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Abstract
Background: Astrocyte A1/A2 phenotypes may play differential role in the pathogenesis of periventricular
white matter (PWM) damage in septic postnatal rats. In this study, we sought to determine whether
melatonin(MEL) would improve the axonal hypomyelination and neurological dysfunction, and, if so, to
ascertain whether this may be related to transformation of astrocyte A1 to A2 phenotype.

Methods: One-day-old Sprague–Dawley rats were divided into control, LPS, and LPS+MEL groups.
Immuno�uorescence was performed to detect IBA1, GFAP, MAG, C3 and S100A10 in the PWM of neonatal
rats. C1q, IL-1α and TNF-α expression were assessed by immuno�uorescence and ELISA. Electron
microscopy was conducted to observe alterations of axonal myelin sheath in the PWM, and the number
of PLP and MBP positive oligdendrocytes was caculated using in situ hybridization. The effects of MEL
on locomotor ability, spatial learning and memory were evaluated by behavioral testing. In vitro, A1
astrocyte was induced by IL-1α, C1q and TNF-α, the effect of MEL on C3 and S100A10 expression was
determined by Western blot and immuno�uorescence. JAK2/STAT3 signaling pathway was investigated
to determine whether it was involved in modulation of A1/A2 phenotype transformation.

Results: At 1 and 3 days after LPS injection, IBA1+ microglia in the PWM were signi�cantly increased in
cell numbers which generated excess amounts of IL-1α, TNF-α, and C1q. The number of A1 astrocytes
was signi�cantly increased at 7-28d after LPS injection. In rats given MEL treatment, the number of A1
astrocytes was signi�cantly decreaed, but that of A2 astrocytes, PLP+, MBP+ and MAG+ cells was
increased. By electron microscopy, ultrastructural features of axonal hypomyelination were attenuated by
MEL. Furthermore, MEL improved neurological dysfunction as evaluated by different neurological tests.
In vitro, MEL decreased the C3 signi�cantly, and upregulated expression of S100A10 in primary
astrocytes subjected to IL-1α, TNF-α and C1q treatment. Additionally, JAK2/STAT3 signaling pathway
was found to be involved in modulation of A1/A2 phenotype transformation.

Conclusions: MEL effectively alleviates PWMD of septic neonatal rats, and that it is most likely through
modulating astrocyte phenotypic transformation from A1 to A2 via the MT1/JAK2/STAT3 pathway.

Introduction
Neonatal sepsis is the cause of substantial morbidity and mortality in the newborns resulting in adverse
neurodevelopmental outcomes including cerebral palsy, retinopathy of prematurity, sensorineural hearing
loss and cognitive defects1–4. A hallmark pathological feature is cerebral white matter injury, particularly
periventricular white matter (PWM) damage (PWMD)5,6. We reported previously that PWMD induced by
neonatal sepsis was associated with microglial activation, diffuse reactive astrogliosis, loss of
oligodendrocyte progenitor cells (OPCs) and resultant hypomyelination7–9.Microglia and astrocytes are
resident glial cell types of the central nervous system (CNS), known to produce key in�ammatory
mediators following infection with pathogens10,11. It has been reported that microglia are the main source
of in�ammatory factors in the early stage of neuroin�ammatory response, while astrocytes play an
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important role in the later stage of chronic in�ammatory response12. There is increasing evidence that
astrogliosis may lead to the developmental impairment of the CNS13–17. Astrocytes provide trophic
support for neurons, regulate the generation of new blood vessels, promote formation and function of
synapses, and are involved in a wide range of homeostatic maintenance functions18–20. However, in
response to noxious stimulation and nerve injury, astrocytes can undergo a series of phenotypic and
functional changes and transform into reactive astrocytes21. Recent studies have shown that
neuroin�ammation and ischemia induced two different types of reactive astrocytes, referred to as ‘‘A1’’
and ‘‘A2’’13. It has been reported that lipopolysaccharide (LPS)-activated microglia‐conditioned medium or
a composite of interleukin 1α (IL‐1α), tumor necrosis factor α (TNF-α), and complement component 1q
(C1q) can elicit A1 astrocytic activation in cultures. A1 phenotype has been shown to upregulate different
classical complement cascade genes, and Complement 3 (C3) which is detrimental to neurons and
oligodendrocytes. On the other hand, A2 phenotype, induced by ischemia, upregulates many neurotrophic
factors, which foster survival and growth of neurons. A2 also produces S100A10 that promotes cell
proliferation and membrane repair13,22.

Melatonin is a key neurohormone that is bene�cial for many neurological disorders including Alzheimer’s
disease23, Parkinson’s disease24, Huntington’s disease25, amyotrophic lateral sclerosis26,27, and multiple
sclerosis28. Melatonin as well as its metabolites are endowed with diverse pharmacological properties
such as anti-in�ammatory, anti-oxidative and anti-apoptotic effects. Melatonin exerts its effects through
its cognate receptor, namely, melatonin receptor 1A (MT1), localized in different types of cells in the CNS
including the neurons, microglia and astrocytes29–31. Moreover, the indoleamine exhibits a protective role
against neurological disorders through inhibiting astrocyte activation. Previous studies have shown that
melatonin effectively inhibited Aβ protein induced-astrocyte activation, reduced neuroin�ammation and
attenuated neurodegeneration and memory impairment. More recently, it has been shown that melatonin
prevented astrocyte activation in a newborn mouse model of hypoxic-ischemic brain injury34. We reported
previously that activated astrocytes were closely associated with PWMD induced by neonatal sepsis35.
Given its anti-in�ammatory and anti-oxidative properties, it would be therefore of great interest to explore
if melatonin would help repair the PWMD in septic neonatal brain. Along with this, it would also be
relevant to ascertain if melatonin would transform A1 to A2 phenotype in the PWM of septic neonatal
brain and, if so, to determine if this might coincide with attenuation of axonal hypomyelination and
improvement of neurological dysfunction. Addtionally, we sought to investigate whether melatonin would
regulate transfomation of A1 to A2 phenotypic via the MT1/JAK2/STAT3 pathway. The present results
suggest that melatonin indeed may serve as a potential therapeutic agent to attenuate PWMD induced by
the bacterial toxin LPS by promoting astrocyte polarization from A1 to A2 phenotupe that is
neuroprotective.

Materials And Methods

Animals and treatments
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One-day-old Sprague–Dawley (SD) rats were purchased from the Laboratory Animal Center of Sun Yat-
sen University (Guangzhou, China). All rats were kept in a facility with a 12-hour light/dark cycle (light on
9:00 a.m.-9:00 p.m.). The rats at postnatal day 1 (P1) were randomly assigned to three groups: (1) control
group (Control), (2) LPS injection group (LPS), and (3) LPS + Melatonin injection group (LPS + MEL). Rats
in the LPS group received a single intraperitoneal injection of LPS (1 mg/kg) derived from Escherichia coli
O111:B4 (Sigma-Aldrich, L4391), while the control group was intraperitoneally administered with 0.01M
phosphate buffered saline (PBS) (1 mg/kg). The rats in the LPS + MEL group were injected
intraperitoneally with melatonin (Sigma-Aldrich, MO, USA; catalogue number: M5250) (10 mg/kg) at 7d
after LPS injection (1 mg/kg) and, thereafter, once daily until postnatal day 28. The rats in each group
were sacri�ced at different time points at 1, 3, 7 ,14, and 28 days. The number of rats in each group is
given in Table 1. All animal experimental procedures were approved by the Institutional Animal Care and
Use Committee, Guangdong Province, China. The experimental design can be seen in Supporting Fig. 1.

Table 1
Number of rats killed at various time points after the LPS intraperitoneal injection (inside the round
brackets) or LPS + MEL treatment (inside the square brackets) and their age-matched controls for

different experiments (outside the brackets).
Age Immuno�uorescence In situ

hybridization
Electron
microscopy

Open �eld
test

Morris water
maze test

1d 3(3) / / / /

3d 3(3) / / / /

7d 3(3) / / / /

14d 3 (3) [3] 3 (3) [3] / / /

28d 3 (3) [3] 3 (3) [3] 3 (3) [3] 10 (10)
[10]

10 (10) [10]

Open �eld test
Locomotor activity of rats was measured using an open �eld test (OFT) at 28d after LPS/melatonin
injection. Rats were individually placed in a 75 cm × 75 cm open arena with 50 cm high walls and an
infrared beam detection system. They were delivered to the testing room and allowed to leave from their
home cages for 30 min before the test. Individual rats were placed in the center of the bright open �eld
arena followed by recording of the locomotor behavior for a 5 min test session. The arena was cleaned
with 70% ethanol between trials. The parameters of the total distance traveled, distances in the central
area, and locomotor speed were recorded accordingly.

Morris water maze test
The rats were subjected to the Morris water maze test for spatial learning and memory assessment. The
maze was a circular pool with 200 cm diameter and 30 cm height and �lled with 25°C ± 1°C water. The
pool was divided into four quadrants and remained the same along with the surrounding environment
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throughout the test. A hidden square platform (10 cm in diameter) was located at 1 cm below the water
surface in the center of target quadrant. In the acquisition trails, rats were placed into the pool to allow
them �nd the hidden platform within 120 s. In the subsequent four days, the rats were trained to locate
the platform at a �xed time each day, once per day. The rats released into the water with their heads up
and facing the tank wall. The time taken for the rats to reach the �xed platform was recorded as the
escape latency. To measure spatial memory for the previous platform location, the probe trials in which
the platform was removed from the pool were performed in 24 h after the last learning trial. We recorded
the relative times that rats crossed the original platform position within 120 s.

Primary astrocyte cultures and treatment
Primary cortical astrocyte cultures were prepared using 1-day‐old neonatal SD rats (obtained from
Laboratory Animal Center, Sun Yat-sen University, Guangdong Province, China). The adherent meninges
were removed with a pair of �ne forceps by using a dissecting microscope. Cells were counted using
Scepter automated cell counter (JIMBIO FIL). Mixed glial cells separated from the cerebral cortex were
plated on a 75 cm2 �ask at a density of 1.2x 106 cells/mL in Dulbecco's modi�ed Eagle's medium/F12
medium (DMEM/F12, Gibco) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT). The
mixed cells were cultured for 8–9 days in a humidi�ed 5% CO2 incubator at 37°C, and half of the medium
was replaced about every 3–4 days. After 9–10 days, the �asks were shaken at room temperature at 180
rpm for 1 h to remove the microglial cells. After this, the �asks were added fresh DMEM/F12/FBS and
continued to shake at 250 rpm for 18–20 h to ensure that OPCs were removed. Following this, puri�ed
astrocytes cultures subjected to different treatments were divided into different groups. A1 astrocytes
were derived from primary puri�ed astrocytes treated for 24 h with IL-1α (3 ng/ml, Sigma, I3901), TNF-α
(30 ng/ml, Cell Signaling Technology, 8902SF), and C1q (400 ng/ml, MyBioSource, MBS143105). For the
combination treatment, astrocytes were pretreated with melatonin (1 mM) for 1 h and then incubated with
medium containing IL-1α, TNF-α and C1q for 24h incubation. Luzindole (100 µM) (the blocker of both
MT1 and MT2 melatonin membrane receptors, abcam, ab145232) was added at 1 h prior to melatonin
treatment. AG490 (10 µM) (the blocker of JAK2, MCE, CAS No.133550-30-5) and STAT-IN-3 (10 µM) (the
blocker of STAT3, MCE, CAS No.2361304-26-7) were used along with melatonin to detect their effects on
A1 astrocytes.

Double immuno�uorescence
Rats from each time point in LPS group, LPS + melatonin group and their corresponding control group
were deeply anesthetized with 4% pentobarbital. Under deep anesthesia, the rats were perfused
transcardially �rst with PBS, followed 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were
removed and further �xed in 4% paraformaldehyde in 0.1 M phosphate buffer overnight at 4℃. After this,
the brains were kept in 30% sucrose until use. Coronal frozen sections were cut at 10-µm thickness, and
mounted on glass slides. Brain sections were obtained from different time points of three separate rat
groups, namely, LPS group, LPS + melatonin group as well as their aged matching control group. The
sections were processed for different treatments: Group I: brain sections were from each of the above-
mentioned three rat groups sacri�ced at 1, 3 and 7 days after LPS injection and their aged matching
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controls. They were incubated with GFAP antibody. Group II: the brain sections were from rats in each
group sacri�ced at 1, 3 and 7 days after LPS injection and their aged matching controls. They were
incubated with IBA1 antibody and IL-1α or TNF-α or C1q antibody. Group I: the brain sections came from
rats in each group sacri�ced at 7, 14 and 28 days after LPS injection, LPS + melatonin injection and their
aged matching controls. They were incubated with GFAP antibody and C3 or S100A10 antibody. Group
IV: the brain sections were from rats in each group sacri�ced at 14 and 28 days after LPS injection, LPS + 
MEL injection and their aged matching controls. They were incubated with antibody directed against anti-
MAG. All the brain sections incubated with the respective primary antibodies (Table 2) were carried out
overnight at 4℃. After washing three times by PBS, the sections were incubated at room temperature for
1h with appropriate �uorescent secondary antibodies: Alexa Fluor 488 Goat Anti-Chicken IgY (1:300,
ab150169), Alexa Fluor 488 Goat Anti- Rabbit IgG (1:300, ab150077), Alexa Fluor 594 Goat Anti-Mouse
IgG (1:300, ab150116), Alexa Fluor 594 Goat Anti-Rabbit IgG (1:300, ab150080). After three washes with
PBS, DAPI (Sigma-Aldrich, D9542) was used for counterstaining of the nucleus and then viewed using a
�uorescence microscope.

Table 2
Primary antibodies used in experiments

Antibody Host Company Cat.NO. Application (concentration)

GFAP Chicken Abcam ab4674 IF (1:200)

IBA1 Rabbit Abcam ab178846 IF (1:200)

C1q Mouse Abcam ab71940 IF (1:50)

IL-1α Mouse Abcam ab239517 IF (1:100)

TNF-α Mouse Novus NBP2-34301 IF (1:100)

C3 Rabbit Abcam ab200999 WB (1:1000)/IF (1:100)

S100A10 Rabbit Thermo Fisher Scienti�c PA5-95505 WB (1:1000)/IF (1:100)

MAG Rabbit Abcam ab277524 IF (1:200)

GAPDH Rabbit Abcam ab9485 WB (1:2000)

MT1 Rabbit Novus NBP1-28912 WB (1:1000)

JAK2 Rabbit Abcam ab108596 WB (1:1000)

P-JAK2 Rabbit Abcam ab32101 WB (1:1000)

STAT3 Rabbit Abcam ab68153 WB (1:1000)

P-STAT3 Rabbit Abcam ab76315 WB (1:1000)

The cultured spheres of primary astrocytes were treated with PBS or IL-1α, TNF-α and C1q or IL-1α, TNF-α,
C1q and melatonin for 24 h. After treatment, immuno�uorescence staining was carried out in primary
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astrocytes following standard protocol. Brie�y, primary cultured astrocytes were rinsed in PBS for three
times. Next, the cells were �xed in 4% paraformaldehyde for 30 min and then blocked in 1% BSA for 1 h.
After this, the primary astrocytes were incubated with primary antibodies against GFAP and C3 or
S100A10 (Table 2) overnight at 4℃. Next, the primary astrocytes were incubated with appropriate
secondary �uorescent antibodies. Finally, the primary astrocytes were counterstained with DAPI. After
staining, the brain sections or cells were observed and photographed using a �uorescence microscope.
Quantitative analysis of cell numbers in the PWM was carried out through counting the labeled cells in
four different microscopic �elds, respectively, by a blinded observer. The cells with a green IBA1 labeling
�uorescent cell body overlapping with red were counted as IBA1+ C1q+, IBA1+ TNF-α+, IBA1+ IL-1α+

positive cells. The cells with a green GFAP labeling �uorescent cell body overlapping with red were
counted as GFAP+ C3+ and GFAP+ S100A10+ positive cells. Positive cell count was performed using the
Image J software.

ELISA
The expression levels of IL-1α, TNF-α and C1q in the PWM obtained from P1, P3 and P7 rats were
determined. Rats exposed to LPS at 1, 3, and 7 days (n = 3 at each time) and their corresponding controls
(n = 3 at each time point) were anesthetized with 4% pentobarbital. Subsequently, the brain was removed
and processed accordingly. Brie�y, the PWM tissues (about 100mg) were homogenized by grinders in 0.1
M phosphate buffer. Samples of supernatants were analyzed using a commercially available ELISA kit
according to the manufacturer’s protocol. Analysis of optical density was performed in a multifunctional
microplate reader.

Electron microscopy and G-ratio analysis
Transmission electron microscopy was performed as previously described9. Brie�y, P28 rats from control,
LPS injection group and LPS + melatonin injection group were �ushed through the left ventricle with PBS,
followed by perfusion with a mixed aldehyde �xative composed of 2% paraformaldehyde and 3%
glutaraldehyde in 0.1 M phosphate buffer, PH=7.2. After perfusion, blocks of PWM tissues (about 1-mm
thick) were further processed using standard methods for transmission electron microscopy. Tissue
blocks were post�xed in 1% osmium tetraoxide for 2 h, followed by dehydration and �nal embedding in
Araldite mixture. Ultrathin sections double stained with uranyl acetate and lead citrate were examined
using a transmission electron microscope (HITACHI, model:HT7700). Electron microscopic images were
captured at 4000× magni�cation. Four non-overlapping electron microscope images were randomly
selected from each group to analyze the number of myelinated axons; the axon + myelin diameter was
measured and calibrated by Image J software. G-ratio of the myelinated axon was then calculated, that
is, the ratio of the axon diameter to the axon plus the myelin sheath diameter.

In situ hybridization
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In situ hybridization was carried out as previously described7,9. Brie�y, coronal frozen brain sections (10-
µm thick) from P14 and P28 rats were incubated with proteinase K (S3004, Dako, Carpinteria, CA, USA)
for 10 min and then rinsed in distilled water in 96% ethanol and in isopropanol for 5 min each time.
Following this, the brain sections were incubated with hybridization mixture composed of distilled water,
saline sodium citrate (SSC) buffer, 50% formamide, 50% dextran sulfate, Denhardt's solution (D2532,
Sigma-Aldrich, Saint Louis, MO, USA), herring sperm DNA and 3′-digoxigenin-conjugated probe (Courtesy
of Prof. Hui Fu's lab). After binding of horseradish peroxidase (HRP)-labeled probes, brain sections were
colored with chromogenic substrate and dehydrated with alcohol (2 min for 70% and 95%, separately)
and mounted. The probe details of PLP and MBP were described in our previous study. PLP and MBP
positive cells were identi�ed under a laboratory bright-�eld microscope (Olympus System Microscope
Model BX53, Olympus Company Pte, Tokyo, Japan) at 40x magni�cation. The number of MBP and PLP
positive cells in the PWM was calculated by counting four randomly selected microscopic �elds in
sections obtained from each rat by a blinded observer.

Western blot analysis
A protein extraction kit (Best Bio, BB-3101-100T) was used to extract the proteins from primary cultured
astrocytes with different treatments. The standard protocol as previously described7,36was used to detect
the protein concentrations by BCA Protein Assay Kit (Thermo Scienti�c, 23250). Samples of supernatants
containing 30 µg of total protein were collected and heated at 100°C for 10 min. These samples were
separated by SDS-PAGE and then transferred to a 0.22 µm polyvinylidene �uoride membranes (Bio-Rad,
USA). Then, the membranes were blocked in 5% nonfat dried milk in Tris-buffered saline containing 0.05%
Tween 20 (TBST) [0.05%(v/v) Tween-20 in 20 mmol/L (mm) Tris-HCl buffer, pH 7.6, containing 137 mm
sodium chloride] for 1 h at room temperature, and then incubated with primary antibodies listed in
Table 2. After three rinses in TBST, the membranes were hybridized with the appropriate secondary
antibodies, including anti-mouse IgG (1:3000, Cell Signaling Technology, 7076S) or anti-rabbit IgG
(1:3000, Cell Signaling Technology, 7074S) for 1h at room temperature. The protein bands were
visualized by chemiluminescence kit (Millipore, WBKLS0500) and images were created by Image Quant
LAS 500 Imager (GE Healthcare Bio-Sciences AB). The optical density of the respective protein bands was
quanti�ed with image J software.

Real-time reverse transcription polymerase chain reaction
(RT‐PCR)
Total RNA was extracted form primary cultured astrocytes subjected to different treatments by using
Trizol reagent (Thermo Fisher Scienti�c). One µg of RNA were reversely transcribed to detect leukemia
inhibitory factor (LIF) and Fibroblast Growth Factor 2 (FGF2) levels using the 5×PrimeScript RT Master
Mix Kit (RR036A, Takara, Japan). Subsequently, 1µl of complementary DNA solution was used for real-
time PCR in a 10µl reaction mixture containing 5µl 2×SYBR Premi×E×TaqTM (RR820A, Takara, Japan).
The results were normalized to GAPDH. All the experiments were performed in triplicates as per the
manufacturer’s instructions. The primer sequences used for RT-PCR are given in Table 3.
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Table 3
Real-time PCR primer sequences

Primer Sequence (5′–3′)

GAPDH Forward

GAPDH Reverse

GTGCCAGCCTCGTCTCATAG

AGAGAAGGCAGCCCTGGTAA

LIF Forward

LIF Reverse

TCAACTGGCTCAACTCAACG

ACCATCCGATACAGCTCGAC

FGF2 Forward

FGF2 Reverse

CGGCTGCGGCTTCTAAGTC

GCCCCGTTTTGGACTCGAGT

Statistical analysis
All the values are expressed as the mean ± standard error of measurement (SEM). Statistical analyses
were performed with IBM SPSS 25.0 statistical Software. Different statistical methods were applied
according to different types of data. The data in Fig. 1, 2A, 3 and 5A-D with time (days after LPS
injection) and treatment groups (vehicle, LPS or melatonin) were analyzed using two-way ANOVA. The
data in Fig. 4E were analyzed by two-way ANOVA with treatment groups and training day (repeated
measurement) as the independent variables. The data in Fig. 2C-F, 4A-D, F, 5F-H, 6 and 7 were compared
using one-way ANOVA. P < 0.05 was considered as statistical signi�cance.

Results

Microglia and astrocyte activation in the PWM of septic
neonatal rats
To investigate the role of microglia and astrocytes in the PWM of neonatal rats injected with LPS, we �rst
examined the expression of IBA1 and GFAP in the white matter composed of parallel arrays of axons.
IBA1 and GFAP expression was detected by immuno�uorescence which showed that the number of IBA1+

DAPI + cells was noticeably increased in PWM at 1 and 3 days following LPS injection when compared
with the matching control (Fig. 1A, B). The area of the PWM analyzed is shown in Supporting Fig. 2A. Of
note, there was no signi�cant difference in the number of IBA1+ DAPI+ cells at 7 days after LPS treatment
when compared with the control group (Fig. 1B). Cell count results showed that the number of GFAP+

DAPI+ cells was signi�cantly increased at 3 days and remained relatively stable in the PWM at 7 days
after LPS injection (Fig. 2A, B) in comparison with the control. Studies have shown that A1 astrocytes can
be induced by multiple in�ammatory factors derived from microglia including IL-1α, TNF-α and C1q13,40.
To con�rm the activation state of astrocytes in septic brain injury model, rats were euthanized at 1, 3 and
7 days after LPS injection. Following this, the concentration of IL-1α, TNF-α and C1q in the PWM was
evaluated. As shown in Fig. 1D-F, the concentration of IL-1α, TNF-α and C1q was signi�cantly higher in
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the septic group than that in the corresponding control. By immuno�uorescence labeling, vigorous IL-1α,
TNF-α and C1q expression was detected in microglia(Fig. 1A, Supporting Fig. 3, 4). Because the increased
IL-1α, TNF-α and C1q expression in the PWM after LPS injection was mainly localized in the activated
microglia; it is suggested that when released into the ambient environment they had activated and
accounted for the transformation of astrocytes to A1 phenotype in the PWM of septic neonatal rats. In
this study, A1 astrocyte was identi�ed by its classical marker C3. As expected, the number of C3+ GFAP+

�uorescent astrocytes in the PWM was signi�cantly increased 7 days after LPS injection in comparison
with the matching control (Fig. 2C, D). Additionally, S100A10, a representative �uorescence marker for A2
astrocyte, was signi�cantly decreased after LPS injection (Fig. 2E, F).

Melatonin induced transformation of LPS-induced A1 to A2
astrocyte
To explore the effect of melatonin on astrocyte phenotype, septic neonatal rats were given melatonin
treatment at 7 days after LPS injection. Double immuno�uorescence showed an increase in number of
C3+ GFAP+ �uorescent astrocytes in the PWM at 14 and 28 days after LPS injection when compared with
the corresponding control. Remarkably, in rats receiving melatonin treatment simultaneously, the number
of C3+ GFAP+ astrocytes in the PWM of septic neonatal rats was decreased (Fig. 3A, B). This suggests
that melatonin can reduce the number of A1 astrocytes in the PWM in septic neuronal rats.

Studies have reported that A2 astrocytes can exert neuroprotective effect and tissue repair by secreting
different trophic factors. Expression of S100A10, a marker for A2 astrocyte, was signi�cantly decreased
after LPS treatment but it was rescued by melatonin. Double immuno�uorescence showed S100A10
antibody and GFAP colocalization in astrocyte in the PWM. As shown in Fig. 3C, D, S100A10+ GFAP+ cells
were markedly decreased in the PWM at 14 and 28 days after LPS injection; however, the number of
S100A10+ GFAP+ cells was markedly increased in the PWM of septic rats treated with melatonin. Taken
together, the results indicate that melatonin can reduce the number of A1 astrocytes. Concurrent to this,
the number of A2 astrocytes was increased in the PWM in septic neonatal rats.

Melatonin improved the long-term neurological dysfunction
of septic neonatal rats
To further assess whether melatonin could improve the long-term neurological dysfunction of septic
neonatal rats, the open �eld test (OFT) and Morris water maze (MWM) test were performed at 28d after
LPS injection. As shown in Fig. 4A, B, there were no signi�cant differences in the total distance moved as
well as the average movement speed of rats in the CON, LPS and LPS + MEL groups in the open �eld
experiment, indicating that there were no obvious motor defects of the rats in each group. However, LPS-
injected rats spent a shorter duration and moved for a shorter distance in the center area than the control
group; whereas the duration of movement in the center area and the ratio between the distance in the
center area and the total distance of the LPS + MEL group were signi�cantly increased compared to that
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of the LPS group. Thus, these results suggest that melatonin can help recovery of the rats from anxiety-
like behavior induced by LPS (Fig. 4C, D).

Morris water maze test was used to evaluate the learning and memory function of rats at 28d after
LPS/melatonin injection. At 28d following LPS injection, a slow learning process was measured by the
escape latency to �nd the �xed platform during the �rst 4 days. It was markedly prolonged in comparison
with the control group. In LPS injected rats treated with melatonin, a signi�cant reduction in latency time
was observed (Fig. 4E). Additionally, on the 5th day during the space exploration, the frequency of original
platform crossings in the LPS group was signi�cantly decreased when compared with the control group.
However, a signi�cantly higher number of platform location crosses was observed in the melatonin group
than in comparison with the LPS group (Fig. 4F). These results indicated that melatonin treatment can
rescue cognitive defects of rats challenged with LPS.

Melatonin attenuated axonal hypomyelination in the PWM in
LPS-induced septic neonatal rats
Liddelow et al. (2017) demonstrated that A1 astrocytes were able to slow the differentiation and
prolifertation of oligodendrocyte precursor cells. To verify whether melatonin would reverse the long-term
impairments in myelination caused by LPS, we next explored whether melatonin would improve
hypomyelination in the PWM at 14 and 28 days. The expression of mature myelin sheath associated
proteins including MAG, MBP and PLP in the PWM was examined. Immuno�uorescence showed that
MAG expression in the PWM was obviously reduced in postnatal rats at 14 and 28 days after LPS
injection. Very strikingly, melatonin administration reversed the decreased expression of MAG protein
(Fig. 5A). The number of MAG+ oligodendrocytes was signi�cantly decreased in the PWM in septic rats at
14 and 28 days after LPS injection in comparison with the control (Fig. 5A, B). The area of the PWM
analyzed is shown in Supporting Fig. 2B. Melatonin reversed the reduction in number of MAG+

oligodendrocytes (Fig. 5A, B). To further elucidate whether melatonin would improve axonal
hypomyelination in the PWM induced by LPS, in situ hybridization with antisense riboprobes targeted at
MBP and PLP was performed for cell enumeration of MBP+ and PLP+ OLs in the PWM. Results of cell
count showed that the number of MBP+ and PLP+ OLs was signi�cantly decreased in the PWM at 14 and
28 days after LPS injection, a feature that was reversed by melatonin in which the number of MBP+ and
PLP+ OLs was signi�cantly increased (Fig. 5C, D, E).

By electron microscopy, at 28 days after LPS injection, many axons in the PWM were denuded of myelin
sheath. In the sectional pro�les, the myelin sheath became thinner when compared with that in the
corresponding controls (Fig. 5F). Melatonin treatment resulted in an increase in number of myelinated
axons whose myelin sheath, in general, was thicker than those in the untreated rats (Fig. 5F). The G-ratio
is de�ned as the ratio of the axon diameter to the total diameter of axon plus its myelin sheath, which
provides a reliable measure of axonal myelination. The G-ratio was used to compare myelin sheath of
myelinated axons in the PWM in different groups. The average G-ratio of the myelinated axons in the
PWM in the LPS-injected rats was signi�cantly increased compared with their corresponding control
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group. Bar graph H showed G-ratio values became larger in different diameters ranging from 0.2 to 1.2
µm as measured in electron micrographs in LPS group in comparison with the controls (Fig. 5H).
However, G-ratio value was reversed after melatonin treatment when compared with LPS injection
(Fig. 5G, H). Thus, melatonin treatment ameliorated LPS-induced axonal hypomyelination.

Mechanism of melatonin in inducing A1/A2 astrocyte
transformation
To determine the underlying mechanism of A1/A2 astrocyte transformation regulated by melatonin,
primary astrocytes were co-stimulated by IL-1α, TNF-α and C1q. Western blot was used to detect the
protein expression levels of A1 astrocytic marker C3, and A2 astrocytic marker, S100A10. As shown in
Fig. 6A-B, the protein expression level of C3 was signi�cantly upregulated at 24h after IL-1α, TNF-α and
C1q treatment; meanwhile, the expression level of S100A10 was declined when compared with the
control primary astrocytes (Fig. 6C, D). We next treated the astrocytes with melatonin at 24h after
incubation with IL-1α, TNF-α and C1q. Interestingly, the elevation in C3 protein expression levels induced
by IL-1α, TNF-α and C1q was signi�cantly inhibited by melatonin. As opposed to this, the low level
expression of S100A10 induced by IL-1α, TNF-α and C1q was markedly enhanced. Of note, the melatonin
effect in transforming A1 to A2 phenotype was blocked by luzindole, a melatonin receptor inhibitor
(Fig. 6). Taken together, the results suggest that melatonin can induce A1/A2 astrocytes transformation
through its receptor MT1.

To further investigate the underlying molecular mechanism of melatonin, we next explored whether the
JAK2/STAT3 signaling pathways might be involved in the transformation of A1/A2 astrocytes. Western
blot analysis showed that p-JAK2 and p-STAT3 protein expression was signi�cantly decreased after IL-1α,
TNF-α and C1q treatment when compared with the control primary astrocytes. Remarkably, the protein
expression level of p-JAK2 and p‐STAT3 was signi�cantly enhanced at 24h after melatonin co-treatment
with IL-1α, TNF-α and C1q (Fig. 7A). The results suggest that the JAK2-STAT3 pathway is activated by
melatonin which thence induces the transformation of A1 to A2 astrocyte phenotype. To further con�rm
this, we used AG490, a JAK2 inhibitor, and STAT-IN-3 (a STAT3 inhibitor) to treat the primary astrocytes.
As expected, the effect of melatonin on transformation of A1 to A2 phenotype was abrogated by the two
inhibitors (Fig. 7B, C). These results suggest that melatonin can induce A1/A2 astrocyte transformation
and that it is via the activation of the JAK2/STAT3 signal pathway.

We next sought to determine whether melatonin administration would upregulate the expression of LIF
and FGF2 in the astrocytes. Real time RT-PCR analysis showed a signi�cant decrease in the mRNA
expression level of LIF and FGF2 in the astrocytes treated with IL-1α, TNF-α and C1q (Fig. 7D). Melatonin
increased the mRNA expression level of LIF and FGF2 signi�cantly in primary astrocytes treated with IL-
1α, TNF-α and C1q. The results showed that melatonin can exert neuroprotective effect through inducing
the expression of some neurotrophic factors such as LIF and FGF2. Importantly, we have shown that this
via modulating A1/A2 astrocyte transformation.
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Discussion
It is well documented that systemic LPS injection may induce neuroin�ammation in the CNS with
generation of excessive in�ammatory factors that can cause the brain injury, especially the PWMD37. We
have previously reported that LPS-induced microglial activation is the main component of the immune
response and plays a key role in the pathogenesis of PWMD in septic neonatal rats 7,38. A multitude of
in�ammatory cytokines, such as TNF-α and IL-1β, are released by activated microglia. In a separate study,
it has been reported that activated microglia can induce A1 reactive astrocytes by secreting IL-1α, TNF-α,
and C1q; indeed, these cytokines together play a pivot role to induce A1 astrocytes13. We have shown
here that the number of IBA1+ microglia was signi�cantly increased in the PWM at 1 and 3 days after LPS
injection, but the microglial population remained relatively stable and was comparable to the control at 7
days. Meanwhile, activated IBA1 activated microglia in the PWM showed increased production of IL-1α,
TNF-α, and C1q. Compared with the microgila, the number of GFAP+ astrocytes remained relatively
unchanged at 1d but was noticeably increased at 3 and 7 days following LPS injection. It is suggested
that microglia derived IL-1α, TNF-α, and C1q secreted into the microenvironment after LPS injection would
promote the activation of A1 astrocytes. A1 astrocytes appear to preponderate in different human
neuroin�ammatory and neurodegenerative diseases. For example, in Alzheimer’s disease, A1 astrocytes
make up a majority of astrocyte population in the prefrontal cortex, 60% of which were C3 positive and
likely to aggravate neurodegeneration13. Double immuno�uorescence staining has shown that the
number of C3+ GFAP+ cells was signi�cantly increased in the PWM at 7 days after LPS injection. It stands
to reason therefore that microglia were activated and produced excess amounts of IL-1α, TNF-α, and C1q,
which could induce A1 astrocytes in the PWM of neonatal rats after LPS injection. Recent studies have
reported that A1 astrocytes may gain neurotoxic functions and attack neurons and mature differentiated
oligodendrocytes39–41. A1 reactive astrocytes can exert harmful effects because they secrete
in�ammatory factors such as IL-1β, IL-6, IFN-γ, and TNF-α along with the classical complement cascade
genes and some unknown toxic factors deleterious to oligodendrocyte precursor cell differentiation,
resulting in learning and memory impairments13,42. By contrast, A2 astrocyte activation was induced by
ischemia, and activated A2 astrocyte are described to produce an array of neurotrophic factors, which are,
therefore, considered to be protective to neurons or oligodendrocytes16. As a corollary, preventing A1
formation, promoting A1 reversion, or increasing A2 astrocytic polarization would provide great potential
for protection of neurological functions in LPS-induced white matter damage in the developing brain.

Melatonin, secreted by the pineal gland, effectively modulates the in�ammatory mechanism. Thus, it has
been considered an option of choice as an anti-in�ammatory agent for treating neuroin�ammation. It is
well documented that in�ammatory response is implicated in different brain diseases, including
Alzheimer's disease43, Huntington's disease44, traumatic brain injury45, amyotrophic lateral sclerosis46

and septic brain injury9. We have shown previously that LPS induces an increase numbers of reactive
astrocytes and activated microglia in neonatal rats 35.We showed that IL-1β derived from activated
microglia at 1–3 days after LPS injection would induce reactive astrocytes over a prolonged duration



Page 14/30

which ultimately leads to neurological dysfunction at later life35. An interesting feature emerged from the
present results was that the number of reactive astrocytes was signi�cantly increased in the PWM at 7 d
after LPS injection, yet the microglial population remained relatively stable. This is in accord with our
previous �nding that microglia might contribute to the early phase of cytokine production, whereas
astrocytes are implicated in the release of in�ammatory mediators at a late phase in brain pathologies
over a protracted period. In order to gain a better understanding of the underlying mechanism of
melatonin on reactive astrocytes rather than activated microglia, the rats were injected intraperitoneally
with melatonin at 7 days after LPS injection, and then once daily until postnatal day 28. As expected, we
found that melatonin reduced the increased number of C3+ GFAP+ cells in the PWM of neonatal rats
subjected to LPS. Conversely, the number of S100A10+ GFAP+ cells was increased. The results lend
support to the notion that melatonin plays an important role in phenotype transformation of A1/A2
astrocytes. Liddelow et al13 reported that A1 reactive astrocytes inhibited OPCs proliferation,
differentiation and migration. It is widely accepted that promoting the differentiation of OPCs into mature
oligodendrocytes may contribute to the improvement of axonal hypomyelination in septic neonatal
rats9,47,48. In consideration of the above, it is reasonable to suggest that melatonin could promote the
differentiation and maturation of OPCs through regulating the phenotypic polarization from A1 to A2
astrocyte phenotype.

To further con�rm if melatonin would improve axonal hypomyelination in the PWM of neonatal rats after
LPS injection, the number of mature oligodendrocytes (OLs) was analyzed. Immuno�uorescence and in
situ hybridization results showed that melatonin increased the number of MAG+, MBP+ and PLP+ cells in
the PWM of septic neonatal rats. Ultrastructural study further con�rmed that myelinated axons in
sectional pro�les were common; also, the axonal myelin sheath appeared thicker in the PWM of septic
neonatal rats at 28 days after melatonin injection when compared with the matching control. It is
suggested therefore that melatonin can improve the axonal hypomyelination in the PWM caused by LPS.
More importantly, we have shown that melatonin improved the cognitive function in neonatal sepsis rats
by behavioral tests. Thus, in the open �eld test, melatonin increased the duration of movement in the
center area as compared with LPS injected rats. Furthermore, septic neonatal rats treated with melatonin
showed shorter escape latency and increased times of crossing the original platform location when
compared with the LPS treated rat in the Morris water maze test. These results strongly support that
melatonin is bene�cial in improving neurological dysfunctions of septic neonatal rats.

We next extended our study in vitro to investigate, whether melatonin would regulate the A1/A2 astrocyte
polarization. To address this issue, primary astrocytes were treated with IL-1α, TNF-α and C1q, melatonin
and luzindole (melatonin receptor antagonist). The expression of C3 and S100A10 in different
experimental cell groups was then followed. The expression of C3 was signi�cantly increased in the
primary astrocytes after IL-1α, TNF-α and C1q treatment; conversely, the expression of S100A10 was
signi�cantly reduced. On the other hand, melatonin downregulated the protein expression of C3 in the
astrocytes treated with IL-1α, TNF-α and C1q, but upregulated that of S100A10. In light of this, it is
suggested that that melatonin can modulate the phenotypic transformation of A1 astrocytes to A2.
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Melatonin is known to act on two major subtypes of melatonin-receptor MT1 and MT2 localized in the
brain cells including microglia, astrocytes, oligodendrocytes and neurons49–51. Here, we found that the
expression level of MT1 protein in primary astrocytes was decreased after treatment with IL-1α, TNF-α
and C1q, but it was obviously increased after melatonin treatment. Luzindole, an inhibitor of MT1, could
reverse the decreased expression of C3 and the increased expression of S100A10 induced by melatonin
in the astrocytes. It can be con�dently concluded therefore that melatonin can promote astrocytic
polarization towards the neuroprotective A2 phenotype through its receptor MT1.

The Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathways play
an important role in physiopathological processes, such as cell proliferation, cell apoptosis, and immune
response 52,53. It has been reported that STAT3 inactivation is involved in the pathogenesis of AD52,54,
and disruption of STAT3 signaling in astrocyte decreases mitochondrial function and increases oxidative
stress55. The present results have shown that the expression level of p-JAK2 and p-STAT3 proteins in
primary astrocytes was decreased after IL-1α, TNF-α and C1q treatment, but it was signi�cantly increased
after melatonin treatment. To further explore whether JAK2/STAT3 pathway was implicated in the
process of the A1/A2 phenotype transformation modulated by melatonin, astrocytes were pretreated with
AG490 (an inhibitor of JAK2) and STAT-IN-3 (an inhibitor of STAT3). The results showed that the
expression level of p-JAK2 and p-STAT3 proteins was decreased respectively. This indicates that the
effects of melatonin on the expression of C3 and S100A10 was signi�cantly reversed. All evidence
gained from the present results had converged and strongly indicated that melatonin can exert its
neuroprotective effect through phenotype transformation of A1 to A2 astrocytes via the JAK2/STAT3
pathway.

There is additional evidence that A2 astrocytes exert neuroprotective and tissue repair effects by
secreting different trophic factors56,57. In this connection, we have shown that the mRNA expression of
LIF and FGF2 was signi�cantly decreased in primary astrocytes treated with IL-1α, TNF-α and C1q, but it
was upregulated following melatonin treatment. LIF and FGF2 are known to improve OPCs
differentiation, promote oligodendrocyte survival, maturation, myelination and remyelination in
experimental models of demyelination58–61. The up-regulated expression of LIF and FGF2 further
suggests that melatonin can help restore the disorder in differentiation and maturation of OPCs, and
improve axonal hypomyelination in the PWM of septic postnatal rats through modulating the
transformation of A1 to A2 astrocyte.

Conclusion
It is unequivocal from this study that melatonin can reduce the number of A1 astrocytes and increase the
number of A2 astrocytes in the PWM of septic neonatal rats. In tandem with this, melatonin increases the
number of MAG+, MBP+ and PLP+ OLs. This was coupled with attenuation of axonal hypomyelination
and improvement of neurobehavioral disorders. In vitro, melatonin modulates phenotypic transformation
of A1/A2 astrocytes through the MT1/JAK2/STAT3 signaling pathway. On the basis of these results, it is
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concluded that melatonin can attenuate the axonal hypomyelination in the PWM and improve
neurological disturbances of septic rats. This is attributed to the phenotypical transformation of A1 to A2
astrocyte phenotype via the MT1/JAK2/STAT3 signaling pathway induced by melatonin (Fig. 8). All in all,
the results suggest that melatonin is a potential pharmacotherapeutic agent for mitigation of PWMD in
septic neonatal rats.
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Figure 1

IL-1α, C1q and TNF-α protein expression in the PWM of postnatal rats at 1d, 3d and 7d after LPS injection
and their matching controls. The number of IBA1+ cells was signi�cantly increased at 1 and 3d after LPS
injection, but the difference was not signi�cant at 7d between LPS and control groups(A,B) (n=3 for each
group).The co-localized expression of IBA1 and C1q in microglia could be seen in A. The number of C1q+
IBA1+ cells was signi�cantly increased at 1 and 3d after LPS injection, but the difference was not
signi�cant at 7d between LPS and control groups(A, C), n=3 for each group. Quanti�cation by Elisa
shows signi�cant increase in the cytokine secretion of IL-1α(D), C1q(E) and TNF-α (F) at 1, 3 and 7d after
LPS exposure when compared with the corresponding control(n=3). Scale bars: 20µm. *P<0.05, **P<0.01,
***P<0.001.
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Figure 2

Immuno�uorescence images of astrocytes in the PWM at 7 days after LPS injection and their matching
controls. The astrocytes were labeled by anti‐GFAP (green), and anti‐C3 (red), and anti‐S100A10 (red) for
A1 and A2, respectively. The number of GFAP+ cells was signi�cantly increased at 3 and 7d after LPS
injection(A, B), (n=3 for each group). The number of C3+ GFAP+ cells was signi�cantly increased at 7d
after LPS injection(C), meanwhile, S100A10 expression in astrocytes at 7d was decreased after LPS
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injection(E). Bar graph in D, F summarizes the frequency of C3+ GFAP+ cells and S100A10+ GFAP+ cells
at 7d after LPS injection (n=3 for each group). Scale bars: 20µm. *P<0.05, **P<0.01.

Figure 3

Melatonin counteracted LPS‐induced A1/A2 astrocyte polarization in the PWM of septic neonatal rats.
GFAP-labeled(green) and C3 (red) immunoreactive astrocytes are distributed in the PWM at 14 and 28d
after LPS/melatonin injection and their corresponding controls. The number of C3+ GFAP+ cells was
signi�cantly increased at 14 and 28d after LPS injection compared with controls; however, it was
signi�cantly decreased after melatonin treatment (A, B) (n=3 for each group). GFAP-labeled(green) and
S100A10 (red) immunoreactive astrocytes are distributed in the PWM at 14 and 28d after LPS/melatonin
injection and their corresponding controls. Note the number of S100A10+ GFAP+ cells was signi�cantly
decreased at 14 and 28d after LPS injection compared with controls; however, it was signi�cantly
increased after melatonin treatment (C, D) (n=3 for each group). Scale bars: 20µm. *P<0.05, **P<0.01,
***P<0.001.



Page 25/30

Figure 4

Melatonin improved anxiety behavior and spatial learning of rats given LPS injection. The effects of
melatonin on behaviors in the open �eld test. In LPS + MEL group, the duration of movement in the
central area (C) and the ratio between distance in the center area and the total distance (D) was increased
compared with the LPS group. Melatonin treatment signi�cantly improved spatial learning in Morris water
maze test. Longer escape latencies and decreased number of times crossing the original platform
location was observed in rats at 28 days after LPS injection when compared with control group; however,
melatonin treatment signi�cantly improved the impairment in cognitive de�cits of rats after LPS injection
as measured by shorter escape latencies and increased number of times crossing the original platform
location(E,F). *P<0.05, **P<0.01. (n=10 for each group in every test).
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Figure 5

Melatonin attenuated axonal hypomyelination in the PWM in LPS-induced septic neonatal rats. MAG-
labeled (red) and DAPI (blue) immunoreactive oligodendrocytes are distributed in the PWM at 14 and 28d
after the LPS/melatonin injection and their corresponding controls. The number of MAG+ DAPI+ cells
was signi�cantly decreased at 14 and 28d after LPS injection compared with control; however it was
signi�cantly increased after melatonin treatment(A, B) (n=3 for each group; scale bars: 50µm). In situ
hybridization shows the number of MBP+ and PLP+ oligodendrocytes was signi�cantly decreased at 14
and 28d after LPS injection compared with controls; however, it was signi�cantly increased after
melatonin treatment(C-E), (n=3 for each group; scale bars: 50µm). Electron microscope images showing
sectional pro�les of myelinated axon in transverse section at the magni�cation of × 4000. The
con�guration of myelinated axons in the PWM of postnatal rats at 28 d after the LPS injection, LPS +
MEL injection and their corresponding controls (F),( n=3 for each group; scale bars: 2 µm). Graph G
showing G-ratio of myelinated axons of different diameters in the PWM at 28d after LPS injection and
LPS + MEL injection and corresponding control. *P < 0.05, **P < 0.01.
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Figure 6

Melatonin reversed the increased expression of C3, and decreased expression of S100A10 in primary
astrocytes stimulated by IL-1α, TNF-α and C1q in vitro. After melatonin treatment and IL-1α, TNF-α and
C1q exposure, the astrocytes were processed for immuno�uorescence staining using primary antibodies
GFAP (green), and anti‐C3 (red) for A1 detection. Immuno�uorescence images of cultured primary
astrocytes showing the expression of GFAP and C3 at 24h after the treatment with IL-1α + C1q + TNF-α,
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IL-1α + C1q + TNF-α + melatonin and IL-1α + C1q + TNF-α + melatonin + luzindole when compared with
the corresponding control(A). Panel B shows the optical density changes of C3 protein relative to GAPDH.
A2 astrocytes were examined by immuno�uorescence labeling using anti‐GFAP (green) and A2 marker
anti‐S100A10 (red). Immuno�uorescence images of cultured primary astrocytes showing expression of
GFAP and S100A10 at 24h after treatment of IL-1α + C1q + TNF-α, IL-1α + C1q + TNF-α + melatonin, and
IL-1α + C1q + TNF-α + luzindole when compared with the corresponding control(C). Panel D shows the
optical density changes of S100A10 protein, relative to GAPDH. Scale bars: 20 μm. *P<0.05, **P<0.01,
***P<0.001 (n=3 for each group).

Figure 7

Melatonin activated MT1/JAK2/STAT3 pathway in primary astrocytes exposed to IL-1α, C1q and TNF-α
in vitro. Panel A shows optical density changes of p-JAK2 relative to JAK2, p-STAT3 relative to STAT3 and
MT1 relative to GAPDH in each group. IL-1α + C1q + TNF-α treatment for 24h signi�cantly decreased the
optical density of MT1, P-JAK2 and P-STAT3 proteins when compared with the corresponding controls.
Melatonin reversed the changes, but the effect was prevented by luzindole. Additionally, blockage of
JAK2 or STAT3 inhibited the effect of melatonin in modulating the A1/A2 astrocyte polarization. Panel B
shows A1-marker C3, A2-marker S100A10, p-STAT3, STAT3 and GAPDH immunoreactive bands after IL-
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1α + C1q + TNF-α, IL-1α + C1q + TNF-α + melatonin, and IL-1α + C1q + TNF-α + AG490(an inhibitor of
JAK2 activity) treatment when compared with the corresponding control in primary astrocyte. Panel C
show immunoreactive bands after IL-1α + C1q + TNF-α, IL-1α + C1q + TNF-α + melatonin, IL-1α + C1q +
TNF-α + STAT-IN-3(an inhibitor of STAT3 activity) treatment when compared with the corresponding
control in primary astrocyte. Note melatonin treatment activates MT1/JAK2/STAT3 pathway and then
promoted A1 to A2 polarization. RT‐qPCR shows mRNA expression changes in neurotrophic factors LIF
and FGF2. GAPDH was used as the internal control. IL-1α + C1q + TNF-α treatment for 24h signi�cantly
decreased the mRNA expression of LIF and FGF2 when compared with the corresponding controls.
Melatonin reversed the changes, but the effect of melatonin was prevented by luzindole (D). *P < 0.05,
**P < 0.01 (n=3 for each group).

Figure 8

Table of Contents Image (TOCI): A schematic diagram depicting the cellular and molecular events
associated with melatonin treatment in postnatal rats given LPS injection. Microglia are activated in the
PWM after intraperitoneal injection of LPS and release massive amounts of IL-1α, TNF-α and C1q, which
then induce A1 astrocyte activation. A1 astrocyte would contribute to axonal hypomyelination in the
PWM in the septic neonatal rats. Melatonin binds to its cognate receptor (MT1) expressed on the
astrocytes leading to activation of the JAK2/STAT3 pathways. This would decrease A1 astrocyte
production of Complement 3, C3, and increase A2 astrocyte production of trophic factor, S100A10.
Production of complement and neurotoxin by A1 astrocytes causes hypomyelination in the PWM after
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LPS injection; on the other hand, production of trophic factors by A2 astrocytes induced by melatonin
improves hypomyelination.
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