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Administration of molecular 
hydrogen during pregnancy 
improves behavioral abnormalities 
of offspring in a maternal immune 
activation model
Kenji Imai1, Tomomi Kotani  1, Hiroyuki Tsuda5, Tomoko Nakano1, Takafumi Ushida1,  
Akira Iwase1, Taku Nagai2, Shinya Toyokuni  3, Akio Suzumura4 & Fumitaka Kikkawa1

The aim of the present study was to investigate long-term outcomes of the offspring in a 
lipopolysaccharide (LPS)-induced maternal immune activation (MIA) model and the effect of maternal 
molecular hydrogen (H2) administration. We have previously demonstrated in the MIA mouse model 
that maternal administration of H2 attenuates oxidative damage and neuroinflammation, including 
induced pro-inflammatory cytokines and microglial activation, in the fetal brain. Short-term memory, 
sociability and social novelty, and sensorimotor gating were evaluated using the Y-maze, three-
chamber, and prepulse inhibition (PPI) tests, respectively, at postnatal 3 or 4 weeks. The number 
of neurons and oligodendrocytes was also analyzed at postnatal 5 weeks by immunohistochemical 
analysis. Offspring of the LPS-exposed dams showed deficits in short-term memory and social 
interaction, following neuronal and oligodendrocytic loss in the amygdala and cortex. Maternal H2 
administration markedly attenuated these LPS-induced abnormalities. Moreover, we evaluated the 
effect of H2 on LPS-induced astrocytic activation, both in vivo and in vitro. The number of activated 
astrocytes with hypertrophic morphology was increased in LPS-exposed offspring, but decreased in 
the offspring of H2-administered dams. In primary cultured astrocytes, LPS-induced pro-inflammatory 
cytokines were attenuated by H2 administration. Overall, these findings indicate that maternal H2 
administration exerts neuroprotective effects and ameliorates MIA-induced neurodevelopmental 
deficits of offspring later in life.

The association between maternal immune activation (MIA) and subsequent neurodevelopmental disorders in 
offspring has become increasingly recognized, with both epidemiological evidence and research findings in var-
ious animal models1–4. MIA against viral or bacterial infections influences the developing fetal central nervous 
system (CNS), and increases the risk of schizophrenia and autism spectrum disorder (ASD) later in life5–7. It has 
been suggested that MIA has a strong impact on microglial development, and microglial disturbance disrupts 
neurogenesis, neuronal migration, and myelination, thus leading to consequent impairments in the brain func-
tion of the offspring2. Based on these findings, MIA is believed to be a disease primer1. It has also been reported 
that MIA and MIA-induced fetal neuroinflammation stimulate the generation of reactive oxygen species (ROS) 
and disturbances in pro-inflammatory cytokine production in the fetal brain8,9. These changes are reported to 
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lead to direct and indirect death or dysfunction of neuronal and oligodendrocyte cells10, which are considered to 
be the main targets of fetal brain injury11.

We have previously suggested that the maternal administration of molecular hydrogen (H2) plays a neuro-
protective role in the fetal brain against injury caused by oxidative stress and inflammation12–14. Ohsawa et al. 
discovered that H2 acts as an antioxidant that selectively neutralizes hydroxyl radicals (•OH) and protects the 
brain from injury15. H2 reacts with strong oxidants, such as •OH, but remains mild enough to neither disturb 
the metabolic redox reactions nor affect ROS signaling. Several subsequent studies have explored the therapeutic 
and preventive effects of H2, and have indicated that H2 has other properties as well, including anti-inflammatory 
and anti-apoptotic effects16,17. The safety and some promising benefits of H2 have already been demonstrated, not 
only in animal models but also in patients, including those with Parkinson’s disease18, diabetes mellitus19 and mild 
cognitive impairment20, although no large randomized controlled trials have been conducted to date. Recently, 
we demonstrated that the administration of H2 to pregnant mouse dams significantly increased H2 concentration 
in the fetal brain, through the maternal-fetal interface, in a mouse model of lipopolysaccharide (LPS)-induced 
MIA12. Fetal damage in this MIA model and the effect of maternal H2 administration on this damage can be 
summarized as follows12: (1) high mortality rate of MIA fetuses, (2) brain injury associated with elevated levels of 
pro-inflammatory cytokines, aberrant microglial activation, and oxidative damage in the MIA fetal brains, and 
(3) attenuation of these adverse outcomes by maternal H2 administration. Thus, the protective effect of maternal 
H2 administration on short-term outcomes in the MIA offspring has been demonstrated. However, long-term 
outcomes of the surviving offspring are yet to be investigated.

Therefore, the present study investigated long-term neurological outcomes in the MIA mouse model and the 
efficacy of H2 administration in pregnant dams, using both histological and behavioral examinations. Astrocytes, 
which are the most abundant cell population in the CNS, play a key role in normal brain development21,22. 
However, when astrocytes are exposed to maternally-derived cytokines in MIA models, they secrete various 
cytokines that lead to neurodevelopmental impairments23. Moreover, activation of astrocytes is known to be a 
factor in the prolongation of brain damage, and contributes to the formation of glial scars that limit neuronal plas-
ticity24. Thus, in the present study, the MIA-related astrocytic activation and its modification by H2 administration 
were also investigated, both in vivo and in vitro.

Results
Maternal H2 administration restored offspring growth. We investigated postnatal growth, which 
could be related to neurologic outcome. From postnatal day (P) 6 to P10, offspring growth was significantly 
retarded in the LPS group than in the Control group (p < 0.05). Although significant differences were not 
observed between the LPS and LPS + HW group, maternal administration of Hydrogen water (HW) restored 
offspring growth to the control level (Fig. 1).

Maternal H2 administration attenuated the behavioral deficits induced by LPS expo-
sure. Since MIA has been considered to be a cause of behavioral abnormalities in offspring, including ASD/
Schizophrenia-like behavior, we subsequently evaluated the effect of LPS and maternal administration of HW 
on short-term memory, sociability, social novelty, and sensorimotor gating. As shown in Fig. 2A, spontaneous 
alternation was markedly reduced in the LPS group than in the Control group (p < 0.001) in the Y-maze test, 
which is indicative of impaired short-term memory. Treatment with H2 significantly attenuated the LPS-induced 
impairment of short-term memory (p < 0.05). There was no difference in the total number of arm entries among 
the three groups (Control, 24.0 ± 1.3; LPS, 22.6 ± 0.61; HW + LPS, 22.7 ± 0.91).

In order to investigate social behaviors, we evaluated sociability and preference for social novelty in the 
three-chambered social test. During the habituation phase, the mice in each group spent equal amounts of time 
exploring both compartments, with no biased preference for either of the two empty cylinders (data not shown). 
During the sociability phase, the mice in each group demonstrated a preference for spending more time in the 
chamber containing an unfamiliar mouse (stranger 1) relative to the opposite, empty chamber. However, the 
LPS-treated offspring approached the chamber containing stranger 1 significantly less frequently than the Control 
and HW + LPS groups (p < 0.001 and p < 0.01, respectively; Fig. 2C). During the social novelty preference phase, 
the mice in each group showed a significant preference for the new, unfamiliar mouse (stranger 2) over the 

Figure 1. Offspring growth as evidenced by body weight (n = 17–22; Control, 17 pups/5 dams; LPS, 22 pups/5 
dams; HW + LPS, 19 pups/5 dams); *p < 0.05, LPS group vs. Control group, by two-way repeated measures 
ANOVA with Bonferroni post-hoc test. LPS, lipopolysaccharide; HW, hydrogen water.
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previous, now familiar, mouse (stranger 1). However, the LPS-treated offspring approached the chamber contain-
ing the stranger 2 significantly less frequently than the Control group (p < 0.01; Fig. 2D). There was no difference 
between the LPS and the HW + LPS groups, although a trend toward attenuation of the LPS-induced reduction 
in the preference for social novelty was detected in the HW + LPS group.

The prepulse inhibition (PPI) test was performed to evaluate sensorimotor integration by measuring the star-
tle response to administered acoustic pulses, however, no significant differences were detected among the groups 
(Fig. 2B).

Maternal H2 administration attenuated the LPS-induced neuronal loss. In our previous investi-
gation, activated microglia was most accumulated in mainly temporal association area, 8 h after the LPS insult. 
Neurons in this area were reported to be related to sociability deficits25. In addition, the association between 
autism and amygdala, especially in Lateral amygdala26,27, is well known. Moreover, the amygdala interacts with 
the hippocampus in relation to memory28. Based on those findings, we subsequently performed Nissl stain-
ing and evaluated the number of neurons in the amygdala, cerebral cortex, and hippocampus to investigate 
the brain regions related to the results of the behavioral deficits induced by LPS exposure. The quantitative 
results revealed significant reductions in the number of neurons in the amygdala and cerebral cortex in the 
LPS-treated offspring than in the Control group (p < 0.001 and p < 0.001, respectively; Fig. 3A, panels a,b,d,e 
and 3B), but not in the hippocampus (Fig. S1). The LPS-induced neuronal loss in the amygdala and cere-
bral cortex was improved in the HW + LPS group than in the LPS group (p < 0.05 and p < 0.05, respectively; 
Fig. 3A, panels c,f and 3B).

Figure 2. Effects of LPS and H2 on the acquisition of short-term recognition memory in the Y-maze test (A) 
PPI test (B) and sociability and social novelty preference (C,D). (A) In the LPS group, short-term recognition 
memory was significantly impaired. In the HW + LPS group, maternal administration of hydrogen water almost 
completely restored short-term recognition memory. (B) No significant difference was detected in each trial. 
(C,D) Means ± standard error of the mean are shown for the cumulative data over each 10-min test session. 
(C) Time spent within the sniffing zone of the wire cage containing the novel mouse; Stranger 1, or the empty 
wire cage. (D) Time spent within the sniffing zone of the wire cage containing the familiar mouse; Stranger 
1, or Stranger 2 (n = 17–22; Control, 17 pups/5 dams; LPS, 22 pups/5 dams; HW + LPS, 19 pups/5 dams). 
*p < 0.05, **p < 0.01, ***p < 0.001; by one-way ANOVA with Tukey’s honest significant difference test. LPS, 
lipopolysaccharide; HW, hydrogen water.
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Maternal H2 administration attenuated LPS-induced oligodendrocytic loss and suppressed 
astrocytic activation. The pathophysiologic mechanisms of the brain injury due to MIA are incompletely 
understood; however, under prenatal inflammation, activated astrocyte was reported to have a potential cause an 
adverse effect on neurons and oligodendrocyte, which would result in the abnormal behaviors in later life29. The 
number of oligodendrocytes was evaluated by using Olig2, a transcription factor involved in the differentiation 
of cells in the oligodendroglial lineage, and a mature oligodendrocyte marker30,31. Compared with the Control 
group, the number of Olig2-positive cells was clearly reduced in the white matter, amygdala, and cerebral cortex 
in the LPS group (p < 0.01, p < 0.05, and p < 0.05, respectively; Fig. 4A, panels a,b,d,e,g,h and 4C). H2 treatment 
completely blocked the LPS-induced decrease of Olig2-positive cells in all three regions (p < 0.01, p < 0.05, and 
p < 0.01, respectively; Fig. 4A, panels c,f,i and 4C).

The hallmarks of astrocytic activation include the development of a hypertrophic morphology with fewer pro-
cesses and upregulation of intermediate filament proteins, particularly glial fibrillary acidic protein (GFAP)32,33. 
In the Control group, some GFAP-positive cells were detected, most of which were in the resting state (Fig. 4B, 
panels a,d). Compared with the Control group, a significantly increased number of activated astrocytes, charac-
terized by a large soma and fewer processes (thus obtaining a more rounded shape), was observed in the white 
matter and amygdala of the LPS-treated offspring (p < 0.05 and p < 0.001, respectively; Fig. 4B, panel b,e and 4D). 
To evaluate the hypertrophic soma, the cellular size of the astrocytes was also quantified by calculating the ratio of 
GFAP immunostained area to the number of GFAP-positive cells. Larger soma were observed in the white matter 
of LPS-exposed mouse brains (p < 0.05; Fig. 4B, panel b and 4E). Although the number of GFAP-positive cells 
was unchanged following H2 treatment, the size of the GFAP-positive cells was significantly reduced in the white 
matter (p < 0.05; Fig. 4B, panel c and 4E), indicating a reduced number of reactive astrocytes by H2 treatment. 
In the amygdala, the number of GFAP positive astrocytes in the HW + LPS group was significantly decreased 
(p < 0.01; Fig. 4B, panel f and 4D).

H2 treatment suppressed LPS-induced activation in primary cultured astrocyte. Because the 
over-activation of immune cells, including astrocytes, could have an adverse effect on neurons with the overpro-
duction of pro-inflammatory cytokines34, we investigated the anti-inflammatory effect of H2 on astrocyte using 
primary cultured astrocyte. As shown in Fig. 5, stimulation of astrocytes with LPS for three hours led to marked 
increases in tumor necrosis factor α (TNF-α) (p < 0.001), interleukin (IL)-1β (p < 0.001), and IL-6 (p < 0.001) 
mRNA expression. These increases in expression of TNF-α (p < 0.01), IL-1β (p < 0.001) and IL-6 (p < 0.05) were 
significantly attenuated by H2 treatment.

Figure 3. Effect of H2 on LPS-induced neuronal loss. (A) Representative images of Nissl staining; amygdala 
and cortex. Scale bar = 100 μm. (B) The quantitation of the number of Nissl-positive cells was performed as 
described in the Materials and Methods. The result is expressed as the mean ± standard error of the mean 
(n = 12 in each group). Data are analyzed by one-way ANOVA with Tukey’s honest significant difference test. 
*p < 0.05, **p < 0.01, ***p < 0.001. LPS, lipopolysaccharide.
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Figure 4. Effect of H2 on LPS-induced oligodendrocytic loss and astrocytic activation. (A) Representative 
images of oligodendroglia stained for Olig2; white matter (upper panels), amygdala (center panels), and 
cortex (lower panels). (B) Representative images of astrocytes stained for GFAP; white matter (upper panels), 
and amygdala (lower panels). Scale bar = 100 μm in each image. (C–E) The number of oligodendroglia and 
astrocytes, and the area of the astrocytic cell body (cell size) were quantified as described in the Materials and 
Methods. Results are expressed as the mean ± standard error of the mean (n = 12 in each group). *p < 0.05, 
**p < 0.01, ***p < 0.001; by one-way ANOVA with Tukey’s test. GFAP, glial fibrillary acidic protein; LPS, 
lipopolysaccharide; n.s., not significant. In each representative image, the white line indicates the border of the 
observation area; white matter, cortex, or amygdala.

Figure 5. Effect of H2 on LPS-induced expression of pro-inflammatory cytokines in primary cultured 
astrocytes. mRNA expression levels of TNF-α, IL-1β, and IL-6 were determined by qRT-PCR 3 h after 
the addition of LPS. The data were normalized to the expression of β-actin. Results are expressed as the 
mean ± standard error of the mean (n = 5 in each group). The data are analyzed by two-way ANOVA, followed 
by Bonferroni post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001. IL, interleukin; LPS, lipopolysaccharide; qRT-
PCR, quantitative reverse transcription polymerase chain reaction; TNF, tumor necrosis factor.
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Altered gene expression patterns in primary cultured astrocytes from the Control group, the 
LPS group, and the HW + LPS group. As we previously described the gene expression profile of micro-
glia12, differential gene expression patterns of astrocytes from newborn mice in the Control group, the LPS group, 
and the HW + LPS group were also observed (Tables S1–S4, Supplementary Information). These results sug-
gest that H2 might also influence the function not only of microglia but also of astrocytes via changes in gene 
expression.

Discussion
For the first time, we have demonstrated that maternal H2 administration improved MIA-induced neurological 
impairments of offspring, including short-term memory and social interaction at postnatal 3–5 weeks. Previously, 
we reported that maternal H2 administration suppresses microglial activation in the same model. In the present 
study, H2 also suppressed the activation of astrocytes, both in vitro and in vivo. Taken together, these results 
suggest that H2 exerts a protective role against MIA-induced neuroinflammation through the suppression of 
microglia and astrocytes. As a result, mature oligodendrocytes were restored and neurons were protected from 
damage, thus leading to improved long-term neurological outcomes following maternal H2 administration. 
Prenatal exposure to LPS also resulted in a transient reduction in body weight of the offspring between P6 - 
P10, which was attenuated by maternal H2 administration. This might be due to a change in the activity of the 
hypothalamic-pituitary axis35. Deficient post-neonatal growth has been reported to contribute to poor neurologic 
outcome36, thus, the transient decrease of weight observed in this model might be related to the neurological 
impairments in the offspring.

On the basis of the epidemiological evidence, several translational rodent models have been established to 
investigate a potential causal relationship between MIA and ASD-like behavioral abnormalities1. Following 
the discovery, in the 1980s, of the increased risk of schizophrenia after maternal influenza infection37, models 
of viral-like immune activation by polyriboinosinic-polyribocytidilic acid (poly(I:C)) have been widely stud-
ied33,38,39. In addition, models of bacterial-like immune activation by LPS are also well known to precipitate 
inflammatory responses and behavioral abnormalities in offspring, similar to the poly(I:C) models38. However, 
with respect to neurotoxicity, LPS exposure may have a stronger effect on the fetal brain than poly(I:C) expo-
sure29. Thus, the type of pathogen is important for the pattern of neurodevelopmental abnormalities of the off-
spring, and the timing and dose of the pathogen’s administration, in addition to the strain or species, may also 
have an influence. The present model of prenatal exposure to LPS led to impairments in short-term memory and 
social interaction at 3 to 4 weeks after birth.

Alterations in short-term memory were demonstrated by the marked reduction in alternation behavior in 
the Y-maze test, which is consistent with previous reports40,41 and is a persistent finding in poly(I:C) models38. 
The Y-maze test is well known as a hippocampal-dependent short-term learning task. In our MIA model, a 
remarkable loss of neurons was observed in the amygdala and cerebral cortex of the offspring, but not in the hip-
pocampus. The formation of memory is encoded in a broad network of cortical/subcortical regions including the 
hippocampus, cingulate cortex, and amygdala42. Moreover, the amygdala is directly connected to and dynamically 
interacts with the hippocampus in relation to memory28. Therefore, a decreased number of neurons in the amyg-
dala and cerebral cortex could consequently result in short-term memory impairments. In this model, increased 
activation of astrocytes was observed in the white matter and amygdala, which be related to impaired short-term 
memory28,41.

Previous reports have demonstrated a causal relationship between prenatal exposure to LPS and deficits in 
social behavior and sensorimotor gating in offspring38,43–46. In this model, the social behavior including sociability 
and social novelty preference was impaired. The number of oligodendrocytes in the amygdala, cerebral cortex, 
and white matter in the offspring was decreased, which is consistent with previous findings47; and a reduced num-
ber of neurons in the amygdala and cortex was also observed. Strong evidence suggests a crucial involvement of 
the amygdala in social processing and social cognition in humans48–50, as well as in social behavior in animals51–53. 
A recent report also suggested an association between the function of the cortex and the amygdala, and social 
behavior54. Therefore, the social behavior impairment observed in the present study is compatible with the neu-
ronal and oligodendrocytic loss in the amygdala and cortex. A locomotor test was not performed in this study, 
although we observed no apparent differences in speed of movement among all groups in the three-chamber 
social test. Interestingly, there were no remarkable differences in the PPI test in our MIA model, and sensori-
motor gating was also normal in comparison with the Control group. A possible explanation for these results is 
that PPI abnormalities might occur following exposure to a pathogen at mid-gestation55, while impairments in 
short-term memory and social behavior might be independent of the timing of exposure to a pathogen2. Thus, 
the negative results of the PPI test might be due to the fact that in the present model, LPS exposure occurs at late 
gestation, on embryonic day 17 (E17). Impairments in short-term memory and social behavior are well described 
in schizophrenia and ASD38,56. PPI impairments manifest primarily in adults with ASD57, and are not observed in 
children with ASD58. A recent study further suggested that sensorimotor gating is only impaired in certain ASD 
subgroups59, although it may be a globally common feature in schizophrenia60. Therefore, the present model may 
reflect ASD-like rather than schizophrenia-like behavioral impairments.

Several characteristics that are reported in human ASD brains were also observed in the present model, 
including neuronal loss in the amygdala and cerebral cortex61, and astrocytic activation in the white matter62. We 
and others have also previously demonstrated microglial activation, enhanced pro-inflammatory cytokine levels, 
including IL-6, and elevated oxidative damage in fetal brains12,63–65. In the MIA model, microglia play a major 
role, along with astrocytes, in synaptic pruning and neural circuit formation2. In addition, a single injection of 
IL-6 is known to lead to the same behavioral abnormalities as those observed in the LPS models66 (IL-6 is thought 
to be a key cytokine in the link between MIA and the behavioral deficits in the offspring38). In our previous report, 
maternal H2 administration reduced both the excessive microglial activation and the increased IL-6 levels in the 
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MIA fetal brains12, which could ameliorate the behavioral deficits later in life. Previous studies in adult rodents 
reported that H2 treatment could mitigate the behavioral dysfunctions, including short-term memory deficits, 
cognitive impairments, and depressive-like behaviors, by regulating inflammation and ROS production67,68, 
which is in line with our current results. Moreover, the present study demonstrated that prenatal H2 adminis-
tration restored the MIA-induced neuronal and oligodendrocytic loss, and suppressed the excessive activation 
of astrocytes at postnatal 5 weeks. It was also shown that H2 directly attenuated the LPS-induced expression of 
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6, in primary cultured astrocytes. These cytokines 
are known to induce apoptosis in oligodendrocytes and hypomyelination in the neonatal rodent69. Thus, the 
suppressive effect of H2 on both microglial and astrocytic activation would protect neurons and oligodendrocytes 
against LPS exposure.

The pathological mechanism by which MIA causes psychiatric diseases in offspring is completely unknown, 
however we speculate that the following steps may be involved29,70. Intrauterine inflammation activates fetal 
microglia during the acute phase, and subsequently, microglia also activate astrocytes. In the chronic phase, 
microglial activation is attenuated, while astrocytes are continuously activated29. Both microglia and astro-
cytes are important for normal neurodevelopment, however under prenatal inflammation, they are activated, 
their function is altered, and they have an adverse effect on neurons and axons, with the overproduction of 
pro-inflammatory cytokines34. Inflammation also prevents the maturation of oligodendroglial progenitor cells, 
followed by a reduction of the oligodendrocyte lineage71,72. This reduction leads to axonal loss. The neuronal and 
axonal damage caused by microglia or astrocytes in the developing brain would result in the abnormal behavioral 
features in later life. In our model, we have previously reported over-activation of fetal microglia 8 h after the 
LPS insult12, and the present study demonstrated that activation of astrocytes continued even ~5 weeks after the 
insult. Moreover, the number of neurons and oligodendrocytes were reduced in the amygdala and white matter, 
respectively. We have previously reported that H2 has a suppressive effect on microglial activation12, and the pres-
ent study demonstrated that H2 had a similar effect on astrocytes, as described above. From these findings, we 
speculate that H2 would protect neurons and oligodendrocytes indirectly via suppression of the over-activation of 
immune cells, including microglia and astrocytes, which would result in a reduction of the behavioral abnormal-
ities present in MIA offspring. However, in this study, a direct effect of H2 on neurons and oligodendrocytes was 
not evaluated in vitro, thus, this possibility cannot be excluded.

Several limitations of this study should be noted. In the current MIA model, additional core features of ASD, 
including restricted and repetitive behavioral patterns, were not investigated73. Thus, the effect of maternal H2 
administration on these symptoms remains unknown. The sensorimotor gating abnormality may be evaluated 
at an older age than was described in the present model, however, this might require changing other factors 
including the timing of exposure. Since the mouse brain is not considered to be fully mature until 3 weeks of 
age74, the interpretation of the results of behavioral tests in the present study requires considerable caution. In 
addition, we could not avoid the detrimental effects of maternal separation required for the measurement of body 
weight on offspring development. However, the separation was performed similarly for the offspring in all three 
groups, thus any effect should be minimal, and consistent across groups. In humans, it is currently thought that 
the occurrence of multiple risk factors, including genetic mutations and postnatal exposure to inflammation or 
other environmental triggers, may be required for the onset of ASD1,38. Before advancing the clinical application 
of H2, it should be investigated whether H2 could exert similar effects in so called ‘multi-hit’ models. Finally, in 
the previous and present studies, maternal H2 administration was performed prior to the LPS exposure; thus, the 
therapeutic potential of H2 remains unclear. Therefore, it might be relevant to evaluate the therapeutic effects of 
H2 by administering H2 to dams after exposure to LPS and in offspring.

In conclusion, we have provided evidence that maternal H2 administration reduced deficits in short-term 
memory and social interaction in the LPS-induced MIA model, and also demonstrated an attenuation of the 
LPS-induced neuronal and oligodendrocytic cell loss. Remarkably, the neuroprotective effect of H2 appeared 
in the amygdala and cortex in this mouse model. The neuroprotection is thought to be due to the suppression 
of neuroinflammation, including excessive activation of microglia and astrocytes and the increased level of 
pro-inflammatory cytokines, as reported previously12. Although further investigation is required, our current 
and previous results point to the potential efficacy of maternal H2 administration on the long-term neurological 
outcomes of offspring exposed to inflammation in utero.

Materials and Methods
Reagents. LPS (serotype O55:B5) was obtained from Sigma-Aldrich (St. Louis, MO, USA). HW and hydro-
gen medium (HM) were prepared by dissolving H2 gas as described previously12,75. Both HW and HM had a 
concentration of >0.4 mM H2.

Animals and treatments. The experimental protocols in this study were approved by the Animal 
Experiment Committee of Nagoya University (approval number: 29154), and were carried out in accordance 
with the Regulations on Animal Experiments in Nagoya University. Pregnant ICR (CD-1) mice (7–8 weeks) were 
purchased from Charles River Laboratories (Kanagawa, Japan). All mice were allowed free access to food and 
water and were maintained on a 12-h light/dark cycle (lights on at 9:00 AM). The pregnant mice were assigned 
randomly to three groups of five dams each: Control group, LPS group, and HW + LPS group (Fig. 6), as in our 
previous report12. All pregnant mice, except for those in the Control group, received an intraperitoneal injection 
(i.p.) of 75 μg of LPS dissolved in sterile saline on E17. In the Control group, the pregnant mice were injected with 
an equal volume of sterile saline. In the HW + LPS group, the pregnant mice were administered HW, beginning 
24 h before LPS injection and continuing until parturition. HW was aliquoted in glass drinking bottles to prevent 
H2 degassing as well as air refilling.
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Offspring growth evaluation and behavioral testing. As shown in Fig. 6, after birth, all offspring 
were housed with their mother until P19, when they were weaned, as previously reported76,77. We only used male 
offspring in all of the experiments because of previously reported sex effects43. All animals were left undisturbed 
except for measuring body weights and weekly cage changes. Body weight was recorded at P4, 6, 8, 10, 13, 16, and 
19. The order of the behavioral tests was as follows: (1) Y-maze test at postnatal 3 weeks78; and (2) three-chamber 
sociability and social novelty test79 and PPI test at postnatal 4 weeks, according to previous reports (Fig. 6). All 
behavioral tests were conducted between 1 PM and 8 PM.

Y-maze test. The Y-maze test was carried out as described previously80. Briefly, the test was performed in a 
Y-shaped maze with three opaque plastic arms situated at 120° angles from each other. Each mouse was placed 
individually in the center of the apparatus and allowed to explore the maze freely during an 8-min session. The 
series of arm entries were recorded visually. Alternation was defined as successive entries into the three arms, 
on overlapping triplet sets. The percent alternation was calculated as the ratio of actual to possible alternations 
(defined as the total number of arm entries minus two) multiplied by 100. Spontaneous alternation (%) was used 
to quantify short-term memory.

Three-chamber social test. The three-chamber social test was performed as described previously81. Briefly, the 
apparatus consisted of a black Plexiglas rectangular box and two identical clear Plexiglas cylinders. There were 
three interconnected chambers in the box. The light was conditioned at 20 lux in an experimental room. During 
the habituation phase, empty cylinders were placed in each of the end chambers. A mouse was introduced to the 
center chamber and its behavioral approach to the end chambers was monitored for 10 min. During the socia-
bility test, an unfamiliar male ICR (CD-1) mouse (stranger 1) that had no prior contact with the test mouse was 
placed in one of the empty chambers, and the behavioral approach of the test mouse to the empty chamber and 
stranger 1 was monitored for 10 min. During the social novelty test, a new unfamiliar male ICR (CD-1) mouse 
(stranger 2) was placed in the third chamber, and the behavioral approach of the test mouse to stranger 1 and 
stranger 2 was monitored for 10 min. The time spent in each zone was calculated using the Ethovision automated 
tracking program (Noldus, Wageningen, The Netherlands).

Prepulse inhibition test. The PPI test was carried out as described previously80 with the SR-LAB system (San 
Diego Instruments, San Diego, California). Briefly, after habituation for 10 min, the animals received 10 startle 
trials, 10 no-stimulus trials, and 40 PPI trials. Each startle trial consisted of a single 120 dB white noise burst last-
ing 40 msec. The PPI trials consisted of a prepulse (20 msec burst of white noise at 69, 73, 77, or 81 dB intensity) 
followed, 100 msec later, by the startle stimulus (120 dB, 40 msec white noise). The total session lasted 17 min. 
The resulting movement of the animal in the startle chamber was measured for 100 msec after the startle stimulus 
onset (sampling frequency 1 kHz), rectified, amplified, and input into a computer, which calculated the maximal 
response over the 100-msec period. The basal startle amplitude was determined as the mean amplitude of the 10 
startle trials. The PPI was calculated according to the following formula: 100 × [1 − (PP×/P120)] %, in which PPx 
was the mean of the 10 PPI trials (PP69, PP73, PP75, or PP81) and P120 was the basal startle amplitude.

Histological analysis. After the behavioral analysis, 12 offspring in each group were selected randomly and 
sacrificed by decapitation at postnatal 5 weeks (Fig. 6). The offspring were perfused via the heart with 4% par-
aformaldehyde (PFA) in PBS. The brains were then fixed in 4% PFA for at least 24 h, embedded in paraffin, and 
cut in coronal planes (approximately 2.0 mm posterior to bregma). Immunofluorescence staining was performed 
using the following primary antibodies: rabbit monoclonal anti-Olig2 antibody (ab109186, 1:100; Abcam, Tokyo, 
Japan) or rabbit polyclonal anti-GFAP antibody (23935-1-AP, 1:100; Proteintech, Chicago, IL). The sections were 
incubated with the primary antibodies at 4 °C overnight and were further incubated with secondary antibodies 
(Alexa fluor 488, 1:500 or Alexa fluor 563, 1:500; Invitrogen, Carlsbad, CA) for 30 min at room temperature. 
Nissl staining was also performed in order to evaluate the number of neuronal cells. Following deparaffinization, 
the tissue sections were incubated in 0.2% cresyl violet (Muto Pure Chemicals Co.), and subsequently dehy-
drated in graded ethanol, and permanently mounted. Images were acquired with a BZ-9000 microscope (Keyence 
Corporation, Osaka, Japan). The BZ Image Measurement Software program (Keyence) was used to quantify the 
number of neuronal cells and Olig2-positive cells, as well as the number and the soma size of the GFAP-positive 
cells.

Astrocytic cultures. Mouse primary astrocytes were isolated from primary mixed glial-cell cultures of new-
born ICR mice, as described previously82,83. The purity of the astrocytes was >95%, as determined by immunos-
taining with the anti-GFAP antibody. Astrocytes were plated at a density of 3 × 105 cells/well in 6-well dishes. Cells 
were maintained in Dulbecco’s modified Eagle’s minimum essential medium (Sigma-Aldrich) supplemented with 

Figure 6. Schematic timeline of the in vivo study design and experimental protocols.
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10% fetal bovine serum, 5 mg/ml bovine insulin, and 0.2% glucose. To assess the expression of pro-inflammatory 
cytokines, confluent astrocytes were treated with 1 μg/ml LPS and/or HM. H2 treatment was performed by replac-
ing the astroglial medium with HM, and dehydrogenated HM was used as a control medium. The time course of 
H2 concentration in HM was described previously12. Replacement of the astroglial medium with HM or control 
medium was performed 3 h before the addition of LPS.

Quantitative reverse transcription-polymerase chain reaction (RT-PCR). Total RNA from the 
astrocyte cultures was extracted using the RNeasy Mini Kit (Qiagen Inc., Tokyo, Japan). The RT reaction with 
100 ng of total RNA was carried out with a first strand cDNA synthesis kit (ReverTra Ace; Toyobo Co., Ltd, Osaka, 
Japan). The expression levels of mRNAs encoding TNF-α, IL-1β, and IL-6 were evaluated by quantitative PCR 
(qPCR) using the Thermal Cycler Dice (Takara Bio Inc., Tokyo, Japan) and SYBRII Premix Ex Taq (Takara Bio 
Inc.) reagents. Primers for qRT-PCR are listed in Table 1.

Statistical analysis. The data are presented as means ± standard error of the mean (SEM). To analyze 
the neonatal body weights, two-way repeated measures analysis of variance (ANOVA) was used, followed by 
a Bonferroni post-hoc test. The mRNA expression levels in astrocyte cultures were also analyzed by two-way 
ANOVA, followed by a Bonferroni post-hoc test. All other data were analyzed using one-way ANOVA followed by 
Tukey’s test. The statistical analyses were performed using Prism 5 for Windows (GraphPad Software, San Diego, 
CA). Values of p < 0.05 were considered to be statistically significant.
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