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A B S T R A C T

Neonatal hypoxic-ischemic brain damage (HIBD) survivors present with long-term neurological disorders af-
fecting their quality of life, and there remains a lack of effective treatment. Toll-like receptor 4 (TLR4) is widely
distributed in nerve cells and its inhibition has a neuroprotective effect against brain injury. The present study
aimed to evaluate the long-term neuroprotective effects of early inhibition of TLR4 during HIBD. Seven-day-old
rat pups were subjected to left carotid artery ligation followed by 2 h of hypoxia (8.0% O2). A single dose of TAK-
242 (0.5mg/kg), a TLR4-specific antagonist, was intraperitoneally injected half an hour prior to hypoxic
ischemia (HI). The long-term effects of TAK-242 inhibition on the induced hippocampal injury were investigated
by assessing behaviour at P28, and then using a variety of methods to exploring the mechanism, including
immunofluorescence, Golgi silver staining, Western blotting and real-time polymerase chain reaction (RT-PCR).
TAK-242 treatment significantly reduced the expression levels of TLR4 and its downstream signalling molecules
in the ipsilateral lesion of the hippocampus 24 h after HIBD. The Morris water maze (MWM) test demonstrated
that TAK-242 treatment reduced the loss of HI-induced learning and memory functions. Immunofluorescence
experiments showed that TAK-242 administration attenuated HI-induced loss of neurons, prevented the acti-
vation of microglia and astrocytes, and increased the expression of the glutamate receptor subtype, N-methyl D-
aspartate 2A (NR2A) in the ipsilateral hippocampus region. Golgi silver staining revealed that TAK-242 pre-
vented an HI-induced decline in spine density in the ipsilateral hippocampus. Western blot and RT-PCR results
indicated that the expression of NR2A protein and mRNA in the ipsilateral hippocampi of adolescent rats de-
creased after neonatal HIBD; early TAK-242 administration may reverse these effects. In conclusion, our findings
indicate that early inhibition of TLR4 signalling may improve the long-term prognosis of neonatal HIBD. The
mechanisms contributing to this improvement involve reductions in neuronal loss, a decrease in glial cell ac-
tivation, and an improvement in synaptic plasticity.

1. Introduction

The prognosis of hypoxic-ischemic brain damage (HIBD) mainly
depends on the severity of HIBD and the promptness of treatment (Lee
et al., 2013; Glass et al., 2009). About a quarter of HIBD survivors
worldwide suffer from long-term neurological disorders, such as epi-
lepsy, cerebral palsy, blindness, and motor dysfunction every year,
which places a heavy burden on the families of the afflicted, as well as

society in general (Douglas-Escobar and Weiss, 2015; Eunson, 2015).
The proportion of moderate HIBD with adverse outcomes reaches 32%,
while almost all survivors of severe HIBD survivors have residual se-
quelae (Pin et al., 2009). Moreover, increasingly more HIBD survivors
with no apparent disability still experience learning difficulties during
childhood and adolescence as well as a series of neuropsychological
problems, such as attention deficit and schizophrenia (Lindstrom et al.,
2008; Hagberg et al., 2012). The limited treatment options available
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also account for the poor prognosis of HIBD. Although mild hy-
pothermia, the condition's only known effective treatment, can improve
HIBD prognosis, it is difficult to implement within the optimal treat-
ment window of 6 h after HI (Millar et al., 2017; Dixon et al., 2015;
Natarajan et al., 2016). Clinical studies have also shown that although
mild hypothermia administered to HIBD children at an early stage re-
duced acute death, cerebral palsy, blindness, and other serious adverse
effects, school-age learning disabilities were not improved and in-
telligence quotient scores were also not significantly increased relative
to a control group (Shankaran, 2012; Pappas et al., 2015). Therefore,
improving the prognosis of HIBD, particularly reducing the long-term
learning disabilities associated with HIBD, remains an important focus
of current research efforts.

Increasing evidences show that crosstalk between the nervous and
immune systems may affect the course of cognitive impairment after
HIBD. The immune response, generated by cerebral HI, is an important
cause of long-term cognitive impairment during development after
early brain damage (Lai et al., 2017). Microglia are the most abundant
resident innate immune cells in the brain. After brain injury, en-
dogenous damage-associated molecular patterns (DAMPs) activate mi-
croglia, causing them to secrete inflammatory factors, such as tumour
necrosis factor (TNF) and interleukin 1 beta (IL-1β), and initiate neu-
ronal cell death pathways (Reemst et al., 2016; Li and Chen, 2016).
Astrocytes with reactive hyperplasia inhibit acute injury amplification
by accumulating to the lesion. However, overactivated astrocytes may
release inflammatory cytokines and reduce neuronal function (Li et al.,
2017; Verkhratsky and Nedergaard, 2018). These neuroimmune
changes, activated primarily by glial cells, can persist long after the
initial HI insult has been resolved, and may represent one of the me-
chanisms leading to long-term, poor neurological prognosis (Reemst
et al., 2016). Changes in dendritic complexity and synaptic plasticity
are closely related to long-term neurological dysfunction after brain
injury. Decreased dendritic branch numbers and synaptic density can be
found in neurodevelopmental disorders and ischemic brain injuries
(Nobili et al., 2018; Sadigh-Eteghad et al., 2018). N-methyl-D-aspartic
acid (NMDA) receptor is closely related to the development of synaptic
function. The time of expression of the different NMDA receptor sub-
units in the developing hippocampus is indicative of the process of
hippocampal synaptic development. However, NMDA receptors can
also mediate neuronal cell death and synaptic-plasticity changes
through increased binding of excitotoxic neurotransmitters during
acute nerve injury. The application of NMDA antagonists to improve
the long-term prognosis of brain injury, by regulating synaptic devel-
opment, is controversial, especially in immature brains. (Zhang et al.,
2014; Monyer et al., 1994; Millar et al., 2017).

Toll-like receptor 4 (TLR4) is the earliest discovered member of the
mammalian TLRs and is widely expressed in neurons, as well as in glial
cells, to help mediate neuroimmunity. The TLR4 signalling pathway
activates various immune and endocrine factors that promote neuronal
migration and synaptic maturation during brain development (Grasselli
et al., 2018; Jones and Bouvier, 2014; Okun et al., 2012; Haydon and
Nedergaard, 2014; Schepanski et al., 2018). When ischemia and trau-
matic brain injury occur, TLR4 signalling is activated via the myeloid
differentiation primary response 88 (MyD88)-dependent or TIR-do-
main-containing adapter-inducing interferon-β (TRIF)-dependent
pathways, inducing neuroinflammation and changes in synaptic plas-
ticity; indeed, inhibiting the TLR4 pathway or knocking out the TLR4
gene significantly alleviates brain damage in animals (Ahmad et al.,
2013; Wang et al., 2014; Brea et al., 2011). TAK-242 is an inhibitor
selective for TLR4 and binds to the Toll/interleukin-1 receptor (TIR)
domain of TLR4 and prevents its interaction with intracellular signal-
ling molecules, thereby inhibiting the activation of downstream sig-
nalling pathways (Matsunaga et al., 2011). Animal experiments have
demonstrated that TAK-242 has a protective effect on brain injury
caused by acute cerebral ischemia-reperfusion, lipopolysaccharide ex-
posure, or cerebral haemorrhage (Hua et al., 2015; Wang et al., 2013).

However, it is not clear whether TAK-242 inhibition of TLR4 can im-
prove the long-term prognosis of neonatal HIBD.

In this study, TAK-242 was used to inhibit the activity of TLR4 at the
early stage of HI. The long-term effects of this inhibition on the induced
hippocampal injury were investigated with behavioural, morpholo-
gical, and molecular biological approaches to identify effective methods
that may improve HIBD prognosis.

2. Materials and methods

2.1. Animals models

All animals were acquired from the Animal Management Centre of
Central South University. The experimental design was approved by the
Ethics Committee of the Third Xiangya Hospital of Central South
University (NO:2016-S006). Every effort was made to minimise animal
suffering and reduce the number of animals used in our experiments.
Sprague–Dawley rats that were 16–18 days pregnant were kept sepa-
rately in a barrier facility at a temperature of 25.0 ± 1.0 °C and with
relative humidity of 60 ± 5% with food and water ad libitum under a
12 h light/12 h dark cycle. These conditions were designed to prevent
exposing the animals to bright light or noise. Pups weighing 13–19 g
were selected at P7. The pups were weaned and separated from their
mother at P22. The HIBD model in neonatal rats was established ac-
cording to the method detailed by Rice-Vannucci (Rice et al., 1981).
Briefly, the animals were anaesthetised with isoflurane (4% induction,
2% maintenance) carried by O2, and then the animals' left common
carotid artery was located, the skin was cut, muscles and nerves were
separated under the microscope, exposing the left common carotid ar-
tery. This artery was then cut in the middle after double ligation with a
5–0 suture. Lastly, the skin was sutured. The time under anaesthesia
lasted no>5min. The pups were put into the dam after recovering
from anaesthesia. One hour later, the pups were placed in a hypoxia
chamber connected with an 8% O2/92% N2 mixture (1.5 L/min) in a
constant-temperature water bath (37.0 °C). The oxygen concentration
was maintained at 8.0 ± 0.1%. Anhydrous calcium chloride absorbed
the animal's exhaled CO2. After 2 h of hypoxia, the animals were placed
back into the dam. In the control group, only the skin incision was
performed to isolate and expose the common carotid artery; neither
ligation, nor hypoxia, were administered to these animals.

Pups from each litter were randomly assigned to three groups:
control, hypoxic- ischemia (HI), and HI+ TAK-242 (TAK-242) (n=35,
Table 1). The sample size was calculated based on the literature re-
viewing and our previous experimental HIBD. Using a sample size
calculator (power and sample size) with an alpha of 0.05 on a two-sided
test, and a power of 0.8, the animal numbers n=5/group was deemed
to be sufficient for the experiments.TAK-242 (MedChemExpress USA)
was dissolved in 1% dimethyl sulfoxide (DMSO) to a final concentration
of 0.1 mg/mL, and a single intraperitoneal dose of 0.5 mg/kg was in-
jected within the first half hour before HI (Yao et al., 2013). Both the
control group and the HI group received intraperitoneal injections of
saline containing the same volume and concentration of DMSO.

2.2. Morris water maze test

The Morris water maze (MWM) test was used to assess the spatial
learning and memory of rats. It consisted of a labyrinth in a water pool
(diameter, 160 cm; height, 50 cm) with a water temperature of
25.0 ± 1.0 °C; the water covered the platform to a depth of 1 cm. The
pool was divided into four equivalent quadrants: north, west, south,
and east. The platform was placed in a quadrant equidistant from the
sidewall and the centre of the pool. At the start of the experiment, the
rats were placed in a quadrant facing the wall and allowed to swim for
90 s or until the platform was found. If the animal found the platform, it
could remain on it for 20 s. If the platform was not found, the animals
were directed to the platform and allowed to remain on the platform for
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20 s. A camera hanging above the maze and connected to a video
tracking system, Panlab SMART V3.0 (Harvard Apparatus, USA), re-
corded the time taken and the distance covered by the rats to find the
hidden platform. Beginning at P28, each rat was tested 4 times a day for
4 consecutive days. On the fifth day, the platform was removed for
Probe Trials to record the percentage of the total time spent in the
target quadrant, the percentage of the total distance covered in the
target quadrant, and the number of times the rats crossed the location
where the platform had previously been situated.

Tissue preparation.
All animals were euthanized after behavioural tests and their brains

were preserved for tissue analysis. Except in rats, where the brains were
to be used for Golgi silver staining, they were perfused sequentially
from the heart with phosphate buffered saline (PBS) and 4% paraf-
ormaldehyde after being anaesthetized with pentobarbital (50mg/kg).
Brains were then removed and stored at −80 °C until further use. For
biochemical analysis, animals were sacrificed by decapitation at the
corresponding time point and the left-brain hemispheres were frozen on
dry ice. All tissue samples were stored at −80 °C until used.

2.3. Golgi silver staining

Brain tissue samples were prepared and stained with the FD Rapid
GolgiStain™ kit (FD NeuroTechnologies, Inc., USA) following the
manufacturer's instructions. Brain tissue samples were trimmed to
1 cm3 and then soaked in a mixture of 5mL containing equal volumes of
kit solution A and B, and incubated at room temperature for 2 weeks.
The solution was replaced after the first 24 h. Subsequently, brain tissue
samples were incubated in solution C at 4 °C for at least 72 h; the so-
lution was also replaced after the first 24 h. Afterwards, 100 μm coronal
slices were cut with a vibratome (Leica VT1000s, Germany) and fixed
with 1% gelatine/0.1% chrome alum adhesives on the fragments con-
taining solution C. The sections were then stained, dehydrated, and
sealed with resin according to the manufacturer's instructions. A
TissueFAXS PLUS microscope (TissueGnostics Imaging Solutions,
Austria) was used to visualise neurons in the CA1 region of the hip-
pocampus. Neurons were selected for analysis using the following cri-
teria: (1) the cell body and dendrites were fully impregnated; (2) the
cell was relatively isolated from surrounding neurons. The dendritic
branches were measured using a 20× objective to count the bifurca-
tions on each dendrite. First-order branches were dendritic segments
prior to the first bifurcation from the soma, and branch orders gradually
increased after each subsequent bifurcation. The number of first
through sixth-order (and higher) branches were quantified to evaluate
dendritic complexity (Candelaria-Cook and Hamilton, 2014). Imaging
of the second- or third-order dendritic branches of hippocampal

pyramidal neurons in the CA1 area was performed with a fixed Z-stack
thickness using a 100× oil objective. The spine density (the number of
spines per 10 μm) at mid-apical and basal compartments of the neurons
was counted using ImageJ software (National Institutes of Health,
USA). In each group, three neurons from the left hemispheres were
randomly selected for blind observation and analysis.

2.4. Haematoxylin-eosin (H&E) and immunofluorescence staining

The brain tissues were thawed before slicing and then cut into
10 μm coronal sections using a cryostat slicing machine (Leica
CM1510S, Germany). One slice every five slices was then selected for
further analysis. Sections for H&E staining were first fixed, rinsed, and
stained with haematoxylin and eosin. Sections were then dehydrated
gradually using an alcohol gradient, adequately dried, sealed by neutral
resin, and finally observed under a light microscope.

Sections for immunofluorescence testing were first fixed and then
incubated at room temperature for 1 h in 5% bovine serum albumin
containing 0.25% Triton X-100 solution. The specimens were then
washed with PBS and incubated overnight with rabbit polyclonal anti-
glial fibrillary acidic protein (GFAP; 1:400; Cell Signalling Technology,
USA), mouse monoclonal anti-neuronal nuclei (NeuN; 1:500; Millipore,
Germany), or rabbit polyclonal anti-ionised calcium-binding adaptor
molecule 1 (Iba1; 1:500; Abcam). On the following day, the samples
were washed once again with PBS and incubated for 1 h with corre-
sponding Alexa Fluor 594-conjugated antibodies (1:200; Jackson
ImmunoResearch Laboratories, Inc., USA) at room temperature. The
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) and
sealed with an anti-quenching agent. The expression of NMDA receptor
subunits was evaluated similarly using the following antibodies: rabbit
polyclonal anti-NR1 (1:200; Abcam), rabbit polyclonal anti-NR2A
(1:200; Abcam), rabbit polyclonal anti-NR2B (1:200; Abcam), and
Alexa Fluor 488-conjugated secondary antibody (1:200; Jackson
ImmunoResearch Laboratories, Inc.). To identify glial cells in different
states, a double immunofluorescence labelling method was used to
determine the expression of IL-1β microglia (Iba-1/IL-1β) and astro-
cytes (GFAP/IL-1β). After incubation with the aforementioned sec-
ondary antibodies, the slices were washed with PBS and incubated
overnight with mouse monoclonal anti-IL-1β antibody (1:100; Santa
Cruz Biotechnology) at 4 °C. The sections were washed again with PBS
the following day, and incubated with the corresponding Alexa Fluor
488-conjugated antibodies (1:200; Jackson ImmunoResearch
Laboratories, Inc.) at room temperature for 1 h. The sections were ob-
served and photographed under a fluorescence microscope (Olympus
FluoviewTM FV1000, Olympus Corporation, Japan) using a 4× ob-
jective (for the whole hippocampus) or 20× objective (for the

Table 1
Study sample characteristics.

Group Number Male/Female Death Final number Number of rats per test

Control 35 17/18 0 35 MWM (n=10)
H&E and IF (n=5)
Golgi silver staining (n=5)
Western blotting (24 h, n=5;28 d, n=5)
RT-PCR (n=5)

HI 35 20/15 3 32 MWM (n=8, death 2)
H&E and IF (n=5)a

Golgi silver staining (n=5)a

Western blotting (24 h, n=5;28 d, n=4, death 1)
RT-PCR (n=5)a

TAK-242 35 19/16 2 33 MWM (n=9, death 1)
H&E and IF (n=5)a

Golgi silver staining (n=5)
Western blotting (24 h, n=5; 28 d, n=5)a

RT-PCR (n=4, death 1)

Abbreviations: HI, hypoxia-ischemia; MWM, Morris Water Maze; H&E, haematoxylin-eosin; IF, immunofluorescence; RT-PCR, real-time polymerase chain reaction.
a Representatives include a case of hippocampal tissue loss.
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hippocampal CA1, CA3, and DG regions). ImageJ software was used for
quantitative analysis of immunoreactive sections. The number of NeuN-
positive cells was counted along 250μm length of medial CA1 pyr-
amidal cell layer and the counts of three sections were averaged to
provide a single value for each animal. The numbers of Iba-1-positive
cells and GFAP-positive cells were counted and averaged in three dif-
ferent fields of the hippocampal CA1 region in three sections per rat,
and data were expressed as cells/field.

2.5. Western blotting

The following antibodies were used for western blotting: rabbit
polyclonal anti-TLR4 (1:1000; Abcam), rabbit polyclonal anti-MyD88
(1:1000; Abcam), rabbit polyclonal anti-TRIF (1:1000; Abcam), rabbit
polyclonal anti-NR1 (1:2000; Abcam), rabbit polyclonal anti-NR2A
(1:2000; Abcam), rabbit polyclonal anti-NR2B (1:2000; Abcam), and
rabbit monoclonal anti-actin (1:5000; Abcam). After the ipsilateral
hippocampal brain tissue was weighed, a mixture of RIPA lysis buffer
(Beyotime Biotechnology, China) and phenylmethanesulfonyl fluoride
(99:1; Sigma-Aldrich) was added to homogenise the tissue. The super-
natant was collected after centrifugation at 4 °C and 12,000×g for
10min. Protein concentrations were determined with a bicinchoninic
acid assay. Samples (30 μg protein) were separated on 8–10% SDS-
PAGE gels and transferred onto Polyvinylidene Fluoride membranes
(Millipore). After blocking, the membranes were incubated with pri-
mary antibodies overnight at 4 °C. After routine washing with Tris
Buffered Saline-Tween20 the next day, the goat anti-rabbit secondary
antibody (1:3000; Abcam) were incubated at room temperature for 1 h
with horseradish peroxidase-conjugated secondary antibodies.
Enhanced chemiluminescence (ECL) (BioVision) was used for protein
detection and the membranes were subsequently exposed on film. β-
actin was used as a loading control. Quantity One™ 4.2.2 software (Bio-
Rad) was used to analyse protein bands after scanning the film.

2.6. Real-time PCR

Total RNA was extracted using a TRIzol kit (Invitrogen,
ThermoFisher Scientific, USA). Samples were homogenised with 1mL
TRIzol and RNA concentrations were determined by UV-spectro-
photometry using a Nanodrop 2000 (ThermoFisher Scientific). A solu-
tion containing 2 μg of RNA was reverse-transcribed to complementary
DNA (cDNA) using a RevertAid First Strand cDNA Synthesis Kit
(Invitrogen, Thermo Fisher Scientific) according to the manufacturer's
instructions. RT-PCR was performed in a 2.5 μL volume of cDNA using
primers specific for NR1, NR2A, and NR2B (Table 2) and a master mix
from the FastStart Universal SYBR Green Master (Rox) kit (Roche Life
Science, USA), according to the manufacturer's instructions. The ther-
mocycling conditions used were as follows: initial denaturation for
10min at 95 °C and 40 cycles of denaturation at 95 °C for 15 s, an-
nealing at 60 °C for 60 s, and extension at 72 °C for 10 s. All experiments
were performed independently three times. Rat glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as the internal house-
keeping gene and the 2-ΔΔCt method was employed to analyse changes

in the target gene's expression.

2.7. Statistical analysis

SPSS 20.0 software was used for data analysis. The data were pre-
sented as mean and standard deviation (mean ± SD). The statistical
graphs were processed using Graph Pad Prism 5 (Graph Pad Software,
San Diego, CA, USA) and Adobe Photoshop CS4 software (Adobe
Systems Incorporated, San Jose, CA, USA). The results of the MWM tests
and weight development assessments were performed using repeated
measures ANOVA. The number of dendritic branches in the branch
orders were analysed using two-way ANOVA. The other results were
statistically analysed by one-way ANOVA. Bonferroni post hoc tests
were performed for multiple comparisons. P < .05 was considered
statistically significant.

3. Results

3.1. TAK-242 inhibits the activation of the TLR4 pathway in the rat
hippocampus after HIBD

The expression levels of TLR4, MyD88, and TRIF were used to
evaluate whether TAK-242 inhibits the activation of TLR4 pathways in
the ipsilateral hippocampus of newborn rats after HIBD. The expression
levels of TLR4, MyD88, and TRIF were higher in the HI group than in
the control group at 24 h after HI (PTLR4 and MyD88 < 0.001;
PTRIF < 0.01; Fig. 1); however, early injection of TAK-242 reduced
TLR4, MyD88, and TRIF expression (P < .01; Fig. 1). These results
show that TAK-242 can inhibit the activation of TLR4 pathways in the
hippocampus of newborn rats after HIBD.

3.2. Early inhibition of TLR4 can alleviate HIBD-induced learning and
memory impairments

The MWM test was used to evaluate the effects of TAK-242 on
learning and memory ability after HIBD. There were no differences in
weight or sex distribution between the three groups of newborn rats
(n=8–10; Fig. 2A, F = 0.094, P= .911; Fig. 2B, P=1.000). Weight
gain of the rats was not affected by HI (Fig. 2C; F=2.314, P= .121).
The hidden-platform test revealed statistically significant differences in
escape latencies and distances covered (Fig. 2D and E; Fescape la-

tency= 17.366; Fdistance= 14.226; all P < .001). Further comparison
showed that the swimming distances and the escape latencies were
higher in the HI group than those in the control group (all P < .05);
TAK-242 treatment reduced these HI-induced effects (all P < .05).
Probe trials showed that the percentage of time spent in the target
quadrant, the percentage of distance covered in the target quadrant,
and the number of times the platform was crossed were significantly
different among the groups (Fig. 2F, G and H; F % time= 14.822, F%
distance= 15.541, Fcrossing platform times= 6.237; all P < .001). Further
comparison showed that the percentage of time spent in the target
quadrant, the percentage of distance covered in the target quadrant,
and the number of times the platform was crossed were all lower in the
HI group than those in the control group (all P < .05). Although there
was no significant difference in the number of times the platform was
crossed between the TAK-242 and HI groups (P > .05), the percentage
of time spent in the target quadrant and the percentage of distance
covered in the target quadrant were higher in the TAK-242 group than
those in the HI group (all P < .05). These experiments suggest that
TAK-242 may alleviate the learning and memory impairments caused
by HIBD in neonates.

3.3. Early administration of TAK-242 can reduce the loss of hippocampal
neurons exhibited by rats in puberty after neonatal HIBD

H&E staining of coronal sections showed that neurons in the

Table 2
Primer sequences.

NR1 Forward 5′-CCACCTGAGTTTCCTTCGCAC-3′
Reverse 5′-CCTTCTCTGCCTTGGACTCCC-3′

NR2A Forward 5′-TAAACCTGGTGGCTGCTGAGG-3′
Reverse 5′-GGCAATACCAGCAAGGTCCAG-3′

NR2B Forward 5′-CTACGACACCTTCGTGGACCT-3′
Reverse 5′-GTTGGCAAAGGAGCTCTCACC-3′

GAPDH Forward 5′-ACTCTACCCACGGCAAGTTCA-3′
Reverse 5′-CACGACATACTCAGCACCAGC-3′

NR: N-methyl-D-aspartic acid receptor; GAPDH: glyceraldehyde-3-phosphate
dehydrogenase.
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hippocampal CA1, CA3, and dentate gyrus (DG) regions of rats were
sparse and disorderly during puberty in rats exposed as neonates to HI.
TAK-242 treatment prior to HI caused different degrees of improvement
in the number and location of neurons (Fig. 3A). The number of NeuN-
positive neurons in the CA1 area were lower in the HI group than that
in the control group (P < .001; Fig. 3B and C). Treatment with TAK-
242 prior to HI-induction increased the number of NeuN-positive neu-
rons in the hippocampal CA1 area relative to the HI group (P < .05;

Fig. 3B and C). These morphological changes suggest that TAK-242 has
neuroprotective effects when administered before HIBD.

3.4. Early administration of TAK-242 can affect the activity of
hippocampal glial cells of rats in puberty after neonatal HIBD

Although early administration of TAK-242 improved neuronal cell
loss induced after HIBD, there were no differences in the number of

Fig. 1. TAK-242 can decelerate the activation of the
TLR4 signalling pathway in the hippocampi of neo-
natal rats after HIBD. (A) Western blot analysis de-
monstrates levels of TLR4, MyD88, and TRIF in the
hippocampi of rats at 24 h in control, HI, and TAK-
242 groups. (B) Densitometry of the TLR4, MyD88,
and TRIF bands are correlated with the β-actin band.
n=5/group.⁎⁎P < .01, ⁎⁎⁎P < .001.

Fig. 2. Spatial memory deficits induced by neonatal HIBD are alleviated by the treatments of TAK-242. (A) Weight of each group before HIBD. (B) Sex distribution in
each group. (C) Weight gain at each time point after HIBD. (D) Escape latency in the MWM plotted against training days. (E) Escape path length in the MWM plotted
against training days. (F) The % total time spent in the target quadrant during the probe test of MWM. (G) The % total distance covered in the target quadrant during
the probe test of MWM. (H) The number of platform crossings during a 90-s probe trial of the MWM test. (I) Representative swim paths of the rats obtained during
trials 1 and 4. A repeated measures analysis of variance (ANOVA) was used with test day as the repeated measure and weight, latency, or distance swam, as the
dependent variable. n=8–10/group. ⁎: significant different from the control group (P < .05) and #: significant difference from the HI group (P < .05).
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Iba1-positive microglia observed among the groups in the hippocampal
CA1 region of rats during puberty (Fig. 4A and C; P > .05). By con-
trast, the number of GFAP-positive astrocytes in the hippocampal CA1
region of the HI group was significantly higher than that in the control
group after neonatal HIBD (Fig. 4B and D; P < .001). Early adminis-
tration of TAK-242 decreased the number of GFAP-positive astrocytes in
the hippocampal CA1 region of the rats (Fig. 4B and D; P < .05). The
secretion of inflammatory factors by glial cells was considered to be
pro-inflammatory activation; we used IL-1β co-expression with glial cell
markers as a marker of proinflammatory activation (Jaworska et al.,
2017). Although there was no difference in the number of Iba-1 positive
microglia among the experimental groups, IL-1β co-expression with
Iba-1 positive microglia in the hippocampus CA1 region of the HI group
was higher than that in the control group. Early administration of TAK-
242 reduced Iba-1 positive microglia secretion of IL-1β (Fig. 5A).
Concomitantly, IL-1β co-expression with GFAP-positive astrocytes in
the HI group, also increased relative to the control group, and early
TAK-242 treatment reduced the IL-1β co-expression with GFAP-positive
astrocytes (Fig. 5B). These results suggest that TAK-242 may improve
neuroimmune dysfunction in rats after HIBD.

3.5. Early administration of TAK-242 can improve the spine density of
hippocampal neurons of rats during puberty after neonatal HIBD

Dendritic complexity and synaptic plasticity are important compo-
nents of hippocampal neuron function (Lohmann and Kessels, 2014). In
this study, Golgi silver staining was used to analyse the number of
dendritic branches and spine density in each group to evaluate den-
dritic complexity and synaptic plasticity. Neurons in the hippocampal
CA1 region of the rats were sparse and disorderly after HIBD (Fig. 6A).
There were no significant group-branch order interactions (F
(10,234)= 1.107; P= .357) and main effects (F (2,234) = 0.672;
P= .511) for the number of dendritic branches at the base of CA1
neuron (Fig. 6B). To our surprise, two-way ANOVA between group and
branch orders did not reveale a significant group-branch order inter-
action for the apical dendrites of CA1 neurons(F (10,234) = 1.770;
P= .067),but there were significant main effects of group (F (2,244) =
4.193; P= .016). Specifically, Bonferroni post hoc analyses revealed
that HI decreased the number of dendritic branches at third-order and
fourth-order branches compared to sham (P < .05), and TAK-242 did
not alleviate this decrease (P > .05)(Fig. 6C). The density of second- or
third-order dendritic branches at the basal and mid-apical compart-
ments of the neurons decreased by varying degrees in the hippocampal

Fig. 3. TAK-242 treatment reduces hypoxia-ischemia induced brain damage in neonates. (A) Coronal sections stained with haematoxylin and eosin (H&E) from each
group. The CA1, CA3, and DG regions were analysed. Whole-brain image: scale bar, 1000 μm; images of different brain regions: scale bar, 50 μm. (B) The brain slices
of each group were labelled with NeuN in the CA1 region; scale bar, 50 μm. (C) The difference in the number of NeuN-positive cells in the CA1 region of each group.
n=4–5/group. ⁎⁎⁎P < .001; ⁎P < .05.
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CA1 region of the HI group relative to the control group (Fig. 6D, E, and
F; all P < .001); Early TAK-242 treatment alleviated this decrease
(Fig. 6D, E, and F; all P < .05).

3.6. Early administration of TAK-242 can improve the disturbance of
NMDA expression in the hippocampus of rats during puberty after neonatal
HIBD

The timely expression of NMDA receptors and their subunits is
important for the maturation of neural functions, which is mainly
manifested by its close correlation with the development of synapses
(Lohmann and Kessels, 2014; Aow et al., 2015). Immunofluorescence
showed that the expression of NR1 and NR2A decreased in the hippo-
campi of rats with HIBD, while the expression of NR2B increased; TAK-
242 attenuated this change (Fig. 7). Western blot and RT-PCR also
demonstrated that NR2A protein expression and NR2A mRNA levels in
the hippocampi of rats with HIBD were significantly lower relative to
the control group (Fig. 8A, C, F; all P < .01); NR1 and NR2B protein
expression and NR1 and NR2B mRNA levels were not significantly

different between these two groups (Fig. 8A, B, D, E, G; all P > .05).
TAK-242 treatment reduced NR2A protein expression and NR2A mRNA
levels in the hippocampi of rats with HIBD (Fig. 8A, C, F; all < 0.05).
However, there were no statistically significant differences between
NR1 and NR2B protein, or mRNA levels, in the hippocampi of rats
between the HI and TAK-242 groups (Fig. 8A, B, D, E, G; all P > .05).

4. Discussion

Impairment of hippocampal functions mainly manifests as a dys-
function in learning and memory. Neurogenesis in the adolescent hip-
pocampus (in rats, 21–60 d; equivalent age in humans, 12–18 years) is
four times higher than that in the adult hippocampus and is char-
acterised by an increase in hippocampal volume and the number of
granulosa cells. Puberty is the key period for the development of cog-
nitive and signal integration functions and determines hippocampal
function in adulthood (Spear, 2000; Curlik et al., 2014; He and Crews,
2007). Exposure to a variety of risk factors (including trauma, stress,
and abuse) early in life may affect adolescent hippocampal functions

Fig. 4. TAK-242 treatment affects the distribution of glial cells after HIBD in neonates. (A) Positive expressions of Iba-1 used to represent the distribution of microglia
in the hippocampus; Whole-hippocampus image: scale bar, 200 μm. Partial hippocampal image: scale bar, 50 μm. (B) Positive expression of GFAP used to represent
the distribution of astrocytes in the hippocampus; Whole- hippocampus image: scale bar, 200 μm. Partial hippocampal image: scale bar, 50 μm. (C)The difference in
the number of Iba-1-positive cells in the CA1 region of each group.(D)The difference in the number of GFAP-positive cells in the CA1 region of each group. n=4–5/
group. ⁎⁎⁎P < .001; ⁎: P < .05.
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and reduce quality of life as an adult (Kier et al., 1997; Insausti et al.,
2010; Seress et al., 2001). Neonatal HIBD is a serious disease in the
neonatal period as the hippocampus is a region especially vulnerable to
hypoxic-ischemic effects. Clinical studies have confirmed that perinatal
HIBD can lead to learning disabilities and memory impairments during
childhood and adolescence, and its effects on quality of life can persist
through adulthood (Douglas-Escobar and Weiss, 2015; Marlow et al.,

2005; Odd et al., 2009). In this study, early treatment with the TLR4
inhibitor, TAK-242, improved the hippocampal function of pubertal rats
after neonatal HIBD by alleviating neuronal loss and neuroimmunolo-
gical effects as well as by promoting synaptic plasticity in the hippo-
campus.

After neonatal HI, hippocampal blood supply decreases and the
mitochondria of hippocampal neurons fail within a short period. This

Fig. 5. TAK-242 decreases IL-1β expression in glia. (A) Brain sections from CA1 hippocampal regions were stained for Iba-1 immunoreactivity (red) and for IL-1β
(green). (B) Brain sections from CA1 hippocampal regions were stained for GFAP immunoreactivity (red) and for IL-1β (green). Orange labelling indicates co-
localisation. IL-1β immunofluorescence intensity of Iba-1/GFAP-positive cells were increased after HI and reduced after TAK-242 treatment; scale bar, 50 μm.
n=4–5/group. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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further result in acute cell death, the accumulation of neurotoxic sub-
stances, and neuroinflammation. These changes are not improved by
blood supply recovery after reperfusion and the effects of neuronal cell
death are sustained for a long period with accompanying changes in
neuroimmunity (Titomanlio et al., 2015). Our study found that NeuN-
positive neurons in the hippocampal CA1 region of neonatal rats de-
creased after HIBD compared to the control group. After HI, neuronal
death occurs through various cell death mechanisms (including apop-
tosis, autophagy, and necrosis) that interact with one another, in-
creasing the difficulty of attenuating cell death by addressing a specific
mode of death. Eliminating neurotoxic substances and blocking neu-
roinflammation therefore, may constitute an effective strategy to alle-
viate neurological deficits induced by HIBD (Millar et al., 2017).

TLR4 is widely distributed on the surfaces of nerve cells and parti-
cipates in the development and plasticity of neurons (Kang et al., 2014).
However, animal experiments have shown that TLR4 expression is up-
regulated rapidly after brain injury; TLR4 binds to high mobility group
protein B1 (HMGB1) and heat shock proteins (HSPs) and activates NF-
κB-mediated neuronal death through the MyD88 and TRIF pathways
(Ahmad et al., 2013; Wang et al., 2014; Brea et al., 2011; Lee et al.,
2017; Allen and Barres, 2009). Nevertheless, the regulatory networks
and duration of neuronal death in neonates with HIBD remain unclear.
The present study found that early inhibition of the TLR4 pathway may
improve hippocampal neuron loss during adolescence and confirmed
that the inhibition of neuroinflammation may ameliorate neuronal
death.

Acute and secondary brain injuries alter neuroimmunity leading to
sustained injury in the later stages of brain injury. Microglia, derived
from macrophages, play important roles mediating immunity in the
central nervous system by regulating neurodevelopment and neuro-
plasticity, which are closely related to the development of hippocampal
learning and memory functions (Cooper et al., 2015; Deierborg et al.,
2010). When various injuries occur, overactivation of microglia
through TLRs and mitogen-activated protein kinase (MAPK) pathways
convert cells to an M1 phenotype, causing release of pro-inflammatory
factors, such as IL-1β, IL-6, TNF-α, thereby yielding cytotoxic effects
(Nagamoto-Combs et al., 2007). In experimental animal-brain trauma
models and clinical observations of traumatic human brain injuries,
microglial overactivation may last for months to years and is an im-
portant factor in the tertiary mechanism of brain injury
(Ramlackhansingh et al., 2011; Sofroniew, 2009). Astrocytes are
abundant cells in the central nervous system that originate from the
neural lineage, providing a microenvironment for the survival of neu-
rons, regulating formation and maturation of synapses, and releasing a
series of factors to maintain the functional homeostasis of the central
nervous system. Astrocytes are activated and aggregate into the lesion
following acute brain injury to isolate necrotic neurons and play a
protective role; however, if the excessive reactive astrocytes prolifera-
tion at the early stage of brain injury is not regulated, recovery of
function in the central nervous system will be suppressed (Liddelow
et al., 2017; He et al., 2019). The prolonged activation of astrocytes can
inhibit axon regeneration and limit the transfer of toxic proteins by
forming scars in the neuronal deletion area, leading to chronic nerve
injury (Bruhn et al., 2000; Fellner et al., 2013). Our study showed that
the number of Iba-1 positive microglia and the number of IL-1β co-
expression with Iba-1-positive microglia were more in the hippocampi
of adolescent rats after HIBD than those in the control group, although
there was no statistically significant difference in the number of Iba-1
positive microglia between the HI and control groups. The number of

GFAP-positive astrocytes and IL-1β co-expression in GFAP-positive as-
trocytes were significantly greater in the HI group than those in the
control group, indicating that astrocyte proliferation and pro-in-
flammatory astrocytes participated in chronic brain injury after HI, as
has been reported previously (He et al., 2019; Jaworska et al., 2017). In
addition, the TLR4 pathway is an important pathway for glial cell ac-
tivation; inhibition of TLR4 not only prevents the release of in-
flammatory mediators after acute brain injury but also regulates glial
cell-mediated neuroinflammation and improves synaptic plasticity,
which may be closely related to the improvement of age-related and
Alzheimer's disease-induced chronic neurological impairment (Yao
et al., 2013; Titomanlio et al., 2015; Shen et al., 2016; Malenka and
Bear, 2004). Our study showed that the early inhibition of TLR4 may
reduce the overactivation of hippocampal glial cells after HIBD, thus
providing a new method for improving the long-term prognosis of
neonatal HIBD.

Neuronal function is based on its dendritic morphology. Dendritic
morphological parameters include dendritic length, number of den-
dritic branches, and dendritic complexity. Animal studies have shown
that brain trauma and cerebral ischemia cause brain damage by chan-
ging dendritic morphology (Hoffman et al., 2017; Sadigh-Eteghad et al.,
2018). This study also demonstrated that neonatal HI might also reduce
the number of branches at partly orders (Third-order and Fourth-order
branches) of apical dendrites in CA1 neurons.Unfortunately, TAK-242
treatment did not improve this decline. This suggests that early in-
hibition of TLR4 may not improve HI-mediated dendritic morphology,
which requires further comprehensive studies to demonstrate. Changes
in synaptic plasticity of hippocampal neurons are closely related to the
learning and memory functions of the hippocampus, which are based
on changes in synaptic density and protein structures on the synaptic
membrane (Lohmann and Kessels, 2014). The critical period for sy-
naptic development is considered 5–14 days after birth in rats. In
human children, hippocampal synapses enter a rapid developmental
stage during the perinatal period that lasts through the first 2 years of
life and reach adult synaptic levels at about 5 years of age. In addition
to an increase in the number of synapses, the level of development-
related receptor proteins change during this critical period of devel-
opment, providing conditions for the formation of long-term potentia-
tion (LTP) and long-term depression (LTD), as well as learning and
memory-related functions; however, the mechanisms and timing of LTP
and LTD formation are not clearly understood at present (Nabavi et al.,
2013). The NMDA receptor is an excitatory receptor on the synaptic
membrane that may induce LTP and LTD to participate in hippocampal
learning, memory, and cognitive development. However, activation of
NMDA receptors through injury may also mediate neuronal death
(Paoletti et al., 2013; Shipton and Paulsen, 2014). Although NR1 and
NR2A expression increases after birth, NR2B expression levels reach
their peak before birth (Lohmann and Kessels, 2014). The timing of this
development is roughly the same for the development of synaptic
plasticity, but the specific roles of NMDA receptors in the development
of learning and memory functions remain to be elucidated. NR2A-gene
knockout mice perform poorly in MWM tests, whereas NR2B inhibition
does not affect long-term memory; short-term memory, however, is
impaired in these animals (Sakimura et al., 1995; von Engelhardt et al.,
2008; Cercato et al., 2016). In this study, Golgi silver staining showed
that neonatal HIBD could reduce synaptic density in pubertal rats.
Western blots and RT-PCRs demonstrated that NR2A expression in the
hippocampus decreased, while the expression levels of NR2B and NR1
did not change significantly. These findings confirm that the NMDA

Fig. 6. TAK-242 treatment reduces HIBD-induced neurosynaptic deficiency. (A) Golgi silver staining shows the morphology of hippocampal neurons; scale bar,
200 μm. (B) (C) Mean number of apical and basal dendritic branches as a function of branch order for each group. ⁎: significant difference from the control group
(P < .05). (D) Morphology of basal and mid-apical neurons in each group after Golgi silver staining; scale bar, 50 μm. (E) Golgi silver staining of dendritic segments
of mid-apical and basal surfaces of each group; scale, 5 μm. (F) The significant spine density deficits caused by HI were comparable in basal and mid-apical dendrites.
TAK-242 may remedy spine density deficits. n=4–5/group. ⁎P < .05, ⁎⁎⁎P < .001.
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Fig. 7. TAK-242 treatment reduced the alteration of NMDA receptor expression in adolescent rats after HI. Immunofluorescence in hippocampi revealed the ex-
pression of the NMDA receptor subunits. (A) NR1 was expressed in the hippocampal CA1, CA3, and DG regions of each group. (B) NR2A was expressed in the
hippocampal CA1, CA3, and DG regions of each group. (C) NR2B was expressed in the hippocampal CA1, CA3, and DG regions of each group; scale bar, 50 μm.
n=4–5/group.
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receptor affects hippocampal function by participating in hippocampal
plasticity. Early inhibition of TLR4 and the subsequent effect on neu-
roimmunity, were able to prevent the reduction in synaptic spine
density and NR2A levels in adolescent rats, indicating that HI affects
long-term neurological prognosis by altering neuroimmunity.

The findings of this study should be considered within the context of
the study limitations. In this study, glial cell activity was not compre-
hensively evaluated despite its role in the regulation of synaptic plas-
ticity. We also could not determine the specific mechanism of neu-
roimmune disorder on synaptic development after HIBD, including the
possible overactivation of microglia and astrocytes contributing to the
changes in synaptic density and the development of NMDA receptors.
Changes in gene transcriptional levels and post-translational epigenetic
modifications after HIBD may be the focus of our future research.
Regardless of its limitation in scope, the present study found that early
administration of TAK-242, a TLR4 inhibitor, reduced HI-induced ad-
verse effects in the central nervous system, alleviated neuroinflamma-
tion induced by glial cells, and improved synaptic plasticity. This may
provide a new method to improve the long-term prognosis in HIBD.
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