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Partial protective effects 
of melatonin on developing brain 
in a rat model of chorioamnionitis
Geraldine Favrais1,2*, Elie Saliba1, Léa Savary1, Sylvie Bodard1, Zuhal Gulhan1, 
Pierre Gressens3,4 & Sylvie Chalon1,4

Melatonin has shown promising neuroprotective effects due to its anti-oxidant, anti-inflammatory 
and anti-apoptotic properties, making it a candidate drug for translation to humans in conditions that 
compromise the developing brain. Our study aimed to explore the impact of prenatal melatonin in 
an inflammatory/infectious context on GABAergic neurons and on oligodendrocytes (OLs), key cells 
involved in the encephalopathy of prematurity. An inflammatory/infectious agent (LPS, 300 μg/kg) 
was injected intraperitoneally (i.p.) to pregnant Wistar rats at gestational day 19 and 20. Melatonin 
(5 mg/kg) was injected i.p. following the same schedule. Immunostainings focusing on GABAergic 
neurons, OL lineage and myelination were performed on pup brain sections. Melatonin succeeded 
in preventing the LPS-induced decrease of GABAergic neurons within the retrospenial cortex, and 
sustainably promoted GABAergic neurons within the dentate gyrus in the inflammatory/infectious 
context. However, melatonin did not effectively prevent the LPS-induced alterations on OLs and 
myelination. Therefore, we demonstrated that melatonin partially prevented the deleterious effects 
of LPS according to the cell type. The timing of exposure related to the cell maturation stage is likely 
to be critical to achieve an efficient action of melatonin. Furthermore, it can be speculated that 
melatonin exerts a modest protective effect on extremely preterm infant brains.

Melatonin has shown several neuroprotective properties through the reduction of oxidative stress, proinflam-
matory response and apoptotic cell death 1–6. These effects of melatonin were associated with protection of the 
neonatal brain against hypoxic and inflammatory insults in several experimental  models2,3,7–9. In parallel, mela-
tonin showed a good safety  profile10,11. From these encouraging results, melatonin appears to be one of the highest 
promising candidate drugs for translation to humans in conditions that compromise the developing  brain12,13.

The encephalopathy of prematurity consists in destructive and developmental alterations of the cerebral white 
and grey matter due to one to several insults occurring from 23 to 32 weeks of gestation in humans (i.e., in rodents 
from the gestational day (GD) 19 to the postnatal day (PND) 5)14. GABAergic interneurons, oligodendrocyte 
precursor cells (OPCs) and pre-oligodendrocytes (Pre-OLs) are particularly vulnerable during this window of 
brain  development14. A significant reduction in GABAergic neurons was observed in the white matter and in the 
cortical subplate of infants suffering from encephalopathy of  prematurity15. In parallel, OPC and Pre-OL losses 
and axonal disruptions lead to focal necrotic lesions within the white  matter16. Moreover, an arrest of oligoden-
drocyte (OL) lineage maturation at the Pre-OL stage induced a diffuse  hypomyelination17.

In previous work, a rodent model was designed to explore the consequences of an infectious/inflammatory 
challenge performed during late pregnancy on the developing brain to mimic the chorioamnionitis  context18. 
This infectious/inflammatory challenge consisted in intraperitoneal (i.p.) injections of a liposaccharide por-
tion of Escherichia Coli membrane (LPS) to female rats at GD19 and at GD20. Transient hypomyelination was 
observed within the external capsule at PND7 in pup rats prenatally exposed to LPS, mimicking one hallmark 
of the encephalopathy of  prematurity18.

Then, a strategy to prevent LPS effects on the neonatal brain was designed using melatonin in this model. 
Melatonin was injected within the pregnant-rat peritoneum at the same time as LPS at the dose of 5 mg/kg once 
a day at GD19 and at GD20. A first set of data has previously been published focusing on mechanisms that are 
implicated in neonatal brain injury  pathophysiology19. This melatonin dosing regimen counteracted the sensi-
tizing effect of LPS to a second excitotoxic insult consisting in ibotenate stereotaxic injection in the pup brain 
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at PND4. Ibotenate-induced brain lesion size was reduced by 40% in pups exposed to LPS + Mel in comparison 
with LPS pups to meet a similar size to the control  group19. Then, these results were encouraging for hoping that 
melatonin according to this schedule could sustainably prevent alterations induced by the LPS challenge on cell 
lineage development in this rodent model reproducing the encephalopathy of prematurity. The present study 
therefore aimed to explore the impact of melatonin on the GABAergic neurons and the OL lineage from PND1 
to PND21 in control and inflammatory/infectious backgrounds.

Results
Prenatal LPS led to neonatal death and weight deficit at PND1 irrespective to the melatonin 
exposure. The pup number per litter was significantly lower in the LPS group than in the control group 
at PND1 (median pup number per litter [range], control group: 12 [9–13] vs. LPS group: 8 [0–13], p = 0.007) 
(Fig. 1A). In parallel, the mean pup weight was reduced at PND1 after maternal exposure to LPS (median weight 
(in grams) [range] at PND1, control group: 6.5 [4.2–9.4] vs. LPS group: 6.1 [3.4–8.1], p < 0.0001) (Fig. 1B). Mela-
tonin did not prevent the deleterious of LPS on these parameters.

Systemic inflammation induced by LPS in PND1 pups was prevented by melatonin. Acute 
inflammatory response is associated with the production of pro-inflammatory cytokines like IL-1β, Interleu-
kin-6 (IL-6) and Tumor Necrosis Factor-α (TNF-α). In parallel, a trophic response is triggered including anti-
inflammatory cytokines like Interleukin-10 (IL-10). In our model, higher concentration of IL-1β and a trend in 
higher IL-6 level were observed in the serum of PND1 pups exposed to LPS suggesting that LPS injections would 
induce systemic inflammation in fetal and newborn rats (p = 0.008 and p = 0.3, respectively) (Fig. 2A,B). Serum 
TNF-α and IL-10 was not altered by LPS in PND1 pups (Fig. 2C,D). Melatonin prevented this LPS-induced 
inflammatory response in PND1 pups. Furthermore, lower concentration of serum TNF-α was observed in the 
Mel group (p = 0.04) (Fig. 2C).

Figure 1.  LPS injections to pregnant rats induced a reduction of pup number and pup weight at PND1 
irrespective to melatonin exposure. (A) Graphic representation of the pup number per litter according to 
the experimental treatment. (B) Graphic representation of pup weight in grams at PND1, 2 days after the 
last maternal injection, according to the experimental treatment. White, black, grey and hatched grey bars 
represented the Control, the liposaccharide portion of the E. coli membrane (LPS), the melatonin (Mel) and the 
LPS + Mel groups, respectively. Results are expressed as mean ± standard deviation. Statistical analysis: One-
Way-ANOVA test was performed associated with Bonferroni post-test, *p < 0.05 and ***p < 0.001 in comparison 
with the Control group.
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Melatonin showed variable preventive effects on GABAergic neurons after LPS challenge 
depending on the grey matter region. LPS did not show any significant effect on the GABAergic neu-
ron population of the dentate gyrus at PND7 and at PND21 (p = 0.43 and p = 0.5 in comparison with the Control 
group, respectively). However, melatonin induced a significant and sustainable increase in GABAergic neurons 
in rats exposed to the LPS challenge (LPS + Mel group) (p = 0.004 at PND7 and p = 0.03 at PND21 in comparison 
with the LPS group, respectively) (Fig. 3A–C). This rise in GAD65/67-positive cells was only significant at PND7 
in the LPS + Mel rats in comparison with the Control rats (p = 0.0008) (Fig. 3A).

A significant decrease in the GAD65/67-positive cells was observed within the retrospenial cortex in brains of 
PND7 rats exposed to LPS (p = 0.02 in comparison with the Control group) (Fig. 3D). Conversely, the GAD65/67-
positive cells were significantly more numerous within the retrospenial cortex of PND21 brains in the LPS 
group (p = 0.01 in comparison with the Control group) (Fig. 3E,F). Melatonin prevented the LPS effect at PND7 
and restored the GAD65/67 population within the retrospenial cortex (p = 0.0008 in comparison with the LPS 
group) (Fig. 3D). At PND21, melatonin in association with LPS demonstrated no specific effect and resulted in 
a similar increase in the GAD 65/67 population as in the LPS group (p = 0.002 in comparison with the Control 
group and p = 0.56 in comparison with the LPS group, respectively) (Fig. 3E,F). In the caudate-putamen region 
at PND21, the GABAergic neuron responses to LPS and/or to melatonin were similar to those observed in the 
retrospenial cortex at PND21 (p = 0.001 in comparison with the Control group and p = 0.46 in comparison with 
the LPS group) (Fig. 3G,I).

Melatonin failed to prevent alterations of the oligodendrocyte lineage induced by the LPS 
challenge. Significant reductions in the OPCs and the early Pre-OLs stained by NG2 antibody were 
observed within the external capsule in the brains of PND1 pups exposed to the LPS and to the LPS + Mel chal-
lenges (p = 0.03 and p = 0.04 in comparison with the Control group, respectively) (Fig. 4A,B). These decreases 
were transient as the NG2-positive cell populations were completely restored within the external capsule in the 
PND7 brains (Fig. 4C).

Figure 2.  Melatonin prevented the LPS-induced inflammation in rat pup sera at PND1. Serum cytokine 
concentration in pg/ml were measured in pups at PND1 by multiplex assay. Each graph reports one cytokine 
measurement, i.e., IL-1β (A), IL-6 (B), TNF-α (C) and IL-10 (D). These measurements were performed 
according to our four experimental groups, i.e., the Control (Control), the liposaccharide portion of the E. 
coli membrane (LPS), the melatonin (Mel) and the LPS + Mel groups. Results are expressed as mean (bold 
line) ± standard deviation. Statistical analysis: One-Way-ANOVA test was performed associated with Bonferroni 
post-test, *p < 0.05 and **p < 0.01 in comparison with the Control group.
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Figure 3.  Melatonin demonstrated promoting effects on GABAergic neurons in the infectious/inflammatory 
context throughout the gray matter of the developing brain. The GAD 65/67 positive cells were counted at 
PND7 and at PND21 within the dentate gyrus hilus (A,B, respectively) and the retrospenial cortex (D,E, 
respectively), and are reported in the corresponding bar graphs. The GAD 65/67 positive cells were also 
counted at PND21 within the caudate-putamen area (G). Photomicrographs in grey scale of the GAD 65/67 
immunostaining were performed on the PND21 pup brains from all experimental groups within the dentate 
gyrus (C), the retrospenial cortex (F) and the caudate-putamen area (I) (magnification 10, scale bar = 100 µm). 
Dentate gyrus, retrospenial cortex and caudate-putamen area were tagged with (#), (¤) and (*) on coronal rat 
brain sections extracted from the Paxinos Atlas, respectively (H)50. White, black, grey and hatched grey bars 
represented the Control, the liposaccharide portion of the E.Coli membrane (LPS), the melatonin (Mel) and the 
LPS + Mel groups, respectively. Results are expressed as the mean of positive cells/mm2 ± standard deviation. 
Statistical analysis: One-Way-ANOVA test was performed associated with Bonferroni post-test, *p < 0.05, 
**p < 0.01 and ***p < 0.001 in comparison with the Control group. ¤p < 0.05, ¤¤p < 0.01 and ¤¤¤p < 0.001 in 
comparison with the LPS group.
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Figure 4.  Melatonin failed to prevent the oligodendrocyte (OL) lineage alterations induced by the prenatal LPS challenge. 
Early OL populations stained by NG2 antibody were assessed within the external capsule in each experimental group on 
PND1 (A) and on PND7 brain sections (C), respectively. Photomicrographs of the NG2 immunofluorescence (green staining) 
coupled with DAPI counterstained (blue staining) within the external capsule at PND1 are reported in each experimental 
group (magnification 20, scale bar = 50 µm) (B). Mature OLs were stained by APC antibody (E,H). Photomicrographs of the 
APC immunostaining (red staining) coupled with DAPI counterstained (blue staining) within the external capsule at PND7 
(magnification 20, scale bar = 50 µm) (E) and within the corpus callosum at PND21 (magnification 20, scale bar = 50 µm) (H) 
are reported. The APC-positive cells were counted within the external capsule of the PND7 (D) and PND21 (F) brains and 
within the corpus callosum at PND21 (G) in each experimental group. White, black, grey and hatched grey bars represented 
the Control, the liposaccharide portion of the E. coli membrane (LPS), the melatonin (Mel) and the LPS + Mel groups, 
respectively. Results are expressed as the mean of positive cells/mm2 ± standard deviation. Statistical analysis: One-Way-
ANOVA test was performed associated with Bonferroni post-test, *p < 0.05 and **p < 0.01 in comparison with the Control 
group.
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APC staining showed an increase in mature OLs within the external capsule of PND7 brains after the LPS 
challenge regardless of the melatonin exposure (LPS group: p = 0.008 and LPS + Mel group: p = 0.009 in com-
parison with the Control group) (Fig. 4D,E). This effect was transient and disappeared at PND21 within the 
external capsule (Fig. 4F). However, as was observed within the PND7 external capsule, an increase in the APC 
positive cells was also observed in the LPS and LPS + Mel groups within the corpus callosum at PND21 (LPS 
group: p = 0.002 and LPS + Mel group: p = 0.002 in comparison with the Control group,) (Fig. 4G,H). Interest-
ingly, melatonin out of the inflammatory context (i.e., Mel group) promoted mature OLs within the corpus 
callosum in PND21 brains to a lesser extent than in the LPS and LPS + Mel groups (p = 0.03 in comparison with 
the Control group) (Fig. 4G,H).

Melatonin did not effectively prevent LPS-induced hypomyelination in the PND7 brains. A 
significant reduction in the MBP staining was observed within the external capsule in PND7 brains of the LPS 
group (p = 0.002 in comparison with the Control group) (Fig. 5A,B). Although the MBP staining was slightly 
more intense in the LPS + Mel group than in the LPS group (p = 0.03), melatonin failed to prevent LPS-induced 
hypomyelination within the external capsule at PND7 (p = 0.015 in comparison with the Control group) 
(Fig. 5A,B).

Figure 5.  Melatonin did not effectively prevent LPS-induced hypomyelination within the external capsule at 
PND7. Myelin-basic protein (MBP) stainings were performed at PND7 (A,B) and at PND21 (C,D). The optical 
immunodensity of MBP staining was measured within the external capsule at PND7 (magnification 10, scale 
bar = 100 µm) (A,B) and within the cingulum at PND21 (magnification 10, scale bar = 200 µm) (C,D). White, 
black, grey and hatched grey bars represented the Control, the liposaccharide portion of the E.coli membrane 
(LPS), the melatonin (Mel) and the LPS + Mel groups, respectively. Results are expressed as the mean ± standard 
deviation. Statistical analysis: One-Way-ANOVA test was performed associated with Bonferroni post-test, 
*p < 0.05 and **p < 0.01 in comparison with the control group. ¤p < 0.05 in comparison with the LPS group.
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The intensity of MBP staining within the cingulum at PND21 was similar in each experimental group 
(Fig. 5C,D) and in other locations of the white matter, i.e., the external capsule, corpus callosum and sensorial-
motor cortex (data not shown).

Discussion
In this rat model mimicking chorioamnionitis, a melatonin treatment was given to the pregnant female in the 
acute phase of the inflammation/infection. The two target cells involved in the encephalopathy of the preterm 
infant, i.e., GABAergic interneurons and oligodendrocytes, were assessed through various brain regions and 
time-points in response to prenatal exposure to LPS and/or melatonin. Surprisingly, the preventive effect of mela-
tonin in the inflammatory/infectious context varied according to cell type. Melatonin demonstrated a significant 
promoting action on GABAergic neurons in the neonatal rat brain in the inflammatory/infectious context, but 
failed to effectively prevent the impact of prenatal LPS on the OL lineage and the subsequent myelination. In 
the control population, although prenatal melatonin exposure did not lead to any specific effect on GABAergic 
neurons, melatonin slightly promoted mature OLs.

Our prenatal LPS challenge had strong impact on the pup survival and the pup weight at birth without 
any preventive effect of melatonin. The oxidative stress induced by LPS was suspected to be associated with 
these effects as they were prevented by N-acetyl cysteine, a glutathione  precursor20,21. Intra-uterine fetal death 
and growth retardation were observed in pregnant mice exposed to LPS (75 µg/kg) at GD 15 and 17. Treat-
ment of pregnant mice by melatonin either 5 or 10 mg/kg/dose just after and 3 h after LPS injections showed a 
dose–response reduction of fetal death. Conversely, this melatonin administration schedule failed to significantly 
restore fetal weight and to reduce the LPS-induced lipid peroxydation and glutathione depletion within placenta 
irrespective to the melatonin  dose22. Melatonin as neuroprotective agent was usually administered to neonatal 
animals with dosing regimens from 10 to 20 mg/kg2,4,7,8,23,24. However, a significant and maximal promoting 
effect of melatonin on myelination was observed from the dose of 0.2 mg/kg in a model of unilateral uterine 
artery ligation in the pregnant rat at  GD1725. Melatonin was daily administered from PND1 to PND3 with unit 
dose ranging from 0.002 to 20 mg/kg25. A feature of our model is that melatonin is injected to the pregnant rat 
during the late fetal life and not to the neonatal rat. Previous data demonstrated that melatonin freely crossed 
over placenta 26. Low-dose of melatonin, i.e., 0.1 mg/kg bolus plus 0,1 mg/kg/h over 6 h, administered to preg-
nant sheep experiencing umbilical cord occlusion showed a reduction of microglia activation and a restoration 
of immature OLs within periventricular white  matter27. A fetal exposure to high flow of melatonin could be 
speculated in our model as pregnant rat were about 70 times heavier than PND1 pups. Our results showed that 
melatonin at the dose of 5 mg/kg/day in pregnant rats succeeded in preventing the pro-inflammatory response 
due to LPS at systemic and brain levels, in reducing cleaved-caspase-3 positive cells within the white matter and 
the LPS-induced sensitizing effect to a second excitotoxic brain insult in rat  pups19. Therefore, these results sup-
ported this dosing regimen was sufficient to induce the melatonin neuroprotective effect in pups.

Prenatal LPS led to a significant reduction of GABAergic neurons within retro-spenial cortex at PND7. Previ-
ous results in our model showed an increase of apoptotic cell death within striatum in pups exposed to LPS but 
not within external capsule at  PND118,19. Then, these results suggested an excess of neuronal death early after 
LPS exposure that was prevented by melatonin. Apoptosis partly resulted from the release of cytochrome c from 
mitochondria to cytosol to activate the caspase cascade. Recent data demonstrated that melatonin exhibits a close 
relation with mitochondria to promote cell survival via receptor-dependent and receptor-independent pathways. 
Melatonin type 1 (MT1) receptors located at the outer membrane of mitochondria induced a G-protein-coupled-
receptor inhibitory signal on the calcium-dependent release of cytochrome c 28. In parallel, melatonin directly 
induced sirtuin-1 (SIRT-1) pathway that upregulated Bcl2 protein, blocked Bax activity and down-regulated 
the cytochrome c release from  mitochondria29. Previous data in our model showed that LPS inhibited SIRT-1 
expression which was completely restore in LPS + Mel pups at PND1 supporting this  hypothesis19. Furthermore, 
endogenous melatonin synthesis take place within the mitochondrial membrane of neurons suggesting an auto-
crine  activation28. This endogenous synthesis of melatonin diminished with aging and made elderly patient more 
susceptible to infections or others inflammatory and neurodegenerative  diseases30,31. Other life circumstances 
may modify this phenomenon like  pregnancy32. Therefore, future research are needed to explore which innate 
and environmental factors influence this synthesis, the role of endogenous melatonin in the neonatal brain 
protection and the potential interaction with exogenous melatonin.

GABAergic neurons exhibited two patterns at PND21, depending on the brain regions. The GABAergic neu-
ron population was higher in the LPS and the LPS + Melatonin groups within the retrospenial cortex and within 
the caudate-putamen whereas this increase was only observed in the LPS + Melatonin group within the dentate 
gyrus. Drury et al. reported a similar regional susceptibility of neurons to melatonin in fetal sheep exposed to a 
hypoxic-ischemic  challenge27. This observation could be explained by the successive waves of GABAergic neuron 
production throughout brain development. Most GABAergic neurons are functional in the rat hippocampus 
during the late fetal period whereas the immature GABAergic interneurons are still migrating throughout the 
white matter to invade the cortical subplate and caudate  nucleus33–35. These various responses could therefore 
indicate that the maturation stage of cells when insult occurs and when the neuroprotective agent is administered 
is a critical parameter to consider.

The prenatal LPS challenge induced an early decrease of OPCs followed by an increase of mature stages of 
OL lineage. This unbalance of OL lineage resulted in slowing down of the myelination process. This double-
effect of LPS on OL lineage was previously described in others neonatal rodent models 36,37. In contrast to more 
mature OL stages, Pre-OLs are particularly vulnerable to oxidative stress due to glutathione deficiency and to the 
apoptotic effect of TNF-α38,39. After the initial phase of alleged Pre-OL death, an intense proliferative phase was 
described within the sub-ventricular zone 37,40. Neonatal LPS exposure also induced M2 polarization of microglia 
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that was supposed to promote this proliferative effect 37. Then, microglia could play a central role in these early 
and late effects of LPS on OL lineage notably through cerebral pro-inflammatory cytokine expression 40. A pro-
inflammatory response to LPS was observed in pups at PND1 in our model. Serum cytokine measurements in 
the serum of PND1 rat suggested that the prenatal LPS challenge induced a systemic pro-inflammatory response 
in pups. Furthermore, previous results in our model showed a significant increase of microglial cells double-
stained with iba-1 and iNOS antibodies within the cingulum and a significant increase of IL-1β expression in 
pup brains at PND1 after LPS  exposure18,19. Melatonin exhibited anti-inflammatory properties acting on various 
pathways. Melatonin interacted with microglia promoting its M2 polarization to the detriment of M1-subtype 
 microglia37,41. Then, the late increase of cell population in brains of LPS + Mel pups similar to LPS pups could 
be linked to a joined action to favor M2-subtype microglia and cell proliferation. Previous data from our model 
showed that prenatal melatonin prevented the recruitment of activated M1-subtype microglia in the PND1 brains 
of rats exposed to  LPS19. In parallel, the LPS activated through the Toll-Like-Receptor 4 (TLR4) pathway the 
NRLP3 inflammasome leading to strong pro-inflammatory cytokine expressions including IL-1β41,42. Melatonin 
interacted with this pathway to inhibit the NLRP3 inflammasome through SIRT-1 and the modulation of micro-
RNA expressions 41. Previous published results in our model showed that the prenatal LPS challenge inhibited 
the SIRT-1 protein level in PND1 pup  brain19. The association of melatonin to LPS restored SIRT-1 expression 
to the control group  level19. Furthermore, melatonin showed a post-transcriptional regulation of miRNAs, i.e., 
miRNA-146a, miRNA-126, miRNA-34a19. Therefore, our prenatal melatonin administration schedule succeeded 
in neutralizing the pro-inflammatory effect of prenatal LPS on pup brains but failed to prevent OL lineage altera-
tions. Our results suggest more complex interactions in vivo lightening the pivotal role of microglia with alterna-
tive pathways. In parallel, it is known that oligodendrocytes express melatonin  receptors25. Although the direct 
action of melatonin on oligodendrocytes is not well known, melatonin is speculated to promote OL  maturation43. 
This hypothesis fits with the specific effect of melatonin observed on mature OLs at PND21. Conversely to our 
data, melatonin previously demonstrated beneficial effects on OL lineage in another rat model using a LPS chal-
lenge. However, LPS and melatonin were injected to rat pups at PND5. In this context, melatonin succeeded in 
preventing the reduction of the Pre-OLs induced by  LPS8. In parallel, melatonin succeeded in restoring normal 
myelination at PND14 in rat pups with intrauterine chronic hypoxia. Myelination was restored by a daily dose 
of melatonin from PND1 to PND3 by promoting OL  maturation25. In contrast, previous studies showed that 
melatonin induced an incomplete restoration of immature OLs after a hypoxic-ischemic challenge in fetal sheep. 
As in our model, melatonin succeeded in reducing the microglial activation due to insult. This effect was observed 
both when melatonin was administered before or just after a hypoxic-ischemic insult and regardless of whether 
melatonin was infused to the pregnant female or to the  fetus27,44. Therefore, the melatonin exposure in our model 
could be speculated to be too early considering the maturation of the OL lineage.

Although pre-clinical studies support melatonin use as neuroprotective agent in humans, clinical data in 
humans are scarce and focus on the term infant  encephalopathy45. A recent study explored the kinetic of mela-
tonin in preterm infants with the aim of supplementing  them46. However, our experimental data pointed out 
that the neuroprotection due to melatonin is not constant in the immature brain.

Although our present data are mainly descriptive, the surprising lack of effectiveness of melatonin on oligo-
dendrocytes in this context raises concerns and calls for further exploration.

Conclusion
The effectiveness of melatonin in preventing the deleterious effect of an inflammatory/infectious challenge varied 
according to the cell lineage. The timing of exposure with respect to the maturation stages of cell lineages is likely 
to be critical to achieve more efficient neuroprotective effects of melatonin. Our results thus suggest that mela-
tonin might not be an omnipotent neuroprotective drug. Moreover, our study showed that neuroprotection of 
the developing brain resulted from a complex machinery which might require more than a single-drug strategy. 
Finally, these data could suggest a modest neuroprotective effect of melatonin on extremely preterm infant brains.

Animals and methods
Animals and drugs. The time-pregnant Wistar rats (n = 70) used in this study were purchased from CERJ 
(Le Genest, France). They had free access to food and water and were bred at 22 °C with a normal light cycle.

The liposaccharide portion of Escherichia Coli membrane (LPS, E. coli, serotype 055:B5; Sigma Chemical 
Co., St. Louis, MO, USA) was diluted in saline solution (LPS vehicle) to a final concentration of 250 µg/ml. This 
LPS solution (300 µg/kg/dose) was then injected i.p. to pregnant rats at GD19 and at GD20. Melatonin (Sigma 
Chemical Co., St. Louis, MO, USA) was dissolved according to the manufacturer instructions and Drury P.P. 
et al. 27. A two-step dilution was performed to achieve the final concentration of melatonin of 1 mg/ml and 2% 
ethanol (melatonin vehicle). First, 50 mg of melatonin was diluted in 1 ml of 100% ethanol (50 mg/ml ethanol). 
Thereafter, 1 ml of this first solution was diluted in 49 ml of 0.9% sodium chloride. Melatonin (5 mg/kg/dose) was 
injected i.p. to pregnant rats at the same time as LPS injections (i.e., at GD19 and at GD20) in another abdominal 
site. Injections were performed at 10 a.m. The number of pregnant females treated in each experimental group 
was planned according to the number of pups required for each experiment to reach statistical threshold, i.e., 
seven pups per group for optical density and five pups per group for immunofluorescence experiments. As over 
mortality were previously observed in pregnant rats and fetuses treated by LPS, two times more female rats were 
treated with LPS and LPS plus  melatonin47,48. Treatments were randomly assigned to female rats. The experimen-
tal groups were designed as follows: 1) The control group (Control) included pups from the pregnant rats treated 
by LPS and melatonin vehicles (n = 11); 2) The melatonin group (Mel) corresponded to pups from the pregnant 
rats treated by melatonin 5 mg/kg plus LPS vehicle twice (n = 10); 3) The LPS group (LPS) included pups from 
the pregnant rats treated by LPS 300 μg/kg plus melatonin vehicle twice (n = 23); 4) The LPS + Melatonin group 
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(LPS + Mel) corresponded to pups from the pregnant rats treated by LPS 300 μg/kg plus melatonin 5 mg/kg twice 
(n = 26). Therefore, all rats were exposed to low doses of ethanol. The daily dose of LPS ranged from 110 to 125 µg. 
The daily dose of melatonin ranged from 1.8 to 2 mg. Male and female pups were considered for experiments 
with attempt to obtain sex ratio 1:1. Pups were counted in each litter at PND 1. Pup weights at PND 1 were also 
reported according to the maternal treatment. The experimental schedule is reported in Fig. 6.

Serum cytokine measurements by immunoassay. Total blood were collected after decapitation of 
PND1 pups using glass capillaries. Blood samples were allowed to sediment overnight at 4 °C then centrifuged 
at 2000×g. Then, superficial layer corresponding to serum was carefully collected. Sera from pups of the same 
experimental group, litter and sex were mixed to obtain a minimal volume of 150 µl/ sample. Finally, samples 
were kept for long-term storage at − 80 °C until serum cytokine measurements. Measurements of IL1-β, IL-6, 
TNF-α and IL-10 levels in samples was performed using microbeads coupled with specific antibodies (Bio-Plex 
Pro Rat standard assay, Bio-Rad, Hercules, CA, USA). A cytokine-specific and quantitative fluorescent signal 
was produced after antigen fixation using a streptavidin-based reaction. The standard range was performed in 
duplicate and included nine decreasing points. Samples were diluted in three volumes of the sample diluent solu-
tion. Three wells were dedicated to each samples in the 96-well plate.

Brain samples for immunochemistry experiments. Newborn rats were sacrificed by decapitation at 
PND 1 and 7. Brains were quickly removed from the skull and were post-fixed in 4% paraformaldehyde over-
night at 4 °C. After 2 days in 10% sucrose—0.12 M phosphate buffer solution, the brains were embedded in a 
cooled 10% sucrose—7.5% gelatin solution before freezing. Finally, brains were cut coronally in 10 µm-thick 
sections.

Postnatal-day-21 rats were previously sedated in a chamber containing 2% isoflurane before decapitation. 
Brains were rapidly removed from the skull and immersed in a 4% formaldehyde solution for 4 days at room 
temperature. After dewatering in successive baths of 100% ethanol and xylen for 24 h, brains were embedded in 
paraffin and 10-µm thick coronal sections were performed.

Immunochemistry protocol. The primary antibodies are reported in Table 1.
For immunofluorescence experiments, the buffer for the antibody dilution contained 1X Phosphate-Buffer-

Saline (PBS) solution with 1% donkey or goat serum depending on the secondary antibody plus 0.4% Triton 
X-100 to permeabilize the cell membrane except for MBP immunostaining. After 3 rinses in 1X PBS, antigen 
blocking was performed with 5% serum for 45 min. Then, the primary antibody was incubated overnight at 
room temperature. The second day, the appropriate secondary antibody was applied for 90 min (1:500 dilution 
for the Cy3 and Alexa 488 secondary antibodies). A counterstain by DAPI (1:10,000, Sigma-Aldrich, MO, USA) 
labeling the nucleus was performed at the end of the immunofluorescence protocol for NG2, APC and GAD 
65/67 immunostainings.

For the MBP immunostaining on PND21 brain sections, deparaffination was performed followed by the 
antigen retrieval involving 40 min in citrate buffer at 93 °C. Antigen blocking was performed with 5% serum 
for 45 min. Then, the primary antibody was incubated overnight at room temperature. The second day, an 

Figure 6.  Experimental schedule. G: Gestational day, LPS: Liposaccharide portion of E. coli membrane, Mel: 
Melatonin, Veh: vehicle, i.p.: intraperitoneal, PND: Postnatal day.
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Avidin–Biotin Complex supplied by the Vectastain ABC kit™ (Vector Laboratories, Burlingame, CA, USA) was 
incubated for 45 min. Then, diaminobenzidine (Sigma Chemical Co., St. Louis, MO, USA) was applied. The 
diaminobenzidine reaction was stopped as soon as the revelation degree was sufficient.

Quantification of the MBP staining through optical density. The intensity of the myelin protein 
immunostaining was assessed by a densitometry analysis using the NIH ImageJ Software (1.46r version, NIH, 
USA). Optical density was deduced from grayscale standardized to the photomicrograph background. Four 
measurements / brain (2 in each hemisphere) were performed by blinded experimenters (GF, LS) in each brain 
region assessed.

Count of the immunofluorescent cells. Cell counts were performed by blinded experimenters (GF, LS) 
within the brain structure of interest in duplicate (one measurement/ hemisphere) using the NIH ImageJ Soft-
ware (1.46 r version, NIH, USA). Results are expressed as a number of positive cells/mm2.

Statistical analysis. Quantitative data are expressed in mean ± standard deviation. A statistical comparison 
of our four experimental groups was performed through One-Way-ANOVAs with a subsequent Bonferroni 
post-test. The significance threshold was strictly under 5% (p < 0.05) for all analyses. The software program used 
for statistical analysis was GraphPad Prism (version 5.01 for Windows, GraphPad Software, San Diego, CA, 
USA).

Ethics approval. All experimental procedures were carried out in compliance with the European Commu-
nity Commission directive guidelines (86/609/EEC). The experimental protocol was approved by the Regional 
Ethics Committee (CEEA Val de Loire n° 19) under the reference n° 00022.01. This manuscript was written 
according to the ARRIVE  guidelines49.
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