Rong et al. Journal of Neuroinflammation (2023) 20:15 Journal Of NeurOInﬂammation
https://doi.org/10.1186/512974-023-02697-x

RESEARCH Open Access

: . ®
Neonatal inflammation increases e

hippocampal KCC2 expression

through methylation-mediated TGF-[31
downregulation leading to impaired
hippocampal cognitive function and synaptic
plasticity in adult mice

Jing Rong', Yang Yang', Min Liang, Haiquan Zhong, Yingchun Li, Yichao Zhu, Sha Sha, Lei Chen and
Rong Zhou®

Abstract

The mechanisms by which neonatal inflammation leads to cognitive deficits in adulthood remain poorly understood.
Inhibitory GABAergic synaptic transmission plays a vital role in controlling learning, memory and synaptic plasticity.
Since early-life inflammation has been reported to adversely affect the GABAergic synaptic transmission, the aim of
this study was to investigate whether and how neonatal inflammation affects GABAergic synaptic transmission result-
ing in cognitive impairment. Neonatal mice received a daily subcutaneous injection of lipopolysaccharide (LPS, 50 ug/
kg) or saline on postnatal days 3-5. It was found that blocking GABAergic synaptic transmission reversed the deficit

in hippocampus-dependent memory or the induction failure of long-term potentiation in the dorsal CA1 in adult LPS
mice. An increase of mIPSCs amplitude was further detected in adult LPS mice indicative of postsynaptic potentiation
of GABAergic transmission. Additionally, neonatal LPS resulted in the increased expression and function of K*—Cl~-
cotransporter 2 (KCC2) and the decreased expression of transforming growth factor-beta 1 (TGF-1) in the dorsal CA1
during adulthood. The local TGF-31 overexpression improved KCC2 expression and function, synaptic plasticity and
memory of adult LPS mice. Adult LPS mice show hypermethylation of TGFb1 promoter and negatively correlate with
reduced TGF-B1 transcripts. 5-Aza-deoxycytidine restored the changes in TGFbT promoter methylation and TGF-31
expression. Altogether, the results suggest that hypermethylation-induced reduction of TGF-31 leads to enhanced
GABAergic synaptic inhibition through increased KCC2 expression, which is a underlying mechanism of neonatal
inflammation-induced hippocampus-dependent memory impairment in adult mice.
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programming” [1, 2]. For instance, neonatal exposure
to bacterial products (lipopolysaccharide, LPS) in rats
influences reactivity to stress and immune regulation
[3]. Furthermore, an increasing body of evidence from
both animal and human studies suggests that perina-
tal inflammation may contribute to the development of
schizophrenia [4, 5], autism [6, 7], bipolar disorder [8]
and cognitive deficits [2, 9, 10]. To date, the mechanisms
by which perinatal inflammation induces neuropsychiat-
ric disorders have been widely concerned. However, few
studies have focused on the mechanisms of cognitive
impairment due to inflammation that occurs in perinatal
period, especially in neonatal period.

Several studies have shown that the various altera-
tions of inhibitory synaptic transmission mediated by
y-aminobutyric acid (GABA) in prefrontal cortex, fore-
brain, and hippocampus are key links between perinatal
inflammation and neuropsychiatric disorders [11-14].
This also suggests that GABAergic synaptic transmission
is one of the neuronal networks that is highly sensitive
to perinatal inflammation. It is well known that GABA
neurotransmission is involved in the regulation of emo-
tion, movement initiation, and memory via controlling
neuronal excitability, integration, and plasticity [15-17].
GABA type A receptor (GABA,R) is the main recep-
tor that mediates GABAergic signaling. The dynamic
regulation of the intracellular chloride concentration by
Nat—K*—Cl~ cotransporter 1 (NKCC1) and K™-Cl~
cotransporter 2 (KCC2), which determines the polarity
and efficacy of GABAergic inhibition. Multiple lines of
evidence suggest the deficits in GABA ,R-mediated trans-
mission are involved in the etiology of various neurologi-
cal disorders such as autism, schizophrenia, epilepsy and
Parkinson’s disease [18—22]. It is important to note that
the alterations in GABAergic functions are most likely
not limited to these disorders. For example, preclinical
studies have found that there is a significant increase of
GABA release in mouse models of neurofibromatosis
Type 1 and Down syndrome, two neurodevelopmen-
tal disorders associated with cognitive impairments [23,
24]. Pharmacological findings have showed that positive
allosteric modulators of GABA,R impair memory pro-
cessing [25-27], whereas GABA, R blockers or inverse
agonists often potentiate cognitive and memory perfor-
mance [28, 29]. These findings suggest the close relation
between the GABA,R-mediated over-inhibition and
cognitive impairments. Based on the analysis above, it is
speculated that perinatal inflammation-related cognitive
deficits are likely to be affected by GABAergic synaptic
dysregulation.

Additionally, evidence exists in support of the role
of proinflammatory cytokines in social, cognitive and
emotional behavioral deficits [7, 30-32]. For example,
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interleukin-1beta (IL-1B), IL-6 and tumor necrosis fac-
tor alpha (TNF-a) disrupt brain structures connectiv-
ity involved in social, emotional and memory processes
[33-35]. Conversely, transforming growth factor-beta 1
(TGF-B1), an anti-inflammatory cytokine is a powerful
regulator of learning, memory, and synaptic plasticity
[36—38]. It has been found that postnatal inflammation
induces the alterations of anti/pro-inflammatory cytokine
expression in the rat pup and adult brain [39].

It is well known that hippocampus is divided into dor-
sal hippocampus and ventral hippocampus. CA1 region
of dorsal hippocampus is fundamental for contextual and
spatial cognition, whereas CA1 of ventral hippocampus
plays a role in processing emotional and motivational
behaviors [40-42]. Consequently, the current study
focused on dorsal CAl region to investigate the link
among pro/anti-inflammation cytokines, GABAergic
synaptic transmission and adult cognitive function to
determine the molecular mechanisms underlying neona-
tal inflammation-induced cognitive deficits.

Materials and methods

The present studies were approved by Animal Care and
Use Committee of Nanjing Medical University. The pro-
tocols used here were in accordance with the guidelines
published in the NIH Guide for the Care and Use of Lab-
oratory Animals. All efforts were made to minimize the
number of animals and their suffering.

Animal model preparation

Following a 2-week period of acclimatization to the new
animal housing room, to facilitate the mating, male and
female C57BL/6 mice (Animal Core Facility, China) were
kept together one-by-one in a cage. Pregnancy in female
mice was determined by visual detection of the vaginal
plug. When pregnancy was confirmed, the female mice
were removed from the breeding cages and housed indi-
vidually in standard cages. All pregnant animals were
allowed to have normal delivery and the first day of birth
was considered postnatal day (P) 0. Male pups received a
daily subcutaneous injection of 50 pg/kg lipopolysaccha-
ride (LPS, dissolved in 0.9% saline, Sigma-Aldrich) from
P3 to P5 (neonatal period). 1 ml/kg saline was used as the
vehicle control. Both dose and time of LPS treatment in
newborn mice were chosen based on the previous stud-
ies [43, 44]. Neonate mice were returned to their hous-
ing immediately following saline (control mice) or LPS
administration (LPS mice). The body weights of the mice
were regularly monitored, and no obvious difference in
the body weight was observed at different developmental
stages (P3, 10, 28, 45 and 70) between control and LPS
mice. Only one male mouse per dam was used for each of
the experiments to avoid the litter-effect. Since cognitive
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impairments caused by perinatal inflammation occur
in adulthood [9, 10], almost all experiments in the pre-
sent study were carried out in adulthood (P70-P87). In
addition, it was determined at P8 whether the systemic
administration of LPS during neonatal period caused
acute inflammation of dorsal CAl. In the present study,
the schematic diagram of the experimental design and
timeline for each section was showed together with the
corresponding results.

Behavior analysis

Contextual/cued fear conditioning

Animals were placed in the fear conditioning apparatus
(Panlab) for 2 min. Then, a 30-s acoustic conditioned
stimulus (CS; 80 dB tone) was delivered, and a 0.5-mA
shock unconditioned stimulus (US) was applied to the
floor grid during the last 2 s of the CS. Training consisted
of two CS-US pairings, with a 1.5-min interval between
each. On day 2, mice were placed back into the original
conditioning chamber for 5 min (no shocks or condi-
tioned stimulus given). Immediately after the contextual
test, mice were placed into a novel context and exposed
to the CS for 3 min. The time spent on freezing behavior
(i.e., remain motionless for at least 2 s) was recorded in
the original conditioning chamber or during presentation
of the CS.

Morris water maze

The Morris hidden-platform water maze consisted of
a circular pool (1.38 m diameter) filled with nontoxic
opaque water at room temperature with an escape plat-
form (10 cm diameter) hidden beneath the water (3 cm).
Each mouse was placed in the pool in a pseudorandom
order and given 60 s to locate the escape platform. When
the mouse found the platform or if the mouse failed to
find the platform within 60 s, it was placed on the plat-
form where it remained for 30 s. The mouse was then
dried and returned to the cage to rest for 15 min before
the next trial. Each mouse was given four trials per day,
with an intertrial interval of 1 h. The time to find the plat-
form (escape latency), the total distance traveled, and the
swim speed of the animals were recorded. The mice were
then towel dried and placed in a cage with a heating pad
underneath until dry and returned to their home cage.
On day 8, all mice were subjected to one probe trial in
which the platform was removed, and each animal had
60 s to search the pool for the platform.

Histological staining

Slice preparation

Mice were deeply anaesthetized with pentobarbital
(50 mg/kg, i.p.) and perfused transcardially with 4%
paraformaldehyde. Some brains were post-fixed in 4%
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paraformaldehyde for 24 h, after which they were trans-
ferred into 30% sucrose in PBS for at least 48 h at 4 °C.
Exhaustive coronal sections (40-pum-thick) containing
dorsal hippocampus were made using a Microm cryostat
(Richard-Allan Scientific) and stored in cryoprotectant
at 4 °C. Other brains were processed for paraffin embed-
ding. Coronal sections (5-um-thick) containing hip-
pocampus were cut.

Toluidine blue staining

The 40-pum-thick sections were washed in PBS and
stained with toluidine blue. Area of the hippocampus
was measured with using image analysis software (NIH-
Image 3.12) and multiplied by the thickness of section to
calculate the volume of each section. The volume of the
dorsal hippocampus was obtained by adding the volumes
of all sections. The 5-um-thick sections were stained with
toluidine blue to examine the structural changes of the
dorsal hippocampus.

Immunohistochemical labeling

For blocking and permeabilization in 40-um-thick sec-
tions, we used “staining buffer” containing 0.05 M Tris,
0.9% NaCl, 0.25% gelatin, and 0.5% Triton X-100, pH
7.4. Primary antibodies, rabbit anti-KCC2 (1:500; Sigma-
Aldrich) were diluted in staining buffer and incubated
overnight at 4 °C. The next day, the sections were washed
in PBS and incubated with donkey anti-rabbit FITC anti-
body (1:500; Sigma-Aldrich). After a final three washes,
sections were mounted in antifade mounting medium.
Immunofluorescence-labeled cells were observed using
a confocal laser-scanning microscope (Leica). KCC2
staining intensities in the CAl region were measured
using NIH Image ] software. A box was drawn in the
pyramidal cell body layer of CAl field was quantified.
Three independent background fluorescence intensity
measurements were averaged and subtracted from the
fluorescence intensity of each cell. KCC2 expression was
estimated by calculating the relative mean fluorescence
intensities per unit area.

Biochemical detection

Tissue preparation

The brain was rapidly removed after decapitation and
placed on glass petri dish filled with ice-cold saline, then
hippocampus tissues were isolated. Finally, CA1 area of
dorsal hippocampus was carefully dissected and rapidly
frozen in liquid nitrogen before storage at — 80 °C.

Real-time RT-PCR

Total RNA was extracted using TRIzol (Invitrogen) fol-
lowing the manufacturer’s instructions. Possible con-
tamination with genomic DNA was removed by an
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on-column DNase I (Qiagen) treatment. mRNA was
reverse transcribed using the high-capacity cDNA
Reverse Transcription kit (Applied Biosystems) following
the manufacturer’s instructions. The primer sequences
are as follows: TGFb1 (TGF-P1): forward, CCCTATATT
TGGAGCCTGGA, reverse, CTTGCGACCCACGTA
GTAGA. Tuf (TNF-a): forward, ACAGAAAGCATGATC
CGCG, reverse, GCCCCCCATCTTTTGGG. Ilib (IL-
1B), forward, GCACACCCACCCTGCAG, reverse, AAC
CGCTTTTCCATCTTCTTCTT. Gapdh (GAPDH): for-
ward, AGGTCGGTGTGAACGGATTTG, reverse, GGG
GTCGTTGATGGCAACA. RT-PCR was performed
using a LightCycler FastStart DNA Master SYBR Green
I kit (Roche) and an ABI Prism 7300 Sequence Detection
System (Applied Biosystems). To improve the accuracy of
the real-time PCR for quantification, amplifications were
performed in triplicate for each RNA sample. mRNA lev-
els was determined using the 2-AACt method with nor-
malization to Gapdh.

Western blot

The protein was extracted using a total protein extrac-
tion kit (KeyGEN Biotech), and protein concentration
was determined with the BCA Protein Assay Kit (Pierce
Biotechnology). Total protein (20-50 pg) was sepa-
rated by SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane.
The membranes were blocked with 5% nonfat dried
milk for 60 min and then incubated in the antibod-
ies of rabbit anti-GABA,Ral (1:1000, Abcam), rabbit
anti-GABA ,Ra2 (1:1000, Abcam), rabbit anti-NKCC1
(1:400, Cell Signaling Technology), rabbit anti-KCC2
(1:8000, Abcam), rabbit anti-IL-1p (1:1000, Abcam), rab-
bit anti-TNF-a (1:1000, Abcam), mouse anti-TGF-f1
(1:200, Affinity) and mouse anti-B-actin antibody (1:5000,
Abways Technology) as loading control. After thorough
washing, the membranes were incubated with HRP-
labeled secondary antibodies and developed using the
ECL detection Kit (Millipore). Western blotting bands
were scanned and analyzed using the Image ] analysis
software package (NIH). The densitometric values of the
total protein were normalized by B-actin.

Methylated/hydroxymethylated DNA immunoprecipitation

Methylated (5-mC) and hydroxymethylated DNA
(5-hmC) on TGFb1 promoter were assessed using
MeDIP (Diagenode) and hMeDIP kits (Diagenode) fol-
lowed by quantitative PCR. Briefly, 10 ug of ChIP grade
5-mC antibody or 5-hmC antibody was added to the
sonicated solution and incubation at RT for 60 min. An
aliquot of the sonicated lysate without antibody was used
as input to quantify the total amount of DNA in sample
extracts. Protein-free DNA was extracted and used for
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detection and quantification of 5-mC/5-hmC at TGFbI
promoter by quantitative PCR. The primers of CpG-
rich TGFb1 promoter were as follows: forward primer,
5- GCCCACGCTAAGATGAAGAC -3/; reverse primer,
5'- CTCCTCGGCTGCTCCTTT -3'. The 5-mC/5-hmC
level at TGFbI promoter was expressed as a percentage
of the input DNA using the following equation: % (DNA-
IP/total input) = 2 [(Ct(10%input) — 3:32) — Ct (ONA-IP)] » 95,

Electrophysiological analysis

Slice preparation

Mice were killed by decapitation, and prepared for slices
as described previously [45]. Their brains were quickly
removed and placed in ice-cold oxygenated artificial cer-
ebrospinal fluid (ACSF) consisting of (in mM) 124 NaCl,
2 CaCl,, 4.5 KCl, 1.0 MgCl,, 26 NaHCO,, 1.2 NaH,PO,,
and 10 D-glucose and adjusted to pH 7.4 by bubbling
with 95% 0O,/5% CO, mixture. Coronal brain slices
(400-pum-thick) were cut using a vibrating microtome in
ice-cold oxygenated (95% O,/5% CO,) ACSE. Slices from
dorsal hippocampus were stored for a minimum of 1 h in
oxygenated ACSF maintained at 30£1 °C prior to extra-
cellular recording or whole-cell patch-clamp recording.

Extracellular recording

The hippocampal slices were transferred to a chamber
continuously perfused with oxygenated ACSF (2 ml/
min) maintained at 30 °C. Field excitatory postsynaptic
potentials (fEPSPs) were obtained from area CAl stra-
tum radiatum with the use of a glass microelectrode filled
with ACSF (4-5 MQ). fEPSPs were evoked through stim-
ulation of the Schaffer collaterals using a 0.1 ms biphasic
pulse delivered every 20 s. After a consistent response
to a current stimulus was established, threshold cur-
rent for evoking fEPSPs was determined, and the cur-
rent was increased incrementally every 0.1 mA until the
maximum amplitude of the fEPSPs was reached (input/
output curve). All other stimulation paradigms were
induced at the same current intensity, defined as 50%
of the stimulus current used to produce the maximum
fEPSPs amplitude, for each individual slice. Paired-pulse
facilitation (PPF) was induced by two paired pulses with
the interval at 20, 50, 75, 100 ms. A fEPSPs long-term
potentiation (LTP) baseline response was recorded every
15 s for 20 min. The tetanus used to evoke LTP was high-
frequency stimulation (HFS), which consisted of two
trains of 1 s, 100 Hz pulses, with an intertrain interval
of 20 s. Following HFS, fEPSPs were recorded for 60 min.
The fEPSPs descending slopes were averaged into 1-min
bins and graphed. The slopes of fEPSPs were normalized
to the mean fEPSPs descending slope of baseline record-
ings. Successful induction LTP required the fEPSPs
slopes at 60 min post-HFS greater than 120%.
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Whole-cell patch-clamp recording

The hippocampal slices were transferred to a chamber
continuously perfused with oxygenated ACSF (2 ml/min)
maintained at 30 °C. Recordings were obtained from
CA1l pyramidal neurons. Signals were amplified using
an EPC-10 amplifier (HEKA Elektronik) and analyzed
using PulseFit software (HEKA Elektronik). Electrodes
(5—-8 MQ resistance) were filled with a solution contain-
ing the following (in mM): 130 K*-gluconate, 10 KCl, 10
HEPES, 0.2 EGTA, 4 ATP, 0.3 GTP and 10 phosphocre-
atine, pH 7.4. Pipettes were dipped into this solution for
several seconds and then backfilled with the same solu-
tion containing gramicidin (10 pg/ml, Sigma-Aldrich).
A GABA-activated current (Ig,p,) induced by puffing
GABA (10 pM) at the cell body of principal neurons with
holding potential at — 80 mV. To determine the reversal
potential for I pa (Egapa)s the membrane potential was
stepped in 420 mV increments from — 120 to — 20 mV
and the amplitude of I,z in response to exogenous
GABA puffs was measured. Miniature inhibitory post-
synaptic currents (mIPSCs) were recorded with holding
potential at resting potential level. For resting membrane
potential, the amplifier was set to /=0 and the corre-
sponding potential was measured under current clamp
mode. mIPSCs were analyzed by Mini Analysis software
(Synaptosoft Inc.). mIPSC frequency and amplitude were
sampled for periods of 100 s. Rise time and decay time
kinetics were analyzed using average mIPSCs waveform
of 100 randomly selected synaptic events per neuron.
Rise time was defined as the duration of the rise from 10
to 90% of the peak of average mIPSCs waveform. Decay
time was defined as the time for average mIPSCs to decay
to half-amplitude.

Drug administration

GABA, R antagonist picrotoxin (PTX) and methyla-
tion inhibitor 5-aza-deoxycytidine (5-aza-CdR) were
purchased from Sigma-Aldrich. CMV-Tgfbl-eGFP and
CMV-eGFP plasmids were packaged into adenoviral
(ADV) capsids by GeneChem of China. For the bath-
application of the slices, PTX (10 uM) were dissolved to
their final concentration in ACSE. Drug solutions entered
the recording chamber through the perfusion tubing.
In vivo administration, PTX (5 mg/kg) or vehicle was
intraperitoneally (i.p.) injected. For micro-injection, a
guide cannula (26-gauge, Plastics One) was implanted
into the CA1 field of dorsal hippocampus (bregma,
— 1.9 mm; 1.4 mm lateral, 1.1 mm lateral; ventral:
1.6 mm). On day 3 after surgery, the dummy cannula was
removed from the guide cannula, and then replaced by
infusion cannulas (30-gauge) connected by polyethylene
tubing. ADV-CMV-Tgtbl-eGFP vector (TGF-Bl1 vec-
tor, 1x 10 pfu/ml), ADV-CMV-eGFP control vector
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(control vector, 3 x 10'° pfu/ml), 5-aza-CdR (200 ng/ul)
or vehicle was injected into the bilateral CAl regions
with 0.5 pl/side using a stepper motorized micro-syringe
(Stoelting) at a rate of 0.3 pl/min. The injection needle
was held in place for 3—5 min to minimize backflow.

Data analysis/statistics

SPSS software was used for statistics analysis. The group
data adhering to a Gaussian distribution were expressed
as means=+s.e.m. Statistical comparison of the means
between two groups of normal distribution was accom-
plished by the Student’s ¢ test (two-tailed). For the cumu-
lative probability, the comparison between two groups
was analyzed with Kolmogorov—Smirnov test. Differ-
ences in means among multiple groups were analyzed
using two-way (neonatal treatment x drug/vector) or
three-way (neonatal treatment x drug/vector x time)
ANOVA followed by the Bonferroni post hoc correction.
The correlation analyses between continuous data with
normal distribution were performed using Pearson cor-
relation analyses. For statistical purposes, only one slice
was studied per mouse in electrophysiological analysis.
P<0.05 was considered statistically significant.

Results

The enhancement of GABAergic function is responsible

for the impairment of hippocampus-dependent memory

in adult LPS mice

We first investigated the role of GABAergic transmission
in the effect of neonatal inflammation on adult cogni-
tion (Fig. 1A). Cognitive-related behaviors were assessed
using contextual fear conditioning, cued fear condition-
ing and Morris water maze. The i.p. injection of PTX or
vehicle was performed 45-60 min prior to training or
testing every day in contextual/cued fear conditioning
test as well as Morris water maze test.

Contextual/cued fear conditioning

Adult control and LPS mice were given a mild elec-
tric foot shock (US) with an environmental context and
a tone (CS). To study contextual fear memory, which is
hippocampus dependent [46], we re-exposed the mice
to the same environmental context 24 h after the electric
shock. To study cued fear memory in response to tone,
which is hippocampus independent [46], we re-exposed
the mice to the tone after the electric shock. The percent-
age of time that each mouse spent freezing in the same
context or in response to the tone was used to assess
memory. LPS mice displayed similar freezing behavior to
control mice during electric shock (data not shown), sug-
gesting the normal peripheral pain perception. However,
in the contextual test conducted 24 h after the shock,
LPS mice showed a decrease in freezing to the context
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Fig. 1 Blocking GABAergic transmission prevents the impairment of hippocampus-dependent memory in adult mice exposed to LPS during the
neonatal period. CON and LPS represent control mice and mice neonatally treated with LPS (LPS mice), respectively. A Timeline of the experimental
approach. B and C Quantification of context freezing (B) or cued freezing (C) of control mice and LPS mice treated with vehicle (VEH) or PTX in the
fear conditioning. D Average latency (4s.e.m) to reach the hidden platform across training days of control mice and LPS mice treated with VEH or
PTX in the hidden platform test of Morris water maze. E Quantification of time in the platform zone of control mice and LPS mice treated with VEH
or PTX in the probe test of Morris water maze. F Quantification of the average swim speed of control mice and LPS mice treated with VEH or PTX in
the probe test of Morris water maze. In B, C, E and F, circles indicate single data points and their averages (& s.e.m) are shown as columns. Statistical
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****Pp <0.0001

compared to control mice (?=0.002; Fig. 1B), indicating
the impairment of contextual fear memory. The block-
ade of GABAergic transmission using PTX reversed the
contextual fear memory deficits in LPS mice (P=0.004)
without affecting that in control mice (P=0.413). The
above data suggest that neonatal inflammation results
in the contextual fear memory deficits via potentiat-
ing GABAergic function. Notably, there were no signifi-
cant differences in cued fear memory in response to the
conditioned tone among control group, PTX-treated
control group, LPS group and PTX-treated LPS group
(neonatal treatment, F (1, 50)=0.352, P=0.556; drug, F
(1, 50)=1.337, P=0.253; interaction, F (1, 50)=0.015,
P=0.904; Fig. 1C). The findings indicate that neonatal
inflammation causes hippocampus-dependent memory

damage via intervening solely with the GABAergic trans-
mission in the hippocampus.

Morris water maze test

Here, the hidden-platform water maze task and probe
test were carried to further assess hippocampal-depend-
ent memory formation. In the hidden-platform water
maze task, LPS mice took more time to reach the hidden
platform during training than control mice on day 4-7
(P=0.001-0.008; Fig. 1D) when both groups swam at
the same speed (P=0.696; Fig. 1F). A probe test was car-
ried out on day 8. In comparison with control mice, LPS
mice had a significant decrease in the time spent in the
platform zone (P<0.0001; Fig. 1E). Without affecting the
swimming speed (P=0.385), PTX treatment rectified the
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time to the hidden-platform (P=0.002-0.006) and the
time in the platform zone in LPS group (P=0.0001), but
had no effect on those in control group (2 =0.079-0.362).
These data again support the involvement of the potenti-
ation of GABAergic function in hippocampal-dependent
memory deficit induced by neonatal inflammation.

The enhancement of GABAergic synaptic transmission
inhibits the LTP induction in the dorsal CA1 of adult LPS
mice

Here, we first examined the effect of neonatal inflam-
mation on the morphological structure or volume of
the dorsal hippocampus during adulthood (Fig. 2A). It
was found that neurons in all regions of the dorsal hip-
pocampus (CA1-CA3 and DQG) in LPS mice showed a
regular arrangement and had a normal cellular morphol-
ogy similar to that of control mice including a round cell
shape and a clearly visible nucleus (Fig. 2B). Additionally,
no significant difference was observed in the volume of
the dorsal hippocampus between adult control and LPS
mice (P=0.281; Fig. 2C). LTP, which refers to the pro-
longed enhancement of excitatory synaptic transmis-
sion, is a widely studied cellular model of learning and
memory [47]. We next investigated whether neonatal
inflammation impaired the LTP in the dorsal CAlvia
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affecting GABAergic synaptic transmission (Fig. 2D).
Figure 2E shows the placement of the stimulation elec-
trodes and the recording site in the hippocampus. As
shown in Fig. 2F and G, in the slices from control mice,
the slope of the fEPSPs increased to 141.1%+5.46% of
baseline 60 min after HFS, which suggests the success-
ful induction of LTP. In contrast, in the slices from LPS
mice, the HFS protocol was not able to induce LTP (fEP-
SPs slope 60 min after HFS, 108.6% +3.63% of baseline).
Pharmacological inhibition of GABAergic synaptic trans-
mission in hippocampal slices by 30-min application of
PTX (10 uM) had no effect on LTP amplitude in control
slices (fEPSPs slope 60 min after HFS, 147.3% +5.85%
of baseline) but facilitated the induction of LTP in LPS
slices (fEPSPs slope 60 min after HFS, 145.0% +5.48%
of baseline). These results suggest that neonatal inflam-
mation inhibits the LTP induction in the dorsal CA1 of
adult mice through the potentiated GABAergic synaptic
transmission.

Post-synaptic potentiation of GABAergic transmission

in the dorsal CA1 is detected in adult LPS mice

To investigate whether presynaptic or postsynaptic
mechanisms lead to the enhanced GABA transmis-
sion in adult LPS mice, we used gramicidin-perforated
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Fig. 2 Blocking GABAergic synaptic transmission with GABA,R antagonist PTX (10 uM) rescues the LTP failure in dorsal CA1 of adult mice neonatally
treated with LPS. CON and LPS represent control mice and mice neonatally treated with LPS (LPS mice), respectively. A Timeline of the experimental
approach for obtaining the results in B and C. B and C The comparison of morphological structure (B) and volume (C) of the dorsal hippocampus
between control and LPS mice. B Scale bar =500 um. D Timeline of the experimental approach for obtaining the results in F-G. E Sketch of the

in vitro recording configuration. F Left, the superimposition of the original fEPSPs waves recorded in each group at 15 min (solid line) pre-HFS and
60 min post-HFS (dotted line). Right, the average time course of the change in the fEPSPs slope (£ s.e.m) in hippocampal slices from control and LPS
mice during bath application of either VEH or PTX."}"indicates the time of HFS delivery. G The comparison of the fEPSPs slope at 60 min post-HFS

in each group recorded in F. In Cand G, circles indicate single data points and their averages (£ s.e.m) are shown as columns. Statistical analysis:

Student’s t test in C, two-way ANOVA followed by Bonferroni in G. **P < 0.01
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whole-cell recordings, a technique that preserves the
endogenous intracellular Cl™ concentration ([Cl7]i)
[48], to detect mIPSCs in dorsal CA1 pyramidal neurons
in acute slices from adult control mice and LPS mice
(Fig. 3A). First, the resting membrane potential (V)
of control and LPS groups was about — 60 mV (Fig. 3B),
showing no difference (P=0.782). Spontaneous synaptic
currents were then recorded at the holding potential of
— 60 mV in the presence of TTX (0.4 pM), DNQX (20 M)
and KN (1 mM). All spontaneous outward events were
abolished by the selective GABA,R antagonist bicucul-
line (40 puM; Fig. 3C), indicating that they were mIPSCs
mediated by GABA ,R.
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There was the significant rightward shift for the
cumulative probability curve of mIPSCs amplitude
(P=0.001; Fig. 3D) and the increase of the average
mIPSC amplitude (P<0.0001; Fig. 3E) in LPS slices.
However, Neither the position of the cumulative prob-
ability of mIPSCs frequency (P=0.3; Fig. 3F) nor
the average mIPSC frequency (P=0.59; Fig. 3G) was
altered in LPS slices. These data indicate that neonatal
inflammation results in the postsynaptic potentiation of
GABAergic transmission. According to the results that
there was no change in the average rise time (P=0.513;
Fig. 3H) or the average delay time (P=0.592; Fig. 3I)
of mIPSCs in LPS slices, it is concluded that neonatal
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Fig. 3 There is a postsynaptic potentiation of GABAergic transmission in dorsal CA1 of adult mice neonatally treated with LPS. CON and LPS
represent control mice and mice neonatally treated with LPS (LPS mice), respectively. A Timeline of the experimental approach. B Resting potential
of pyramidal neurons from control and LPS mice. C Representative traces of spontaneous subthreshold activity in slices from control and LPS mice
before and during bath application of bicuculline (BIC). D Cumulative amplitude distributions of mIPSCs in pyramidal neurons from control and LPS
mice. E Average mIPSC amplitudes in pyramidal neurons from control and LPS mice. F Cumulative frequency distributions of mIPSCs in pyramidal
neurons from control and LPS mice. G Average mIPSCs frequency in pyramidal neurons from control and LPS mice. H Average mIPSC rise time in
pyramidal neurons from control and LPS mice. I Average mIPSC delay time in pyramidal neurons from control and LPS mice. In B, E and G-I, circles
indicate single data points and their averages (£ s.e.m) are shown as columns. Statistical analysis: Student’s t test in B, E and G-I, and Kolmogorov—

Smirnov test in D and F. ****P<0.0001
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inflammation does not affect the average open time of
GABA,R.

KCC2 expression and activity are increased in the dorsal
CA1 of adult LPS mice

The effect of neonatal LPS exposure on expression pro-
files of GABAergic major postsynaptic signaling mole-
cules in the dorsal CA1 was further determined in adult
mice (Fig. 4A). As shown in Fig. 4B-D, there was no sig-
nificant difference in protein expression of GABA Ral,
GABA,Ra2, and NKCC1 between control and LPS
mice (P=0.082-0.81). However, the protein level of
KCC2 was significantly increased in LPS mice than that
in control mice (P=0.007; Fig. 4E). Furthermore, KCC2
labeling was stronger at the membrane of pyramidal
cells in LPS mice (P=0.011; Fig. 4F). KCC2 in neu-
rons that is largely responsible for setting the trans-
membrane chloride gradient [49]. Because GABA R is
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coupled with membrane Cl™ channels, proper main-
tenance of the transmembrane CI™ gradient is critical
for the polarity (hyperpolarizing vs. depolarizing) and
efficacy of GABAergic function. To address whether
the altered protein level of KCC2 in LPS mice disrupts
the polarity of GABA, we recorded Eg,p, from the
CA1l pyramidal neurons in dorsal hippocampal slices
using gramicidin-perforated whole-cell patch-clamp
recordings. It was found that Eg,p, from LPS mice was
significantly hyperpolarized (—79.31+2.56 mV) com-
pared with control mice (—69.43+2.17 mV; P=0.009;
Fig. 4G and H). As a result, the driving force of inward
Cl™ currents (Egapa — Viest) Was potentiated in LPS
mice (P<0.001; Fig. 4I). These results suggest that
neonatal inflammation hyperpolarizes Eg,p, through
KCC2 overexpression, which further leads to enhanced
GABA-evoked postsynaptic inhibition in the dorsal
CA1 of adult hippocampus.
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internal standard. Bottom, quantification of GABA,Ra1 (B), GABARa2 (C), NKCC1 (D) and KCC2 (E) in samples from control and LPS mice. F Left,
representative image of immunohistostaining of KCC2. KCC2 is shown in green (white arrows). Right, the relative intensity of KCC2 in dorsal CA1 of
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The excess expression of KCC2 is related with the TGF-31
downregulation in adult LPS mice

Based the reports that early LPS exposure causes
changes in pro- and anti-inflammatory cytokines in
the brain [39], we examined the levels of IL-13, TNF-«a
and TGF-P1 in the dorsal CA1 of control and LPS mice
at P8 and P80 and analyzed the correlation between
cytokines and KCC2 (Fig. 5A). At P8, LPS mice showed
the increased expressions of IL-1B, TNF-a and TGF-f1
at mRNA (P=0.0001-0.024; Fig. 5B) or protein level
(P=0.003-0.023; Additional file 1: Fig. SIA-C) com-
pared with control mice. However, the KCC2 protein
expression showed no difference between two groups

Page 10 of 18

(P=0.71; Fig. 5C). At P80, TGF-f1 mRNA or pro-
tein expression was significantly lower in LPS group
(mRNA, P=0.005; protein, P=0.024; Fig. 5D and E).
However, there was no difference in the expression of
IL-1B or TNF-a at mRNA (P=0.493-0.615) and pro-
tein level (P=0.06—-0.241; Additional file 1: Fig. SID-E)
between control and LPS groups. We further analyzed
the relation between TGF-P1 protein and KCC2 pro-
tein and found that the protein expression of KCC2 was
negatively correlated with TGF-B1 protein (r*=0.826,
P<0.0001; Fig. 5F). These results suggest that the KCC2
overexpression in LPS mice during adulthood is possi-
bly associated with the lack of TGF-f1 at this time.
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D Quantification of mMRNA expressions of inflammatory factors in samples from P8 (B) or P80 (D) control and LPS mice. C Top, representative
immunoblots for KCC2 in protein extracts from samples of P8 control and LPS mice. 3-actin was used as an internal standard. Bottom, quantification
of KCC2 in samples from P8 control and LPS mice. E Top, representative immunoblots for TGF-B1 in protein extracts from samples of P80 control
and LPS mice. B-actin was used as an internal standard. Bottom, quantification of TGF-B1 in samples from P80 control and LPS mice. F Pearson
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TGF-B1 downregulation contributes to the increase

of KCC2 expression and function in adult LPS mice

Here, we speculated that local, chronic TGF-B1 upregu-
lation in the adult dorsal CA1l would at least partially
restore KCC2 expression. TGF-f1 vector or control
vector was bilaterally injected into the dorsal CAl of
adult control and LPS mice 10 days prior to the detec-
tion (Fig. 6A). As shown in Fig. 6B, a substantial amount
of eGFP (green) was detected in the dorsal CAl region,
which confirmed the successful expression of control
vector or TGF-B1 vector. Western blot analysis in Fig. 6C
further showed that TGF-B1 protein greatly enhanced
by TGEF-B1 vector in control mice and LPS mice when
compared with control vector-treated control mice
(P=0.0002) and LPS mice (P=0.0003), respectively.
Although there was no effect of TGF-$1 vector on pro-
tein levels of GABA Ral, GABA,Ra2 and NKCC1 in
control and LPS mice (P=0.311-0.775; Fig. 6D-F). TGF-
B1 vector reduced KCC2 protein in LPS mice to the con-
trol level (P=0.0158; Fig. 6G) without affecting that in
control mice (P=0.151). The altered E g, or the driving
force of inward Cl™ currents was also rectified by TGE-
B1 vector in LPS mice (Egpppa, P=0.184; Ecppp — Viest
P=0.0021; Fig. 6H and I). The results suggest that TGF-
B1 downregulation is the cause for the increased expres-
sion and function of KCC2 in adult LPS mice.

TGF-B1 downregulation contributes to the impairment

of synaptic plasticity and hippocampus-dependent
memory of adult LPS mice

As KCC2 overexpression resulted in the enhancement
of GABA inhibition which is associated with impaired
hippocampal synaptic plasticity and cognitive func-
tion, we further investigated the possible role of TGF-
Bl downregulation in hippocampal LTP impairment
and memory deficits by the administration of TGF-$1
vector or control vector (Fig. 7A). We found that TGF-
B1 vector completely rescued the LTP induction in LPS
mice and restored it to the level observed in control mice
(P<0.0001; Fig. 7B). Conversely, we found no effect of
TGF-B1 vector on LTP in control mice (P=0.322). Addi-
tionally, TGF-B1 vector rectified a decrease in freezing
to the context of LPS mice (P=0.0003; Fig. 7C), indicat-
ing a recovery of hippocampus-dependent memory per-
formance. Consistently, LPS mice with TGF-B1 vector
administration performed as well as control mice in Mor-
ris water maze. In LPS mice, TGF-B1 vector rescued the
prolonged escape latency to the hidden-platform during
the training (P=0.002-0.009; Fig. 7D) and the decreased
time in the platform zone during the probe trial
(P<0.0001; Fig. 7E). Combined with the results in Fig. 6,
it is believed that TGF-f1 downregulation increases the
expression and function of KCC2 in the dorsal CA1 area,
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which impairs synaptic plasticity and -related memory of
adult LPS mice.

Hypermethylation at TGFb1 promoter is the underlying
mechanism of downregulation of TGF-B1 expression

in adult LPS mice

A latest study by Pierre et al. [50] has pointed out that
postnatal inflammatory exposure caused long-lasting
cerebral methylation changes in genes relevant to inflam-
matory response. Based on the fact that there is the
enrichment of CpG islands in the promoter region of
TGFbI1 gene, it was further determined whether TGE-
Bl decrease was caused by abnormal methylation of
TGFb1 promoter region (Fig. 8A). 5-mC and 5-hmC are
the two most important DNA epigenetic modifications.
Here, we found that there was a significant enrichment of
5-mC at TGFbI promoter in LPS mice when compared
with control mice (P=0.0002; Fig. 8B). However, 5-hmC
level at TGFb1 promoter was not changed in LPS mice
(P=0.064; Fig. 8C). Notably, the enrichment of 5-mC at
TGFb1 promoter was negatively correlated with the level
of corresponding TGF-P1 transcript (r*=0.81, P<0.0001;
Fig. 8D). This result suggests promoter methylation may
be an epigenetic mechanism leading to reduced TGF-f1
in LPS mice, and this possibility was therefore exam-
ined via detecting the effect of intra-CAl injection of
methylation inhibitor 5-aza-CdR on 5-mC at TGFbI
promoter and TGF-P1 expression (Fig. 8E). The results
showed that repeated 5-aza-CdR treatment signifi-
cantly rectified not only the hypermethylation of TGFb1
promoter (P=0.0007; Fig. 8F), but also the decreased
TGF-f1 mRNA (P=0.011; Fig. 8G) and protein expres-
sion (P=0.0002; Fig. 8H) of LPS mice. The above data
strongly suggest that the pathological decline of TGF-$1
expression in adult LPS mice is caused by hypermethyla-
tion at TGFb1 promoter.

Discussion

Using a combination of behavioral studies, electrophysi-
ological recordings, and biochemical methods together
with pharmacological tools, the present study provides
the first evidence that early inflammation induced by
neonatal LPS exposure promotes KCC2 expression and
function in principal neurons of dorsal CA1 area through
hypermethylation-induced reduction of TGF-B1, which
thereby potentiates GABAergic synaptic inhibition lead-
ing to hippocampus-dependent memory deficits in
adulthood.

The brain development during early life is an intricate
and subtle process and greatly sensitive to environmental
insults. Adverse early-life agents are at increased risk for
the development of adult neuropsychiatric diseases [51,
52]. Inflammation is one of the most common adverse
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factors and LPS is a potent inducer of inflammation
widely used for preparing models of infection in prenatal,
neonatal, juvenile and adult periods [53-55]. In the pre-
sent study, neonatal inflammation impaired hippocam-
pus-dependent memory (contextual and spatial memory)
but not hippocampus-independent memory (cued fear
memory) in adult mice. This may be related to the fact
that the hippocampus is highly sensitive to inflammation
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due to its large blood flow and abundant inflammatory
factor receptors [56]. Hippocampus CA1 area is reported
to be involved in the consolidation process of contextual
memory [57] and acquisition and consolidation of spatial
memory [58]. It is inferred that neonatal inflammation
impairs contextual or spatial memory at acquisition and
consolidation stages.

The treatment with the GABA,R antagonist PTX
(10 uM) successfully rescued the failure of LTP induc-
tion in the dorsal CAl region and the behavioral defi-
cits associated with hippocampal-dependent memory
in adult LPS mice, without affecting the corresponding
synaptic plasticity and behaviors in control mice. This
result suggests that the enhancement of GABAergic syn-
aptic transmission is responsible for the damaging effects
of neonatal inflammation on hippocampus-dependent
memory. Using patch-clamp techniques, we found that
there was a marked increase in the amplitude but not fre-
quency of GABAergic mIPSCs in adult LPS mice, which
suggests that enhanced GABAergic synaptic transmission
in adult LPS mice is caused by changes in postsynaptic
function. Based on the results that there was no differ-
ence in the rise time and delay time of average mIPSCs
between control and LPS mice, it can be concluded that
neonatal inflammation does not affect the average open
time of GABA R which mediates mIPSCs.

It should be noted that there are some limitations
about the present study on the influence of neonatal
inflammation on GABAergic synaptic transmission. First,
mIPSCs can be divided into two groups, i.e., slow and
fast rising mIPSCs, which may be mediated by different
synaptic GABA,R [59]. Since no distinction was made
between fast mIPSCs and slow mIPSCs, it could not be
determined whether neonatal inflammation had an effect
on the kinetics of GABA,R that mediates fast mIPSCs
or slow mIPSCs. Second, synaptic GABA,R mediates
mIPSCs which belongs to phasic inhibition while extra-
synaptic GABA ,R mediates tonic inhibition [60]. In the
CAL1 subfield of the hippocampus, the generation of tonic
GABA current depends on the a5-subunit-containing
subtype of GABA,R (a5GABA,R) [61]. There is some
evidence indicating that tonic inhibition generated by
a5GABA R plays a role in the regulation of memory. For
example, drugs that increase a5GABA,R activity cause
profound memory blockade [62, 63]. Since tonic GABA
current was not examined, the exact role of tonic inhibi-
tion in neonatal inflammation-induced cognitive impair-
ment could not be determined.

In most mature neurons, GABA,R opens a chloride
channel and chloride anions enter the cell to hyperpo-
larize the cell membrane. This influx of chloride is sup-
ported by [Cl7]i gradient between the inside and the
outside part of the membrane which is maintained by
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the activity of chloride cotransporters such as NKCC1
and KCC2, a chloride importer and a chloride exporter,
respectively. In mature tissue of control animals, KCC2 is
highly expressed as compared with NKCC1, resulting in
a net efflux of chloride to maintain a low internal [CI™]
i. Interestingly, during development, GABA,R can exert
excitatory effects as a consequence of elevated [Cl7]i in
immature neurons, which express less KCC2 [64]. During
maturation, the increasing expression of KCC2 is a key
factor in the switch of GABA,R to inhibitory function
[49, 65]. Among several postsynaptic proteins of GABAe-
rgic synapse, only the expression KCC2 was increased
in adult LPS mice in the present study. Corresponding,
adult LPS mice was found to show the hyperpolarization
of Egapy in the principal neurons. Based these results,
it is believed that the potentiation of GABAergic synap-
tic inhibition in adult LPS mice may be related with the

increase in the KCC2 expression and function. Impaired
synaptic inhibition due to decreased KCC2 function has
been documented in Huntington’s disease [66], epilepsy
[67, 68], neuropathic pain [69] and spasticity following
spinal cord injury [70]. A report by Silvestre de Ferron
et al. [71] has pointed out that an upregulation of KCC2
expression after perinatal ethanol exposure leads to the
deficits of synaptic plasticity in the hippocampus via
increased GABAergic inhibition. Based on these results,
increased expression and activity of KCC2 provide the
explanation for the enhanced GABAergic synaptic inhi-
bition and memory deficits of adult LPS mice. A recent
study has found that there are both pre- and post-synap-
tic potentiations of GABAergic transmission in the pre-
frontal cortex accompanied with increased expressions
of multiple GABAergic synapse-associated proteins 2 h
after LPS challenge [72]. The study combined with our
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research suggests that there is difference in acute and
long-term effects of inflammation on GABAergic syn-
aptic transmission, which may be related to the involve-
ment of different molecular mechanisms.

Systemic LPS administration can result in the inflam-
matory response of brain-resident immune cells which
are mainly microglia and astrocytes and a myriad release
of pro- or anti-inflammatory cytokines [73]. Although
the activation of microglia or astrocytes was not exam-
ined, we found an acute increase in mRNA expressions
of IL-1B, TGF-a and TGF-B1 in the dorsal CA1l region
after neonatal LPS treatment, which still suggests that
LPS triggers local inflammation. Based on the results
that LPS mice showed similar levels of IL-1p and TGF-a
as control mice, it is clarified that neonatal inflammation
does not persist into adulthood. Additionally, our impor-
tant finding here is that neonatal inflammation leads to
a long-term reduction in TGF-B1 expression. The early
development period is crucial for establishing and main-
taining epigenetic marks [74]. Epigenetic mechanisms
are consequently regarded as the most plausible targets
through which adverse factors could exert their per-
sistent effects [75]. Based on the findings of persistent
methylation changes in the brain after early life inflam-
mation [50] and the fact that there are enriched CpG
islands at TGFbI promoter, it is preliminarily confirmed
by the present study that hypermethylation at TGFb1
promoter is the critical link between neonatal inflam-
mation and TGF-P1 decrease in adulthood. DNA meth-
yltransferases (DNMTs) and ten-eleven translocation
hydroxylases (TETs) are important components of the
DNA-methylation/demethylation dynamic regulating the
expression of key molecules involved in brain function
[76]. In the follow-up study, we will focus on investigat-
ing the effect of neonatal inflammation on DNMTs and
TETs and the potential mechanisms.

Our study showed KCC2 protein was negatively cor-
related with TGF-B1 protein during adulthood and the
local overexpression of TGF-B1 induced a decrease of
KCC2 protein in adult LPS mice up to the level in con-
trol mice. These data clearly indicate that the persistent
reduction in TGF-B1 caused by neonatal inflammation
accounts for the increased expression of KCC2 in adult-
hood. It is therefore speculated that the possible acute
neurological effects of neonatal inflammation have been
recovered later in life. The mechanisms underlying TGE-
B1 affecting KCC2 expression are still not fully under-
stood. Rivera et al. shows that scavenging of endogenous
BDNE, or inhibition of signaling downstream from TrkB
receptors, effectively prevents activity-dependent reduc-
tion of KCC2 expression [77]. Other studies report that
the decrease of BDNF release increases KCC2 expression
and the inhibitory strength of GABA following axonal
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injury [70, 78, 79]. These findings suggest the activation
of BDNF/TrkB signaling negatively regulates in KCC2
expression in mature neurons. A recent study points that
TGEF-B1 enhances the expressions of BDNF and TrkB in
cerebral cortex neurons and promotes microglial secre-
tion of BDNF [80]. Accordingly, we speculate that the
decline of BDNF/TrkB pathway may be involved in the
increased KCC2 expression and function induced by
TGEF-B1 deficit in adult LPS mice. Combined with the
results that TGF-B1 overexpression recovered hippocam-
pal LTP and -related memory in adult LPS mice, it is
further believed that a reduction of TGF-f1 promotes
KCC2 expression in the dorsal CA1 as one of the under-
lying mechanisms of neonatal inflammation resulting in
hippocampal memory deficit. Additionally, a study on
a mouse model of AD found that TGF-B1 improved the
expressions of synaptic plasticity-related proteins includ-
ing Arc, NR2B and PSD-95, as well as spatial memory
through activating PI3K/Akt pathway [81], and several
other studies proved that TGF-P1 increased CREB phos-
phorylation which is involved in various forms of synap-
tic plasticity and memory [82, 83]. Based on these facts,
we cannot exclude that TGF-B1 deficiency mediates the
damaging effects of neonatal inflammation on hippocam-
pal memory through other ways such as decreased PI3K/
Akt activity or CREB phosphorylation.

In conclusion, based on the well-documented asso-
ciation between early-life exposure to inflammation and
cognitive impairment in adulthood, the current work
depicts that hypermethylation-induced deficiency of
TGEF-B1 further leads to overexpression of KCC2 in the
CAl region of the dorsal hippocampus, which is the
important mechanism underlying the adverse effect of
neonatal inflammation on hippocampus-dependent
memory. The present study reveals that TGF-p1 or KCC2
may be potential therapeutic targets in memory deficit
induced by neonatal inflammation through recovering
the function of hippocampal GABAergic synapse.

Abbreviations
5-aza-CdR  5-Aza-deoxycytidine

ACSF Artificial cerebrospinal fluid
ADV Adenoviral

[CI7Ti Intracellular CI~ concentration
CS Conditioned stimulus

DNMTs DNA methyltransferases

Ecasa Reversal potential for /;aga
fEPSPs Field excitatory postsynaptic potentials
GABA y-Aminobutyric acid

GABA,R  GABA type A receptor

HFS High-frequency stimulation
KCC2 K*-CI~ cotransporter 2

loasa GABA-activated current

IL-1B Interleukin-1beta

LPS Lipopolysaccharide

LTP Long-term potentiation
NKCC1 Nat—K*—CI~ cotransporter 1



Rong et al. Journal of Neuroinflammation (2023) 20:15

mIPSCs Miniature inhibitory postsynaptic currents
P Postnatal day

PPF Paired-pulse facilitation

PTX Picrotoxin

TETs Ten-eleven translocation hydroxylases
TGF-B1 Transforming growth factor-beta 1

TNF-a Tumor necrosis factor alpha

us Unconditioned stimulus

Viest Resting membrane potential

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-023-02697-x.

Additional file 1: Figure S1. Neonatal LPS exposure LPS induces an acute
but not persistent increase in protein expression of inflammatory factors.
CON and LPS represent control mice and mice neonatally treated with
LPS (LPS mice), respectively. A-C Top, representative immunoblots for
IL-1B (A), TNF-a (B) and TGF-B1 (C) in protein extracts from samples of P8
control and LPS mice. B-actin was used as an internal standard. Bottom,
quantification of IL-1(3 (A), TNF-a (B) and TGF-B1 (C) in samples from P8
control and LPS mice. D and E Top, representative immunoblots for IL-13
(D), TNF-a (E) in protein extracts from samples of P80 control and LPS
mice. B-actin was used as an internal standard. Bottom, quantification of
IL-18 (D), TNF-a (E) in samples from P80 control and LPS mice. Circles indi-
cate single data points and their averages (&£ s.e.m) are shown as columns.
Statistical analysis: Student’s ¢ test. *P<0.05 and **P<0.01.

Acknowledgements
Not applicable.

Author contributions

JRand YY participated in the research design, experimental performance
(including animal surgery, behavioral tests, histological staining and real-time
RT-PCR) and data analysis. SS and LC provided technical assistance and helped
with the manuscript preparation. ML, HZ, YL and YZ performed the intra-
nuclear administration, western blot, methylated/hydroxymethylated DNA
immunoprecipitation, and electrophysiological experiments. RZ participated
in the research design and wrote the first draft of the manuscript; these
authors participated in all aspects of the study, including research design, data
analysis, and manuscript preparation. All authors read and approved the final
manuscript.

Funding

This work was supported by National Natural Science Foundation of China
(81471385) and the Natural Science Foundation of Jiangsu Province of China
(BK20151552).

Availability of data and materials
The datasets analyzed during the current study are available from the cor-
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experimental protocols were approved by Animal Care and Use
Committee of Nanjing Medical University.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no competing interests.

Received: 13 September 2022 Accepted: 12 January 2023
Published online: 23 January 2023

Page 16 of 18

References

1. Bilbo SD, Biedenkapp JC, Der-Avakian A, Watkins LR, Rudy JW, Maier
SF. Neonatal infection-induced memory impairment after lipopolysac-
charide in adulthood is prevented via caspase-1 inhibition. J Neurosci.
2005;25(35):8000-9. https://doi.org/10.1523/jneurosci.1748-05.2005.

2. Oldenburg KS, O'Shea TM, Fry RC. Genetic and epigenetic factors and
early life inflammation as predictors of neurodevelopmental outcomes.
Semin Fetal Neonatal Med. 2020;25(3):101115. https://doi.org/10.1016/j.
siny.2020.101115.

3. Shanks N, Windle RJ, Perks PA, Harbuz MS, Jessop DS, Ingram CD, Light-
man SL. Early-life exposure to endotoxin alters hypothalamic-pituitary-
adrenal function and predisposition to inflammation. Proc Natl Acad Sci
USA. 2000;97(10):5645-50. https://doi.org/10.1073/pnas.090571897.

4. DoenniVM, Gray JM, Song CM, Patel S, Hill MN, Pittman QJ. Deficient
adolescent social behavior following early-life inflammation is amelio-
rated by augmentation of anandamide signaling. Brain Behav Immun.
2016;58:237-47. https://doi.org/10.1016/j.bbi.2016.07.152.

5. Canetta S, Sourander A, Surcel HM, Hinkka-Yli-Salomaki S, Leiviské J,
Kellendonk C, McKeague IW, Brown AS. Elevated maternal C-reactive
protein and increased risk of schizophrenia in a national birth cohort. Am
J Psychiatry. 2014;171(9):960-8. https://doi.org/10.1176/appi.ajp.2014.
13121579.

6. Brown AS, Sourander A, Hinkka-Yli-Salomaki S, McKeague IW, Sundvall J,
Surcel HM. Elevated maternal C-reactive protein and autism in a national
birth cohort. Mol Psychiatry. 2014;19(2):259-64. https://doi.org/10.1038/
mp.2012.197.

7. Bilbo SD, Block CL, Bolton JL, Hanamsagar R, Tran PK. Beyond infec-
tion—maternal immune activation by environmental factors, microglial
development, and relevance for autism spectrum disorders. Exp Neurol.
2018;299(Pt A):241-51. https://doi.org/10.1016/j.expneurol.2017.07.002.

8. Parboosing R, Bao'Y, Shen L, Schaefer CA, Brown AS. Gestational influenza
and bipolar disorder in adult offspring. JAMA Psychiat. 2013;70(7):677-85.
https://doi.org/10.1001/jamapsychiatry.2013.896.

9. Baghel MS, Singh B, Patro N, Khanna VK, Patro IK, Thakur MK. Poly (1:C)
Exposure in early life alters methylation of dna and acetylation of histone
at synaptic plasticity gene promoter in developing rat brain leading to
memory impairment. Ann Neurosci. 2019;26(3-4):35-41. https://doi.org/
10.1177/0972753120919704.

10. Labrousse VF, Leyrolle Q Amadieu C, Aubert A, Sere A, Coutureau E,
Grégoire S, Bretillon L, Pallet V, Gressens P, Joffre C, Nadjar A, Layé S.
Dietary omega-3 deficiency exacerbates inflammation and reveals spatial
memory deficits in mice exposed to lipopolysaccharide during gestation.
Brain Behav Immun. 2018;73:427-40. https://doi.org/10.1016/j.bbi.2018.
06.004.

11. Liang M, Zhong H, Rong J, Li Y, Zhu C, Zhou L, Zhou R. Postnatal lipopoly-
saccharide exposure impairs adult neurogenesis and causes depression-
like behaviors through astrocytes activation triggering GABAA receptor
downregulation. Neuroscience. 2019;422:21-31. https://doi.org/10.
1016/j.neuroscience.2019.10.025.

12. Nouel D, Burt M, Zhang Y, Harvey L, Boksa P. Prenatal exposure to bacterial
endotoxin reduces the number of GAD67- and reelin-immunoreactive
neurons in the hippocampus of rat offspring. Eur Neuropsychopharma-
col. 2012;22(4):300-7. https://doi.org/10.1016/j.euroneuro.2011.08.001.

13. Harvey L, Boksa P. A stereological comparison of GAD67 and reelin
expression in the hippocampal stratum oriens of offspring from two
mouse models of maternal inflammation during pregnancy. Neurophar-
macology. 2012;62(4):1767-76. https://doi.org/10.1016/j.neuropharm.
2011.11.022.

14. Nyffeler M, Meyer U, Yee BK, Feldon J, Knuesel . Maternal immune activa-
tion during pregnancy increases limbic GABAA receptor immunoreactiv-
ity in the adult offspring: implications for schizophrenia. Neuroscience.
2006;143(1):51-62. https://doi.org/10.1016/j.neuroscience.2006.07.029.

15. Collinson N, Kuenzi FM, Jarolimek W, Maubach KA, Cothliff R, Sur C, Smith
A, Otu FM, Howell O, Atack JR, McKernan RM, Seabrook GR, Dawson
GR, Whiting PJ, Rosahl TW. Enhanced learning and memory and altered
GABAergic synaptic transmission in mice lacking the alpha 5 subunit of
the GABAA receptor. J Neurosci. 2002;22(13):5572-80. https://doi.org/10.
1523/jneurosci.22-13-05572.2002.

16. Kolasinski J, Hinson EL, Divanbeighi Zand AP, Rizov A, Emir UE, Stagg
CJ. The dynamics of cortical GABA in human motor learning. J Physiol.
2019;597(1):271-82. https://doi.org/10.1113/jp276626.


https://doi.org/10.1186/s12974-023-02697-x
https://doi.org/10.1186/s12974-023-02697-x
https://doi.org/10.1523/jneurosci.1748-05.2005
https://doi.org/10.1016/j.siny.2020.101115
https://doi.org/10.1016/j.siny.2020.101115
https://doi.org/10.1073/pnas.090571897
https://doi.org/10.1016/j.bbi.2016.07.152
https://doi.org/10.1176/appi.ajp.2014.13121579
https://doi.org/10.1176/appi.ajp.2014.13121579
https://doi.org/10.1038/mp.2012.197
https://doi.org/10.1038/mp.2012.197
https://doi.org/10.1016/j.expneurol.2017.07.002
https://doi.org/10.1001/jamapsychiatry.2013.896
https://doi.org/10.1177/0972753120919704
https://doi.org/10.1177/0972753120919704
https://doi.org/10.1016/j.bbi.2018.06.004
https://doi.org/10.1016/j.bbi.2018.06.004
https://doi.org/10.1016/j.neuroscience.2019.10.025
https://doi.org/10.1016/j.neuroscience.2019.10.025
https://doi.org/10.1016/j.euroneuro.2011.08.001
https://doi.org/10.1016/j.neuropharm.2011.11.022
https://doi.org/10.1016/j.neuropharm.2011.11.022
https://doi.org/10.1016/j.neuroscience.2006.07.029
https://doi.org/10.1523/jneurosci.22-13-05572.2002
https://doi.org/10.1523/jneurosci.22-13-05572.2002
https://doi.org/10.1113/jp276626

Rong et al. Journal of Neuroinflammation

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

(2023) 20:15

Jie F,Yin G,Yang W, Yang M, Gao S, Lv J, Li B. Stress in regulation of GABA
amygdala system and relevance to neuropsychiatric diseases. Front
Neurosci. 2018;12:562. https://doi.org/10.3389/fnins.2018.00562.

Chao HT, Chen H, Samaco RC, Xue M, Chahrour M, Yoo J, Neul JL, Gong

S, Lu HC, Heintz N, Ekker M, Rubenstein JL, Noebels JL, Rosenmund C,
Zoghbi HY. Dysfunction in GABA signalling mediates autism-like stereo-
typies and Rett syndrome phenotypes. Nature. 2010;468(7321):263-9.
https://doi.org/10.1038/nature09582.

Kaila K, Ruusuvuori E, Seja P, Voipio J, Puskarjov M. GABA actions and ionic
plasticity in epilepsy. Curr Opin Neurobiol. 2014;26:34-41. https://doi.org/
10.1016/j.conb.2013.11.004.

Glausier JR, Lewis DA. GABA and schizophrenia: where we stand and
where we need to go. Schizophr Res. 2017;181:2-3. https://doi.org/10.
1016/j.schres.2017.01.050.

DiJ, LiJ, O'Hara B, Alberts |, Xiong L, Li J, Li X. The role of GABAergic neural
circuits in the pathogenesis of autism spectrum disorder. Int J Dev Neuro-
sci. 2020;80(2):73-85. https://doi.org/10.1002/jdn.10005.

Luscher B, Shen Q, Sahir N. The GABAergic deficit hypothesis of major
depressive disorder. Mol Psychiatry. 2011;16(4):383-406. https://doi.org/
10.1038/mp.2010.120.

Kleschevnikov AM, Belichenko PV, Gall J, George L, Nosheny R, Maloney
MT, Salehi A, Mobley WC. Increased efficiency of the GABAA and GABAB
receptor-mediated neurotransmission in the Ts65Dn mouse model of
Down syndrome. Neurobiol Dis. 2012;45(2):683-91. https://doi.org/10.
1016/j.nbd.2011.10.009.

CuiY, Costa RM, Murphy GG, Elgersma Y, Zhu Y, Gutmann DH, Parada LF,
Mody |, Silva AJ. Neurofibromin regulation of ERK signaling modulates
GABA release and learning. Cell. 2008;135(3):549-60. https://doi.org/10.
1016/j.cell.2008.09.060.

Turkmen S, Lofgren M, Birzniece V, Backstrom T, Johansson IM. Tolerance
development to Morris water maze test impairments induced by acute
allopregnanolone. Neuroscience. 2006;139(2):651-9. https://doi.org/10.
1016/j.neuroscience.2005.12.031.

Mtchedlishvili Z, Lepsveridze E, Xu H, Kharlamov EA, Lu B, Kelly KM.
Increase of GABAA receptor-mediated tonic inhibition in dentate granule
cells after traumatic brain injury. Neurobiol Dis. 2010;38(3):464-75.
https://doi.org/10.1016/j.nbd.2010.03.012.

Silvers JM, Tokunaga S, Berry RB, White AM, Matthews DB. Impairments

in spatial learning and memory: ethanol, allopregnanolone, and the hip-
pocampus. Brain Res Brain Res Rev. 2003;43(3):275-84. https://doi.org/10.
1016/j.brainresrev.2003.09.002.

Martinez-Cué C, Martinez P, Rueda N, Vidal R, Garcia S, Vidal V, Corrales A,
Montero JA, Pazos A, Flérez J, Gasser R, Thomas AW, Honer M, Knoflach

F, Trejo JL, Wettstein JG, Hernandez MC. Reducing GABAA a5 receptor-
mediated inhibition rescues functional and neuromorphological deficits
in a mouse model of down syndrome. J Neurosci. 2013;33(9):3953-66.
https://doi.org/10.1523/jneurosci.1203-12.2013.

Na ES, Morris MJ, Nelson ED, Monteggia LM. GABAA receptor antagonism
ameliorates behavioral and synaptic impairments associated with MeCP2
overexpression. Neuropsychopharmacology. 2014;39(8):1946-54. https://
doi.org/10.1038/npp.2014.43.

Estes ML, McAllister AK. Maternal immune activation: Implications for
neuropsychiatric disorders. Science. 2016;353(6301):772-7. https://doi.
org/10.1126/science.aag3194.

Jung YH, Shin NY, Jang JH, Lee WJ, Lee D, Choi Y, Choi SH, Kang DH. Rela-
tionships among stress, emotional intelligence, cognitive intelligence,
and cytokines. Medicine. 2019;98(18):e15345. https://doi.org/10.1097/
md.0000000000015345.

Comim CM, Bussmann RM, Simdo SR, Ventura L, Freiberger V, Patricio

JJ, Palmas D, Mendonga BP, Cassol OJ Jr, Quevedo J. Experimental
neonatal sepsis causes long-term cognitive impairment. Mol Neurobiol.
2016;53(9):5928-34. https://doi.org/10.1007/512035-015-9495-5.

Wei H, Chadman KK, McCloskey DP, Sheikh AM, Malik M, Brown WT, Li X.
Brain IL-6 elevation causes neuronal circuitry imbalances and medi-

ates autism-like behaviors. Biochim Biophys Acta. 2012;1822(6):831-42.
https://doi.org/10.1016/j.bbadis.2012.01.011.

Chen J, Song, Yang J, Zhang Y, Zhao P, Zhu XJ, Su HC. The contribution
of TNF-a in the amygdala to anxiety in mice with persistent inflammatory
pain. Neurosci Lett. 2013;541:275-80. https://doi.org/10.1016/j.neulet.
2013.02.005.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Page 17 of 18

Chiu GS, Darmody PT, Walsh JP, Moon ML, Kwakwa KA, Bray JK, McCusker
RH, Freund GG. Adenosine through the A2A adenosine receptor
increases IL-1(3 in the brain contributing to anxiety. Brain Behav Immun.
2014;41:218-31. https://doi.org/10.1016/j.bbi.2014.05.018.

Li LY, Li JL, Zhang HM, Yang WM, Wang K, Fang Y, Wang Y. TGF(31 treat-
ment reduces hippocampal damage, spontaneous recurrent seizures,
and learning memory deficits in pilocarpine-treated rats. J Mol Neurosci.
2013;50(1):109-23. https://doi.org/10.1007/512031-012-9879-1.
Bahramabadi R, Fathollahi MS, Hashemi SM, Arababadi AS, Arababadi MS,
Yousefi-Daredor H, Bidaki R, Khaleghinia M, Bakhshi MH, Yousefpoor Y,
Torbaghan YE, Arababadi MK. Serum levels of IL-6, IL-8, TNF-a, and TGF-3
in chronic HBV-infected patients: effect of depression and anxiety. Lab
Med. 2017;49(1):41-6. https://doi.org/10.1093/labmed/Imx064.

Depino AM, Lucchina L, Pitossi F. Early and adult hippocampal TGF-31
overexpression have opposite effects on behavior. Brain Behav Immun.
2011;25(8):1582-91. https://doi.org/10.1016/j.bbi.2011.05.007.

Chen YH, Kuo TT, Chu MT, Ma HI, Chiang YH, Huang EY. Postnatal systemic
inflammation exacerbates impairment of hippocampal synaptic plasticity
in an animal seizure model. NeurolmmunoModulation. 2013;20(4):223—
32. https://doi.org/10.1159/000348440.

Kjelstrup KG, Tuvnes FA, Steffenach HA, Murison R, Moser El, Moser MB.
Reduced fear expression after lesions of the ventral hippocampus. Proc
Natl Acad Sci USA. 2002;99(16):10825-30. https://doi.org/10.1073/pnas.
152112399.

Fanselow MS, Dong HW. Are the dorsal and ventral hippocampus func-
tionally distinct structures? Neuron. 2010;65(1):7-19. https://doi.org/10.
1016/j.neuron.2009.11.031.

Chockanathan U, Padmanabhan K. Divergence in popula-

tion coding for space between dorsal and ventral CA1. eNeuro.
2021;8(5):ENEURO.0211-21.2021. https://doi.org/10.1523/ENEURO.0211-
21.2021.

Doosti MH, Bakhtiari A, Zare P, Amani M, Majidi-Zolbanin N, Babri S, Salari
AA. Impacts of early intervention with fluoxetine following early neonatal
immune activation on depression-like behaviors and body weight

in mice. Prog Neuropsychopharmacol Biol Psychiatry. 2013;43:55-65.
https://doi.org/10.1016/j.pnpbp.2012.12.003.

Majidi J, Kosari-Nasab M, Salari AA. Developmental minocycline treat-
ment reverses the effects of neonatal immune activation on anxiety- and
depression-like behaviors, hippocampal inflammation, and HPA axis
activity in adult mice. Brain Res Bull. 2016;120:1-13. https://doi.org/10.
1016/j.brainresbull.2015.10.009.

Zhou R, BaiY,Yang R, Zhu Y, Chi X, Li L, Chen L, Sokabe M. Abnormal syn-
aptic plasticity in basolateral amygdala may account for hyperactivity and
attention-deficit in male rat exposed perinatally to low-dose bisphenol-A.
Neuropharmacology. 2011;60(5):789-98. https://doi.org/10.1016/j.neuro
pharm.2011.01.031.

Fanselow MS, Poulos AM. The neuroscience of mammalian associative
learning. Annu Rev Psychol. 2005;56:207-34. https://doi.org/10.1146/
annurev.psych.56.091103.070213.

Lynch MA. Long-term potentiation and memory. Physiol Rev.
2004;84(1):87-136. https://doi.org/10.1152/physrev.00014.2003.

Tang X, Kim J, Zhou L, Wengert E, Zhang L, Wu Z, Carromeu C, Muotri

AR, Marchetto MC, Gage FH, Chen G. KCC2 rescues functional deficits

in human neurons derived from patients with Rett syndrome. Proc Natl
Acad Sci USA. 2016;113(3):751-6. https://doi.org/10.1073/pnas.15240
13113,

Blaesse P, Airaksinen MS, Rivera C, Kaila K. Cation-chloride cotransporters
and neuronal function. Neuron. 2009;61(6):820-38. https://doi.org/10.
1016/}.neuron.2009.03.003.

Pierre WC, Legault LM, Londono |, McGraw S, Lodygensky GA. Alteration
of the brain methylation landscape following postnatal inflammatory
injury in rat pups. Faseb j. 2020;34(1):432-45. https://doi.org/10.1096/1).
201901461R.

Maccari S, Polese D, Reynaert ML, Amici T, Morley-Fletcher S, Fagioli F.
Early-life experiences and the development of adult diseases with a focus
on mental illness: the human birth theory. Neuroscience. 2017,342:232—
51. https://doi.org/10.1016/j.neuroscience.2016.05.042.

Simanek AM, Meier HC. Association between prenatal exposure to mater-
nal infection and offspring mood disorders: a review of the literature. Curr
Probl Pediatr Adolesc Health Care. 2015;45(11):325-64. https://doi.org/10.
1016/j.cppeds.2015.06.008.


https://doi.org/10.3389/fnins.2018.00562
https://doi.org/10.1038/nature09582
https://doi.org/10.1016/j.conb.2013.11.004
https://doi.org/10.1016/j.conb.2013.11.004
https://doi.org/10.1016/j.schres.2017.01.050
https://doi.org/10.1016/j.schres.2017.01.050
https://doi.org/10.1002/jdn.10005
https://doi.org/10.1038/mp.2010.120
https://doi.org/10.1038/mp.2010.120
https://doi.org/10.1016/j.nbd.2011.10.009
https://doi.org/10.1016/j.nbd.2011.10.009
https://doi.org/10.1016/j.cell.2008.09.060
https://doi.org/10.1016/j.cell.2008.09.060
https://doi.org/10.1016/j.neuroscience.2005.12.031
https://doi.org/10.1016/j.neuroscience.2005.12.031
https://doi.org/10.1016/j.nbd.2010.03.012
https://doi.org/10.1016/j.brainresrev.2003.09.002
https://doi.org/10.1016/j.brainresrev.2003.09.002
https://doi.org/10.1523/jneurosci.1203-12.2013
https://doi.org/10.1038/npp.2014.43
https://doi.org/10.1038/npp.2014.43
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1097/md.0000000000015345
https://doi.org/10.1097/md.0000000000015345
https://doi.org/10.1007/s12035-015-9495-5
https://doi.org/10.1016/j.bbadis.2012.01.011
https://doi.org/10.1016/j.neulet.2013.02.005
https://doi.org/10.1016/j.neulet.2013.02.005
https://doi.org/10.1016/j.bbi.2014.05.018
https://doi.org/10.1007/s12031-012-9879-1
https://doi.org/10.1093/labmed/lmx064
https://doi.org/10.1016/j.bbi.2011.05.007
https://doi.org/10.1159/000348440
https://doi.org/10.1073/pnas.152112399
https://doi.org/10.1073/pnas.152112399
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1523/ENEURO.0211-21.2021
https://doi.org/10.1523/ENEURO.0211-21.2021
https://doi.org/10.1016/j.pnpbp.2012.12.003
https://doi.org/10.1016/j.brainresbull.2015.10.009
https://doi.org/10.1016/j.brainresbull.2015.10.009
https://doi.org/10.1016/j.neuropharm.2011.01.031
https://doi.org/10.1016/j.neuropharm.2011.01.031
https://doi.org/10.1146/annurev.psych.56.091103.070213
https://doi.org/10.1146/annurev.psych.56.091103.070213
https://doi.org/10.1152/physrev.00014.2003
https://doi.org/10.1073/pnas.1524013113
https://doi.org/10.1073/pnas.1524013113
https://doi.org/10.1016/j.neuron.2009.03.003
https://doi.org/10.1016/j.neuron.2009.03.003
https://doi.org/10.1096/fj.201901461R
https://doi.org/10.1096/fj.201901461R
https://doi.org/10.1016/j.neuroscience.2016.05.042
https://doi.org/10.1016/j.cppeds.2015.06.008
https://doi.org/10.1016/j.cppeds.2015.06.008

Rong et al. Journal of Neuroinflammation (2023) 20:15

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Zheng ZH, Tu JL, Li XH, Hua Q, Liu WZ, Liu Y, Pan BX, Hu P, Zhang WH.
Neuroinflammation induces anxiety- and depressive-like behavior by
modulating neuronal plasticity in the basolateral amygdala. Brain Behav
Immun. 2021;91:505-18. https://doi.org/10.1016/}.bbi.2020.11.007.
Chamera K, Kotarska K, Szuster-Gtuszczak M, Trojan E, Skérkowska A,
Pomierny B, Krzyzanowska W, Bryniarska N, Basta-Kaim A. The prenatal
challenge with lipopolysaccharide and polyinosinic:polycytidylic acid
disrupts CX3CL1-CX3CR1 and CD200-CD200R signalling in the brains of
male rat offspring: a link to schizophrenia-like behaviours. J Neuroinflam-
mation. 2020;17(1):247. https://doi.org/10.1186/512974-020-01923-0.
Claypoole LD, Zimmerberg B, Williamson LL. Neonatal lipopolysaccharide
treatment alters hippocampal neuroinflammation, microglia morphology
and anxiety-like behavior in rats selectively bred for an infantile trait. Brain
Behav Immun. 2017;59:135-46. https://doi.org/10.1016/j.bbi.2016.08.017.
Rogers JT, Morganti JM, Bachstetter AD, Hudson CE, Peters MM, Grim-
mig BA, Weeber EJ, Bickford PC, Gemma C. CX3CR1 deficiency leads to
impairment of hippocampal cognitive function and synaptic plasticity. J
Neurosci. 2011;31(45):16241-50. https://doi.org/10.1523/jneurosci.3667-
11.2011.

Daumas S, Halley H, Francés B, Lassalle JM. Encoding, consolidation,

and retrieval of contextual memory: differential involvement of dorsal
CA3 and CA1 hippocampal subregions. Learn Mem. 2005;12(4):375-82.
https://doi.org/10.1101/Im.81905.

Akbari E, Naghdi N, Motamedi F. The selective orexin 1 receptor antago-
nist SB-334867-A impairs acquisition and consolidation but not retrieval
of spatial memory in Morris water maze. Peptides. 2007;28(3):650-6.
https://doi.org/10.1016/j.peptides.2006.11.002.

Banks MI, Hardie JB, Pearce RA. Development of GABA(A) receptor-medi-
ated inhibitory postsynaptic currents in hippocampus. J Neurophysiol.
2002;88(6):3097-107. https://doi.org/10.1152/jn.00026.2002.

Wu X, Huang L, Wu Z, Zhang C, Jiang D, Bai Y, Wang Y, Chen G. Homeo-
static competition between phasic and tonic inhibition. J Biol Chem.
2013;288(35):25053-65. https://doi.org/10.1074/jbc.M113.491464.
Caraiscos VB, Elliott EM, You-Ten KE, Cheng VY, Belelli D, Newell JG, Jack-
son MF, Lambert JJ, Rosahl TW, Wafford KA, MacDonald JF, Orser BA. Tonic
inhibition in mouse hippocampal CA1 pyramidal neurons is mediated by
alpha5 subunit-containing gamma-aminobutyric acid type A receptors.
Proc Natl Acad Sci USA. 2004;101(10):3662—-7. https://doi.org/10.1073/
pnas.0307231101.

Cheng VY, Martin LJ, Elliott EM, Kim JH, Mount HT, Taverna FA, Roder

JC, Macdonald JF, Bhambri A, Collinson N, Wafford KA, Orser BA.
Alpha5GABAA receptors mediate the amnestic but not sedative-hypnotic
effects of the general anesthetic etomidate. J Neurosci. 2006,26(14):3713-
20. https://doi.org/10.1523/jneurosci.5024-05.2006.

Martin LJ, Oh GH, Orser BA. Etomidate targets alpha5 gamma-aminobu-
tyric acid subtype A receptors to regulate synaptic plasticity and memory
blockade. Anesthesiology. 2009;111(5):1025-35. https://doi.org/10.1097/
ALN.0b013e3181bbc961.

Kaila K, Price TJ, Payne JA, Puskarjov M, Voipio J. Cation-chloride
cotransporters in neuronal development, plasticity and disease. Nat Rev
Neurosci. 2014;15(10):637-54. https://doi.org/10.1038/nrn3819.

Blaesse P, Schmidt T. K-Cl cotransporter KCC2—a moonlighting protein in
excitatory and inhibitory synapse development and function. Pflugers
Arch. 2015;467(4):615-24. https://doi.org/10.1007/500424-014-1547-6.
Dargaei Z, Bang JY, Mahadevan V, Khademullah CS, Bedard S, Parfitt GM,
Kim JC, Woodin MA. Restoring GABAergic inhibition rescues memory
deficits in a Huntington'’s disease mouse model. Proc Natl Acad Sci USA.
2018;115(7):E1618-26. https://doi.org/10.1073/pnas.1716871115.

Liu R, Wang J, Liang S, Zhang G, Yang X. Role of NKCC1 and KCC2 in
epilepsy: from expression to function. Front Neurol. 2019;10:1407. https://
doi.org/10.3389/fneur.2019.01407.

Kahle KT, Khanna AR, Duan J, Staley KJ, Delpire E, Poduri A. The KCC2
cotransporter and human epilepsy: getting excited about inhibition.
Neuroscientist. 2016;22(6):555-62. https://doi.org/10.1177/1073858416
645087.

Kitayama T. The role of K(4-)-Cl(-)-cotransporter-2 in neuropathic

pain. Neurochem Res. 2018;43(1):110-5. https://doi.org/10.1007/
$11064-017-2344-3.

Boulenguez P, Liabeuf S, Bos R, Bras H, Jean-Xavier C, Brocard C, Stil A,
Darbon P, Cattaert D, Delpire E, Marsala M, Vinay L. Down-regulation of
the potassium-chloride cotransporter KCC2 contributes to spasticity after

Page 18 of 18

spinal cord injury. Nat Med. 2010;16(3):302-7. https://doi.org/10.1038/
nm.2107.

71. de Ferron BS, Vilpoux C, Kervern M, Robert A, Antol J, Naassila M, Pierre-
fiche O. Increase of KCC2 in hippocampal synaptic plasticity disturbances
after perinatal ethanol exposure. Addict Biol. 2017;22(6):1870-82. https://
doi.org/10.1111/adb.12465.

72. Jiang J, Tang B, Wang L, Huo Q, Tan S, Misrani A, Han Y, Li H, Hu H,

Wang J, Cheng T, Tabassum S, Chen M, Xie W, Long C, Yang L. Systemic
LPS-induced microglial activation results in increased GABAergic tone:

a mechanism of protection against neuroinflammation in the medial
prefrontal cortex in mice. Brain Behav Immun. 2022,99:53-69. https://doi.
0rg/10.1016/j.bbi.2021.09.017.

73. Jarlestedt K, Naylor AS, Dean J, Hagberg H, Mallard C. Decreased survival
of newborn neurons in the dorsal hippocampus after neonatal LPS
exposure in mice. Neuroscience. 2013;253:21-8. https://doi.org/10.1016/j.
neuroscience.2013.08.040.

74. Reik W. Stability and flexibility of epigenetic gene regulation in mam-
malian development. Nature. 2007;447(7143):425-32. https://doi.org/10.
1038/nature05918.

75. Kundakovic M, Jaric . The epigenetic link between prenatal adverse
environments and neurodevelopmental disorders. Genes. 2017;8(3):104.
https://doi.org/10.3390/genes8030104.

76. Grayson DR, Guidotti A. The dynamics of DNA methylation in schizo-
phrenia and related psychiatric disorders. Neuropsychopharmacology.
2013;38(1):138-66. https://doi.org/10.1038/npp.2012.125.

77. Rivera C, Voipio J, Thomas-Crusells J, Li H, Emri Z, Sipila S, Payne JA,
Minichiello L, Saarma M, Kaila K. Mechanism of activity-dependent down-
regulation of the neuron-specific K-CI cotransporter KCC2. J Neurosci.
2004;24(19):4683-91. https://doi.org/10.1523/jneurosci.5265-03.2004.

78. Zhang Z,Wang X, Wang W, Lu YG, Pan ZZ. Brain-derived neurotrophic
factor-mediated downregulation of brainstem K+-Cl- cotransporter and
cell-type-specific GABA impairment for activation of descending pain
facilitation. Mol Pharmacol. 2013;84(4):511-20. https://doi.org/10.1124/
mol.113.086496.

79. Shulga A, Thomas-Crusells J, Sigl T, Blaesse A, Mestres P, Meyer M, Yan Q,
Kaila K, Saarma M, Rivera C, Giehl KM. Posttraumatic GABA(A)-mediated
[Ca2+]iincrease is essential for the induction of brain-derived neuro-
trophic factor-dependent survival of mature central neurons. J Neurosci.
2008;28(27):6996-7005. https://doi.org/10.1523/jneurosci.5268-07.2008.

80. Taylor RA, Ai'Y, Sansing LH. Abstract TMP55 TGF-31 induces microglial
BDNF production and improves functional outcome after intracerebral
hemorrhage. Stroke. 2016;47(suppl_1):ATMP55. https://doi.org/10.1161/
str47.suppl_1.tmp55.

81. HuY,ChenW,Wu L, Jiang L, Liang N, Tan L, Liang M, Tang N. TGF-B31
restores hippocampal synaptic plasticity and memory in Alzheimer
model via the PI3K/Akt/Wnt/B-Catenin signaling pathway. J Mol Neurosci.
2019;67(1):142-9. https://doi.org/10.1007/512031-018-1219-7.

82. Chin J, Liu RY, Cleary LJ, Eskin A, Byrne JH. TGF-betal-induced long-term
changes in neuronal excitability in aplysia sensory neurons depend on
MAPK. J Neurophysiol. 2006;95(5):3286-90. https://doi.org/10.1152/jn.
00770.2005.

83. Caraci F, Gulisano W, Guida CA, Impellizzeri AA, Drago F, Puzzo D, Palmeri
A. A key role for TGF-31 in hippocampal synaptic plasticity and memory.
Sci Rep. 2015;5:11252. https://doi.org/10.1038/srep11252.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.bbi.2020.11.007
https://doi.org/10.1186/s12974-020-01923-0
https://doi.org/10.1016/j.bbi.2016.08.017
https://doi.org/10.1523/jneurosci.3667-11.2011
https://doi.org/10.1523/jneurosci.3667-11.2011
https://doi.org/10.1101/lm.81905
https://doi.org/10.1016/j.peptides.2006.11.002
https://doi.org/10.1152/jn.00026.2002
https://doi.org/10.1074/jbc.M113.491464
https://doi.org/10.1073/pnas.0307231101
https://doi.org/10.1073/pnas.0307231101
https://doi.org/10.1523/jneurosci.5024-05.2006
https://doi.org/10.1097/ALN.0b013e3181bbc961
https://doi.org/10.1097/ALN.0b013e3181bbc961
https://doi.org/10.1038/nrn3819
https://doi.org/10.1007/s00424-014-1547-6
https://doi.org/10.1073/pnas.1716871115
https://doi.org/10.3389/fneur.2019.01407
https://doi.org/10.3389/fneur.2019.01407
https://doi.org/10.1177/1073858416645087
https://doi.org/10.1177/1073858416645087
https://doi.org/10.1007/s11064-017-2344-3
https://doi.org/10.1007/s11064-017-2344-3
https://doi.org/10.1038/nm.2107
https://doi.org/10.1038/nm.2107
https://doi.org/10.1111/adb.12465
https://doi.org/10.1111/adb.12465
https://doi.org/10.1016/j.bbi.2021.09.017
https://doi.org/10.1016/j.bbi.2021.09.017
https://doi.org/10.1016/j.neuroscience.2013.08.040
https://doi.org/10.1016/j.neuroscience.2013.08.040
https://doi.org/10.1038/nature05918
https://doi.org/10.1038/nature05918
https://doi.org/10.3390/genes8030104
https://doi.org/10.1038/npp.2012.125
https://doi.org/10.1523/jneurosci.5265-03.2004
https://doi.org/10.1124/mol.113.086496
https://doi.org/10.1124/mol.113.086496
https://doi.org/10.1523/jneurosci.5268-07.2008
https://doi.org/10.1161/str.47.suppl_1.tmp55
https://doi.org/10.1161/str.47.suppl_1.tmp55
https://doi.org/10.1007/s12031-018-1219-7
https://doi.org/10.1152/jn.00770.2005
https://doi.org/10.1152/jn.00770.2005
https://doi.org/10.1038/srep11252

	Neonatal inflammation increases hippocampal KCC2 expression through methylation-mediated TGF-β1 downregulation leading to impaired hippocampal cognitive function and synaptic plasticity in adult mice
	Abstract 
	Background
	Materials and methods
	Animal model preparation
	Behavior analysis
	Contextualcued fear conditioning
	Morris water maze

	Histological staining
	Slice preparation
	Toluidine blue staining
	Immunohistochemical labeling

	Biochemical detection
	Tissue preparation
	Real-time RT-PCR
	Western blot
	Methylatedhydroxymethylated DNA immunoprecipitation

	Electrophysiological analysis
	Slice preparation
	Extracellular recording
	Whole-cell patch-clamp recording

	Drug administration
	Data analysisstatistics

	Results
	The enhancement of GABAergic function is responsible for the impairment of hippocampus-dependent memory in adult LPS mice
	Contextualcued fear conditioning
	Morris water maze test

	The enhancement of GABAergic synaptic transmission inhibits the LTP induction in the dorsal CA1 of adult LPS mice
	Post-synaptic potentiation of GABAergic transmission in the dorsal CA1 is detected in adult LPS mice
	KCC2 expression and activity are increased in the dorsal CA1 of adult LPS mice
	The excess expression of KCC2 is related with the TGF-β1 downregulation in adult LPS mice
	TGF-β1 downregulation contributes to the increase of KCC2 expression and function in adult LPS mice
	TGF-β1 downregulation contributes to the impairment of synaptic plasticity and hippocampus-dependent memory of adult LPS mice
	Hypermethylation at TGFb1 promoter is the underlying mechanism of downregulation of TGF-β1 expression in adult LPS mice

	Discussion
	Acknowledgements
	References


