Grades from each
region were compiled into whole brain scores. The whole
brain scores were correlated with the histopathological
scores by hematoxylin and eosin staining reported in our
previous study.8

Statistical Methods
Three-group comparisons were analyzed by one-way analy-
sis of variance (ANOVA) followed by Fisher’s Least Significant

Difference test, while two-group comparisonswere analyzed
by Student’s t-test. Nonnormally distributed data were
analyzed by Kruskal–Wallis test or Mann–Whitney test.
Parametric data are presented as mean values with standard
deviations, while nonparametric data are presented as me-
dian values with 2.5 and 97.5 percentiles. Categorical data
were analyzed by Chi-square test and presented as n (%).
Spearman’s correlation was used to investigate the correla-
tion between the immunohistochemical markers and the
histopathological scores reported in our previous study.8 A
two-sided p-value less than 0.05 was considered statistically
significant. All statistical analyses were performed using
Stata 13 (StataCorp. 2013. Stata Statistical Software: Release
13. College Station, Texas, United States: StataCorp LP) and
GraphPad Prism 8 (GraphPad Prism version 8.4.2 for macOS,
GraphPad Software, La Jolla, California, United States).

Results

Mortality and Baseline Data
The animals were of either sex, less than 25hours of age, and
weighing between 800 and 2,500 g.

Immunohistochemical analyses were performed on all
included animals (n¼23). For animals who deteriorated
before 72 hours, brain tissue was fixated at time of death.
Three piglets subjected to HI alone were euthanized prior to
72 hours, while four piglets treated with RIPC were eutha-
nized prior to 72 hours. All piglets were euthanized between
48 and 72hours after HI. None of the sham piglets died.
Euthanasia was performed due to no return of spontaneous
breathing after resuscitation.►Table 1 shows the descriptive
data of the piglets in each group. The groups were similar
with regard to baseline and end-hypoxia values. However,
we observed a difference in age. The insult severity between
the two HI groups was also similar with respect to the
duration of aEEG <7 µV. However, piglets subjected to HI
alone had a longer duration of MABP<70% of baseline.

Immunohistochemistry
Immunohistochemical stains with examples of different
gradings in the cerebellum and the hippocampal CA3 are
provided in ►Figs. 1 and 2.

Aquaporin 4
We detected AQP4 immunoreactivity in the cytoplasm of
ependymal cells but particularly in astrocytic end-feet pro-
cesses around blood vessels and at the pial surface.We found
no immunoreactivity in any types of neurons in any regions
of interest. In the cerebellum, AQP4 was observed in Berg-
mann’s glial cells, the molecular layer, the granular cell layer,
and the white matter. In the cerebral cortex, AQP4 was
detected in the molecular layer of the neuropile and around
blood vessels. A similar patternwas found in thebasal ganglia
and thalamus. In the hippocampal region, the immunoreac-
tivity was particularly seen in astrocytes and surrounding
blood vessels located in the area of the fusedmolecular layers
of the dentate gyrus and the CA3/CA1 region. We found no
difference between piglets subjected to HI treated with and
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without RIPC in any regions of interest or the whole brain
(►Fig. 3). AQP4 was upregulated in both groups subjected to
HI as seen by higher immunostaining intensity compared
with sham piglets. We found a statistically significant corre-
lation between the AQP4 immunostaining intensity and the
histopathological scores (rs¼0.69; ►Fig. 4).

Caspase-3 and B-Cell Lymphoma 2
Bcl-2 was expressed in the vascular endothelium and the
cytoplasm of various neurons throughout the brain; the
Purkinje cells of the cerebellum, pyramidal cells of the
cerebral cortex, hippocampal CA1-CA4 pyramidal cells, and
neurons in the basal ganglia and thalamic nuclei. Bcl-2 were
also faintly expressed in the white matter. Caspase-3 immu-
noreactivity was found in the cytoplasm of the Purkinje cells
in the cerebellum, pyramidal cells of the cerebral cortex,
hippocampal CA1-CA4 pyramidal cells, thalamic neurons,
and vascular endothelium. We found no immunoreactive
cells in the basal ganglia or the white matter. The frequency

of caspase-3 and Bcl-2 positive cells did not differ in any
regions of interest or the whole brain when comparing
piglets subjected to HI treated with and without RIPC.
However, we found an increased expression of caspase-3
in shampiglets comparedwith bothHI groups (►Fig. 3). Only
Bcl-2 was found to correlatewith the histopathological score
(rs¼0.51; ►Fig. 4).

Vascular Endothelial Growth Factor
Immunoreactivity was observed in endothelial cells and
astrocytes, as well as in the cytoplasm of various neurons,
the Purkinje cells of the cerebellum, pyramidal cells of the
cerebral cortex, hippocampal CA1-CA4 pyramidal cells, and
neurons in the thalamic nuclei. We found no immunoreac-
tive neurons in the basal ganglia. In the white matter, we
detected VEGF-positive astrocytes. VEGF immunoreactivity
was similar in all regions of interest and the whole brain
between sham piglets, piglets subjected to HI, and piglets
subjected to HI treated with RIPC (►Fig. 3). Furthermore, we

Table 1 Descriptive data of the piglets randomized to sham, HI alone, and HI with RIPC

Parameters Sham (n¼3) HI group (n¼10) HIþRIPC group (n¼ 10) p-Value

General

Weight (g) 2,067 (404) 1,565 (301) 1,515 (320) 0.05

Age (h) 19.8 (0.8) 20.8 (2.0) 22.9 (1.8) 0.02

Female (n) 1 (33%) 3 (30%) 6 (60%) 0.37

Baseline

Heart rate (bpm) 136 (25) 149 (33) 138 (17) 0.60

MABP (mm Hg) – 51 (44–60) 50 (39–71) 0.96

Arterial CO2 (kPa) 4.8 (–) 5.0 (4.1–5.3) 4.8 (4.5–6.3) 0.91

pH 7.7 (–) 7.5 (7.47–7.54) 7.5 (7.4–7.7) 0.27

Standard base excess (mM) – 7.6 (5.5–9.0) 7.2 (2.3–12.5) 0.71

Glucose (mM) 4.7 (–) 6.7 (2.7) 6.5 (2.0) 0.73

Lactate (mM) 2.6 (–) 1.8 (1.2–3.0) 3.1 (0.8–5.1) 0.37

HI insult severity

Duration of aEEG <7μV (min) 38 (6) 38 (7) 0.95

Duration of MABP<70% baseline (min) 11 (8) 3 (5) 0.03

End of HI insult

Heart rate (bpm) 176 (38) 195 (35) 0.26

MABP (mm Hg) 51 (18) 55 (23) 0.68

Arterial CO2 (kPa) 6.0 (4.8–9.1) 5.7 (3.6–22.1) 0.57

pH 7.0 (0.1) 6.9 (0.2) 0.77

Standard base excess (mM) �18.2 (4.9) �19.4 (5.2) 0.61

Glucose (mM) 11.9 (3.6) 12.2 (3.0) 0.86

Lactate (mM) 17.6 (3.3) 17.9 (4.2) 0.90

Abbreviations: aEEG, amplitude-integrated electroencephalography; HI, hypoxia–ischemia; MABP, mean arterial blood pressure; RIPC, remote
ischemic postconditioning.
Note: Three-group comparisons were analyzed by one-way analysis of variance, while two-group comparisons were analyzed by Student’s t-test.
When nonnormally distributed, data was analyzed by Kruskal–Wallis or Mann–Whitney test. Parametric data are presented as means with standard
deviations, while nonparametric data are presented as medians with 2.5–97.5 percentiles. Categorical data were analyzed by Chi-square test and is
presented as n (%).
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found no correlation between VEGF and the corresponding
histopathological score (►Fig. 4).

Deceased and Surviving Animals
The expression of AQP4, caspase-3, and Bcl-2 was higher in
piglets that died before the 72-hour assessment with mean
whole brain scores of 18.5 versus 12.9 (p¼0.02), 11.1 versus
3.7 (p¼0.01), and 7.6 versus 2.6 (p¼0.02), respectively. The
expression of VEGF did not differ between piglets with HI
who died or survived until 72 hours. As in our primary
analysis, no differences between groups were found when
excluding deceased animals. Mean whole brain scores of
AQP4, caspase-3, Bcl-2, and VEGF between surviving piglets
subjected to HI treated with and without RIPC were 14.7
versus 12.7 (p¼0.15), 3.3 versus 4.0 (p¼0.81), 3.1 versus 2.1
(p¼0.33), and 12.7 versus 15.1 (p¼0.42), respectively.

Discussion

Summary of Findings
Several animal studies have investigated the neuroprotective
effect of RIPC in neonatal HIE.8,11,28–31 However, with con-
flicting findings showing effect and lack of effect, it is still
uncertain whether RIPC may induce neuroprotection.7

Therefore, we aimed to further investigate plausible effects
of RIPC by cerebral immunohistochemical markers related to
edema, apoptosis, and angiogenesis. However, we found no
differences in the brain expression of AQP4, caspase-3, Bcl-2,
or VEGFwhen comparing piglets subjected toHI treatedwith
and without RIPC. In our main study, we investigated the
apparent diffusion coefficient (ADC) by diffusion-weighted
imaging.8 We found that piglets with HI had lower ADC
values compared with sham piglets, which could indicate
the presence of brain edema.8 In the current study, piglets

Fig. 2 Immunohistochemical staining of sections from the hippo-
campal CA3. (A) Aquaporin (AQP4) staining intensity grade 1. Weak
staining of blood vessels and astrocytes, but no staining of CA3
pyramidal cells (CA3P). Moderate staining of the molecular layer (ML).
(B) AQP4 staining intensity grade 5. Intense staining of astrocytes in
the ML-WM. No neuronal staining of CA3P. (C) Caspase-3 staining with
a frequency score of 80 to 90%. (D) Caspase-3 staining with a
frequency score of 40 to 50%. (E) Vascular endothelial growth factor
(VEGF) staining with a frequency score of 0%. (F) VEGF staining with a
frequency score of 30 to 40%. (G) B-cell lymphoma 2 (Bcl-2) staining
with a frequency score of 0%. (H) Bcl-2 staining with a frequency score
of 80 to 90%. Scale-bar¼ 100 µm. The arrows indicate examples of
positive cells.

Fig. 1 Immunohistochemical staining of sections from the cerebel-
lum. (A) Aquaporin 4 (AQP4) staining intensity grade 1. Weak staining
of the molecular layer (ML), the granular cell layer (GC), the white
matter (WM), and the Bergman’s glial cells (B). No staining of
Purkinje’s cells (P). (B) AQP4 staining intensity grade 5. Intense
staining of ML, GC, WM, and B. No staining of P. (C) Caspase-3 staining
with a frequency score of 0%. (D) Caspase-3 staining with a frequency
score of 50 to 60%. (E) Vascular endothelial growth factor (VEGF)
staining with a frequency score of 10 to 20%. (F) VEGF staining with a
frequency score of 60 to 70%. (G) B-cell lymphoma 2 (Bcl-2) staining
with a frequency score of 0%. (H) Bcl-2 staining with a frequency score
of 10 to 20%. Scale-bar¼ 100 µm. The arrows indicate examples of
positive cells.
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with HI had higher expression of AQP4. Furthermore, we
found that higher AQP4 expressionwas associatedwith early
death and more severe histopathology. Whether this is due
to an increased expression of AQP4 between 48 and 72hours
after HI or whether this may be an indication of edema
formation, and worse neurological outcome is uncertain. In
our main study, we also found similar ADC values in piglets
with HI treated with and without RIPC.8 These results
correspond to our current findings of similar AQP4 expres-
sion between these two groups. Yu et al found ischemic
postconditioning to reduce the AQP4 expression and forma-
tion of brain edema from 6 to 24hours in a rat model of
neonatal HIE.15 However, after 48 hours, they observed
similar values between rats treated with and without ische-
mic postconditioning. As we found RIPC to have no effect on
the AQP4 expression at 72hours, it is possible that the

interesting regulation of the protein expression already
happens within the first 24hours. We found increased Bcl-
2 to be associated with early death and increased histopa-
thology. We speculate that increased cell stress may lead to
both increased cell death and anticell death activity 72 hours
after an HI insult.32We found no difference in the expression
of caspase-3 and Bcl-2 in piglets treated with and without
RIPC. Previous newborn animal studies of HI have found RIPC
to reduce neuronal cell death evaluated by terminal deoxy-
nucleotidyl transferase dUTP nick end labeling (TUNEL)
staining and expression of the proapoptotic Bcl-2-associated
X protein (BAX) protein.11,29 As for AQP4, wemay have failed
to elucidate any difference in markers of apoptosis between
piglets treated with and without RIPC due to our time of
assessment. The expression of caspase-3 has been shown to
peak at 24 hours after an HI insult.33 This may also explain

Fig. 3 Whole brain scores for aquaporin 4 (AQP4), caspase-3, B-cell lymphoma 2 (Bcl-2), and VEGF. Results on AQP4, caspase-3, Bcl-2, and
vascular endothelial growth factor (VEGF) are presented for each group; shams, hypoxia–ischemia (HI), and HI and remote ischemic
postconditioning (RIPC). The statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Fisher’s Least Significant
Difference test and presented with mean values and standard deviations. � indicates statistically significance.
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the lack of association between caspase-3 and the histopath-
ological scores. Another limitation of our evaluation of
apoptosis is the seemingly increased expression of cas-
pase-3 in sham piglets; animals otherwise expected to
have low caspase-3 frequency scores. Sham piglets needed
more propofol and fentanyl for sedation and pain relief
during reanesthetization, presumably due to their higher
metabolism compared with piglets subjected to HI. Propofol
may induce caspase-3 activation in the developing brain.34

Other piglet studies have also indicated that increased
caspase-3 expression may not be associated with increased
neuronal cell death. Robertson et al found no association
between cell death evaluated by TUNEL staining and caspase-
3 in their 48-hour HI model.35 In another study,
presenting secondary analyses from different HI models,
the authors also unexpectedly found that high brain
lactate/N-acetyl-aspartate was associated with cell death
but low levels of caspase-3.36 We found similar expression
of VEGF at 72 hours between sham piglets and piglets sub-
jected to HI. This is in contrast to the findings of Huang et al

who showed that VEGF mRNA was upregulated in neonatal
rats 72 hours following anHI insult.37 Furthermore,we found
that RIPC had no effect on the brain expression of VEGF. An
adult rat study of focal cerebral ischemia found that ischemic
postconditioning increased the expression of VEGF.20 How-
ever, the type of conditioning and the animalmodel limit any
comparison to our findings.

Limitations
Limitations of this study may be the use of immunohis-
tochemistry on tissue sections for measures of protein
levels, as semiquantitative ranges, as well as intensity
staining, were used.38,39 Application of other analyses on
frozen tissue, such as Western blot and enzyme-linked
immunosorbent assay, may have provided more accurate
measurement of the protein levels in the tissue, while RNA-
sequencing could have provided assessments of the cellular
transcriptome. These methods could be considered in fu-
ture studies for optimal assessment of the protein expres-
sion in the experimental newborn brain. Once the protein

Fig. 4 Spearman’s correlations between whole brain scores of the immunohistochemical markers and the histopathology. Results are presented
for aquaporin-4 (AQP4), caspase-3, B-cell lymphoma 2 (Bcl-2), and vascular endothelial growth factor (VEGF). The histopathological scores were
included from the previous study by Kyng et al.8
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levels have been established, immunohistochemistry may
be an excellent tool to visualize the expression of proteins in
different cell types and brain regions. The use of rabbit and
mouse monoclonal antibodies against epitopes from other
species may also be problematic and it is difficult to
ascertain that the antibodies specifically visualize the
same antigens in the piglet tissue. Problems with specificity
and cross-reactivity should ideally be ruled out by use of
various positive and negative controls. The level of back-
ground staining also makes it difficult to assess the speci-
ficity of the staining. Both ischemia and poor fixation may
increase background staining which further calls for quan-
titative measures in parallel with immunohistochemistry.
Our study would also have benefited from the use of
additional immunohistochemical markers for validation of
both current findings and previously suggested mecha-
nisms of RIPC including release of endogenous opioids,
deactivation of BAX, and reduced nitrosative stress.28,29

Another limitation of the current study was that animals
receiving no intervention had longer duration of MABP
<70% of baseline during the HI insult compared with
animals treated with RIPC. This may have resulted in an
overestimation of a potential treatment effect. However,
in additional analyses, we found no correlation between
duration of low blood pressure and protein expression the
whole brain (Supplementary Material S2, available in the
online version). Also, the association between treatment
group and protein expression remained unchanged follow-
ing adjustment of the duration by linear regression (data
not shown). Finally, we found no difference in insult sever-
ity between piglets by duration of aEEG suppression. Fur-
thermore, though not statistically significant, the random
selection of piglets for this study resulted in an uneven sex
distribution with twice as many female animals in the HI
group treated with RIPC. As males and females may respond
differently to HI and treatment, this may also have affected
our results.40 However, as above, the association between
treatment group and protein expression in the whole brain
remained unchanged after adjustment for sex (data not
shown). All three groups of piglets received fentanyl during
the course of the experiment. As RIPC has been suggested to
exert neuroprotection through the opioid receptor/Akt
signal pathway, the potential effect of RIPC may have
been diminished or abolished by the fentanyl treatment.29

In keeping with our primary aim, to compare neurological
outcomes in piglets that were subjected to HI treated with
and without RIPC, we only included three sham animals as a
proof-of-concept. We believed that three sham piglets
would be sufficient to illustrate the level of the immuno-
histochemical markers in animals exposed only to anes-
thetics and mechanical ventilation. While the variations in
the sham piglets were much less than in those subjected to
HI, a larger number could have provided even more precise
estimates. At last, several experimental studies of RIPC in
neonatal HIE have used 10minutes of remote ischemia
followed by 10minutes of reperfusion in four cycles.11,28,29

We can only speculate whether increased cycle duration
and number of cycles would have revealed different results.

Conclusion

We found no effects compatible with neuroprotection by
RIPC in our newborn piglet model of HIE when investigat-
ing the brain expression of AQP4, caspase-3, Bcl-2, and
VEGF as markers related to edema, apoptosis, and angio-
genesis. This is consistent with findings of limited neuro-
protective effect in our main study, where we found an
association between RIPC and more favorable brain
lactate/N-acetyl-aspartate, but no association with other
neurological measures including histopathology and func-
tional assessment. Our results may have been affected by
timing of assessment, use of fentanyl as pain relief and
anesthetic, or limitations related to the immunohisto-
chemical methods.
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