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Abstract 30 

As global plastic production continues to grow, microplastics released from a massive quantity of 31 

plastic wastes have become a critical environmental concern. These microplastic particles are found in 32 

a wide range of living organisms in a diverse array of ecosystems. In this study, we investigated the 33 

biological effects of polystyrene nanoplastics (PSNPs) on development of the central nervous system 34 

using cultured neural stem cells (NSCs) and mice exposed to PSNPs during developmental stages. 35 

Our study demonstrates that maternal administration of PSNPs during gestation and lactating periods 36 

altered the functioning of NSCs, neural cell compositions, and brain histology in progeny. Similarly, our 37 

in vitro study also shows PSNP-induced molecular and functional defects in NSCs. Finally, we show 38 

that the abnormal brain development caused by exposure to high concentrations of PSNPs results in 39 

neurophysiological and cognitive deficits in a gender-specific manner. Our data demonstrate the 40 

possibility that exposure to high amounts of PSNPs may increase the risk of neurodevelopmental 41 

defects. 42 

  43 
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Main 44 

Continuous increases in global plastic consumption have resulted in the generation of a massive 45 

amount of plastic waste that finally ends up in their release and potential accumulation in the 46 

environment as tiny invisible plastic particles. These tiny plastic particles are defined as either 47 

microplastics (< 5 mm) or nanoplastics (< 1 μm) on the basis of their diameters1. Besides the secondary 48 

microplastics generated from degradation of a large mass of plastic waste through the process of 49 

weathering, primary micro- and nanoplastics are often purposely manufactured for a wide range of 50 

applications2-5. Increasing evidence shows that when they are released into the environment, these tiny 51 

plastic particles infiltrate various living organisms, particularly in the oceans, and induces toxic effects 52 

including cytotoxicity, oxidative stress, metabolic changes, and locomotion defects6-8. Moreover, 53 

microplastic particles are not only detected in aqueous environments, but also in a broad range of 54 

terrestrial (0.54-67,500 mg/kg; 1.3-42,960 items/kg of soil)9 and atmospheric (0-11,130 55 

particles/m2/day) ecosystems10. Humans are at the top of the food chain; therefore, it is possible that 56 

the amount of microplastic absorbed by humans could be higher than that absorbed by other organisms. 57 

In this regard, a recent study reported that humans can absorb considerable amounts (approximately 58 

203-312 particles/day, 74,060-121,664 particles/year) of microplastics from the environment on a daily 59 

basis through food ingestion and other routes such as inhalation and dermal exposure (0.01-66.81 60 

g/day)11. In rodents, orally administered microplastics (0.1-1 mg/day) can accumulate in various organs 61 

and finally cause metabolic disorders, oxidative stress, neurotoxicity, and reduced reproduction12,13. In 62 

terms of the relationship between the size of plastic particles and toxicity, smaller particles have higher 63 

toxicity14,15, although the majority of nanoplastics in the environment remain difficult to detect because 64 

of technical barriers16,17. 65 

Recently, environmental risks that may cause brain developmental disorders have become a critical 66 

concern, as the number of children with neurodevelopmental disorders continues to increase18. 67 

Compared with adults, infants and young children are far more vulnerable, as the brain and other organs 68 

are still developing. Moreover, in mammals, maternally-ingested toxic materials could possibly infiltrate 69 

the brain of progeny through breast milk, as the blood brain barrier (BBB) is not fully matured in neonatal 70 

developmental stages19,20. Regarding the effects of micro- and nano-sized plastics on CNS 71 

development, exposure to plastic particles causes locomotion defects in zebrafish and mice21,22. 72 
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Moreover, polypropylene microplastics (5-10 μm diameters) and silica nanoparticles (35-70 nm 73 

diameter) are directly delivered from pregnant females to fetal organs such as blood capillaries, the 74 

liver, and the brain through trophoblast layers and the placenta during embryogenesis23.  75 

In this study, we examined whether exposure to polystyrene nanoplastic (PSNP) particles via maternal 76 

administration during embryonic and early postnatal stages affects neurodevelopment in mice. 77 

Furthermore, we also examined the effects of PSNPs on primary mouse neural stem cells (NSCs). We 78 

found that maternally-administered PSNPs delivered to progeny led to histological changes in the brain 79 

of the progeny at postnatal stages. Using primary NSCs, we demonstrated that PSNPs induced 80 

abnormal changes in the proliferation, multi-lineage differentiation potential, and gene expression 81 

pattern of NSCs. Finally, we showed that PSNP-induced abnormal brain development resulted in 82 

neurophysiological defects and cognitive deficits, especially in female mice. 83 

  84 
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Maternally-administered PSNPs are delivered to progeny through breast milk. 85 

In this study, we sought to investigate the effect of PSNPs on brain development using yellow-green 86 

fluorescence (YG)-conjugated carboxylated PSNPs (50 nm diameter) in mice. To determine the effects 87 

of PSNPs on brain development, PSNPs were orally administered to pregnant and lactating female 88 

mice and the brain histology, neurophysiology, and behavior of the progeny were analyzed in the 89 

postnatal stages (Fig. 1a). As the majority of forebrain regions and maternal mammary glands start 90 

development around 8-10 days after fertilization24, PSNPs were administered from embryonic day 8 91 

(E8) until 2 weeks after birth (Supplementary Fig. 1). The effects of PSNPs were evaluated using a 92 

broad range of doses (0.5-1,000 μg/day) according to previous rodent studies (Supplementary Table. 93 

1). Scanning electron microscopy (SEM) showed that the PSNPs had an appropriate diameter of 94 

approximately 50 nm and spherical shapes (Supplementary Fig. 2a). For oral administration and dose-95 

dependency analysis of the effects of PSNPs on the brain, agarose jelly cubes containing various 96 

amounts of YG-PSNPs (0-1,000 μg/cm3 cube) were prepared. Under both white light and fluorescence 97 

microscopy, the YG fluorescence intensity of the jelly cubes increased in association with the amount 98 

of YG-PSNPs (Supplementary Fig. 2b). After maternal exposure, YG signals were detected in various 99 

brain regions (sagittal view) of the postnatal progeny (P7) including the olfactory bulb, hypothalamus, 100 

with the highest intensity being detected in the hippocampus and cerebellar purkinje cell layer. However, 101 

YG signal intensity in the brainstem was far lower than in other regions. The signal intensity from the 102 

YG-PSNPs increased in a dose-dependent manner in the hippocampus and the cerebellum 103 

(Supplementary Fig. 2c). 104 

To investigate the detailed absorption route and the distribution of PSNPs in the mothers and progeny 105 

at various developmental stages, we analyzed the YG signal in organs of both mothers and progeny at 106 

various time points after maternal administration of YG-PSNPs (500 μg/day). We found no YG signal in 107 

any organs of the embryos (E14) (Fig. 1b), or in the umbilical cord (Fig. 1c). Similarly, we observed 108 

very little YG signal in the fetal side of the placenta (labyrinth), whereas clear YG signals were detected 109 

in the maternal side of the placenta (decidua; Fig. 1c). These data suggest that maternally-administered 110 

PSNPs may not be directly absorbed by the embryo during gestation. To examine whether maternally 111 

ingested PSNPs are delivered to the progeny during neonatal and early postnatal stages, we first 112 

analyzed YG signal in the organs of lactating females and found high YG signal intensity in the 113 
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intestines, blood, and mammary glands (Fig. 1d). We next analyzed the organs of postnatal progeny 114 

at P1 and P7, and clearly found YG signals in the intestines, blood, and brain regions, including the 115 

hippocampus and cortex (Fig. 1e). Collectively, these data demonstrate that maternally-administered 116 

PSNPs were delivered to progeny through breast milk after birth, rather than being directly delivered to 117 

embryos during gestation (Fig. 1a). 118 

 119 

Maternal administration of PSNPs alters the body and brain weights of offspring. 120 

To determine the effects of PSNPs on development, we first analyzed the body and brain weights of 121 

the progeny at various developmental stages after maternal administration of PSNPs (from E8 to 2 122 

weeks after birth; Fig. 2a). At 1 week after birth (P7), the body weights in the groups exposed to 100 123 

and 500 μg of PSNPs daily were clearly higher than in the control group (Fig. 2b and Supplementary 124 

Table. 2). Similarly, the groups exposed to 10, 100, and 500 μg of PSNPs daily also showed slightly 125 

higher brain weights than the control group (Fig. 2b). However, we did not observe an increase in either 126 

body weight or brain weight in the pups exposed to the highest dose (1,000 μg PSNPs/day). The group 127 

exposed to 1,000 μg PSNPs/day showed a decrease in body weight compared with the controls (Fig. 128 

2b). This inconsistency at the highest dose could be a result of toxicity from the excessive amounts of 129 

PSNPs, even though no lethality was observed in any of the groups until 11-12 weeks after birth (data 130 

not shown). A further analysis of body weights in the postnatal individuals showed that the most 131 

significant increases in body weight occurred after administration of 100-500 μg PSNPs/day until 6 132 

weeks after birth, with the highest increase at 6 weeks regardless of gender (Fig. 2c and 133 

Supplementary Table. 2). By contrast, no change was found in the weight or length of the embryos at 134 

E14 (Fig. 2d). Collectively, these data show that maternally-administered PSNPs abnormally altered 135 

body and brain weights of progeny in the postnatal stages. 136 

 137 

PSNPs induce histological changes in the developing brain. 138 

To investigate the effects of PSNPs on brain development, we performed histological analysis of the 139 

brains of the progeny at 1 w after maternal administration of PSNPs, using specific markers for various 140 
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neural cell types (Supplementary Fig. 1). The YG signal was clearly detectable in the hippocampus 141 

after PSNP exposure (Fig. 3a). As NSCs, which have self-renewal and multi-lineage differentiation 142 

potential, are the most essential cell type for brain development, we first examined whether NSCs in 143 

brain stem cell niches were altered by PSNPs. Exposure to high doses of PSNPs (500-1,000 μg/day) 144 

profoundly reduced (more than a 60% reduction) the number of Ki67+ proliferative cells in the 145 

hippocampus.  In addition, progenitor cells positively labeled with nestin, a specific marker for NSCs, 146 

were also lower in the hippocampus at high doses of PSNPs (500-1,000 μg/day; Fig. 3a). Conversely, 147 

in the subventricular zone (SVZ) near to the lateral ventricles, we found no YG signal (Supplementary 148 

Fig. 3a) and no alteration in Ki67 or nestin immunostaining of NSCs after PSNP administration 149 

(Supplementary Fig. 3b). By genotyping of the gender with SRY primer, we confirmed that there was 150 

no gender specificity in the PSNP-induced lowering of proliferative NSCs in the hippocampus 151 

(Supplementary Fig. 4). These data clearly show that exposure to PSNPs alters the functioning of 152 

NSCs in the specific brain regions. 153 

As the brain weight and proliferative NSCs in the hippocampus were clearly altered in the group treated 154 

with 500 μg/day PSNPs, we used 500 μg/day for the following analyses of neurological effects. To 155 

examine whether PSNPs alter the grey matter (which is composed of neuronal cell bodies) of the brain, 156 

we used NeuN, a marker of neuronal nuclei. We found that NeuN+ cells were lower in the hippocampal 157 

striatum radiatum and lacunosum-moleculare of PSNP-exposed mice (500 μg/day; Fig. 3b). Moreover, 158 

both NeuN immunolabeling and hematoxylin and eosin (H&E) staining results showed that the thickness 159 

of the neuronal layer in the hippocampal CA3 region was clearly lower in the mice exposed to PSNPs, 160 

whereas no change was observed in the CA1 and dentate gyrus of the hippocampus (Fig. 3c). Next, 161 

to investigate the effects of PSNPs on neuronal axons in white matter of the brain, we analyzed the 162 

histology of the corpus callosum, the largest white matter tract in the brain. Besides the neuronal soma, 163 

the thickness of the corpus callosum was also clearly lower in both the medial and lateral hemispheric 164 

regions of PSNP-exposed mice (Fig. 3d). Additionally, the number of GFAP+ astrocytes in white matter, 165 

including the corpus callosum and internal capsule, was remarkably higher in mice exposed to PSNPs 166 

than in control mice (Fig. 3e). Collectively, these data demonstrate that exposure to PSNPs during 167 

development alters not only NSC functionality, but also the number and functions of differentiated 168 

neurons and glia in the developing brain.  169 
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 170 

PSNPs cause functional abnormalities in hippocampal NSCs. 171 

For a detailed investigation of the biological effects of PSNPs on NSC function, we chose cultured 172 

primary hippocampal NSCs as an in vitro model. As brain NSCs are proliferative multipotent stem cells, 173 

we examined the effects of PSNPs on NSC proliferation and multi-lineage differentiation ability (Fig. 174 

4a) using carboxylated PSNPs (50 nm; Fig. 4) and large carboxylated (500 nm) PSNPs and plain 175 

PSNPs (50 and 500 nm) as well (Supplementary Fig. 5 and 6). We first used SEM imaging to confirm 176 

that all PSNP particles showed a suitable range of diameters (Supplementary Fig. 5a). Then, we 177 

examined whether the PSNP particles were evenly scattered through the culture media without 178 

aggregation. Our dynamic light scattering (DLS) analysis data clearly show that all four PSNP types 179 

had appropriate diameters without any aggregation in distilled water (DW) or the culture media used for 180 

both proliferation and differentiation until day 7 after treatment (Supplementary Fig. 5b). Next, we 181 

analyzed the effects of PSNPs on NSC proliferation at various doses (0-100 µg/ml) using YG-182 

conjugated carboxylated PSNPs (50 nm diameter). We found lower total cell numbers at ≥ 10 µg/ml 183 

PSNPs (Fig. 4b) with no significant cell death (data not shown). On the basis of these results, we used 184 

25 µg/ml PSNPs for the rest of our in vitro experiments because we found a clear reduction in 185 

proliferation without a cytotoxic effect at this dose. 186 

In a detailed analysis of NSC proliferation, we found lower levels of Ki67+ proliferative cells in all four 187 

groups treated with the different types of PSNPs, with the most significant difference occurring in the 188 

group with 50 nm carboxylated PSNPs (Fig. 4c and Supplementary Fig. 6a). Moreover, the sizes of 189 

the neurospheres and the total numbers of cells were clearly lower in all four PSNP-exposed groups 190 

than in the controls (Fig. 4d and Supplementary Fig. 6b), although nestin was well expressed in all 191 

five groups (Fig. 4c and Supplementary Fig. 6a). To ensure that our experimental results were not 192 

limited to products from a specific company, we repeated our experiments with PSNPs (30 nm) from 193 

another company and obtained consistent results, as shown in Supplementary Fig. 7a-d. 194 

Furthermore, our differentiation assay data show that the neurite length of the neurons was clearly 195 

lower in those exposed to PSNPs in vitro (Fig. 4e and Supplementary Fig. 6c and 7e). Similar to our 196 

in vivo data, substantially more cells differentiated into GFAP+ astrocytes following in vitro exposure to 197 
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PSNPs of all types (Fig. 4e and Supplementary Fig. 6c and 7e). Altogether, these data demonstrate 198 

that nanometer-sized PSNP particles lead to lower NSC proliferation and alteration of both 199 

neurogenesis and gliogenesis in the hippocampus. 200 

 201 

The transcriptome pattern in mouse hippocampal NSCs was altered by PSNPs  202 

To investigate the effects of PSNPs on neural development at a molecular level, we performed 203 

transcriptome analysis using mouse hippocampal NSCs exposed to 50 nm carboxylated PSNPs. Two 204 

independent replicates were analyzed for changes at the transcriptome level. Using p < 0.05 and 1.5-205 

fold change (FC) filtering, we found more prominent transcriptional down-regulation than up-regulation 206 

in NSCs exposed to PSNPs (Fig. 5a). Gene ontology (GO) analysis showed that the majority of 207 

commonly down-regulated genes belong to the pathways related to cell division and proliferation. Many 208 

genes in this group serve as a hub, forming extensive protein-protein interactions with other proteins 209 

involved in cell cycle regulation (Fig. 5b, c). Of note, several kinases (e.g., Aurka/b, Bub1, and Plk1) 210 

and regulatory proteins (e.g., Cdc20, Ccna2, and Ccnb1) that are critical for cell cycle progression were 211 

identified as the major interaction hubs within the network formed by the PSNP-sensitive genes (Fig. 212 

5c). This result collectively demonstrates that the PSNP-induced defects in the proliferation of NSCs 213 

and neurogenesis in the hippocampus are caused by selective down-regulation of the genes that 214 

coordinate to control cell division and proliferation.  215 

Regarding the PSNP-induced increase in astrocytes observed in vivo and in vitro (Fig. 3e and 4e), 216 

we found lower mRNA expression of neurogranin (Nrgn) after NSCs were exposed to PSNPs (Fig. 5d). 217 

This observation is consistent with a previous report, which showed the number of GFAP+ astrocytes 218 

was higher in the hippocampus of Nrgn-deficient mice than in that of wild type mice 25. In addition, we 219 

found increased mRNA expression of platelet-derived growth factor receptor β (Pdgfrb), which has 220 

implications for astrocyte reactivity and astroglioma formation26,27, after PSNP exposure (Fig. 5d). 221 

Taken together, the PSNP-induced abnormal increase in astrocytes could be caused by altered 222 

expression of Nrgn and Pdgfrb genes in the developing brain. 223 

 224 
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PSNP exposure results in physiological abnormalities and cognitive deficit in a gender-225 

dependent manner.  226 

We next sought to examine whether PSNP-induced abnormal changes in brain structures and NSC 227 

functions were associated with functional abnormalities of the brain in adulthood by analyzing synaptic 228 

plasticity, neurotransmitters, and behavior after maternal exposure to PSNPs. 229 

First, we investigated whether exposure to PSNP alters synaptic plasticity in the hippocampus. When 230 

long-term potentiation (LTP) was induced in the Schaffer collateral pathway of the hippocampus using 231 

theta burst stimulation (TBS), we found that LTP remained intact in both male and female mice after 232 

PSNP exposure (Supplementary Fig. 8a). The magnitude of the LTP did not differ between control and 233 

PSNP-exposed groups in either sex (Supplementary Fig. 8a; males, p > 0.8; females, p > 0.9). 234 

However, when low frequency stimulation (LFS; a well-known stimulation protocol for long term 235 

depression (LTD) induction) was given, it failed to induce any significant decrease in field excitatory 236 

postsynaptic potential (fEPSP) slopes in the PSNP-exposed groups (Fig. 6a and Supplementary Fig. 237 

8a). This LTD induction failure was common to both genders when the baseline fEPSP slopes were 238 

compared with those 30 min after LFS (Fig. 6a). The magnitude of LTD was significantly different in 239 

PSNP-exposed female mice in comparison with controls, suggesting that the impact of PSNP exposure 240 

on bidirectional synaptic plasticity may qualitatively differ according to gender (Fig. 6a). 241 

Second, to examine whether PSNPs alter neurotransmitters in the brain, we measured the amount of 242 

glutamate and GABA in the hippocampus and the cortex following exposure to PSNPs. After PSNP 243 

administration, we found 20% higher GABA in the hippocampus of female mice in comparison with 244 

controls, but did not find alteration of GABA in male mice. However, we found no change in glutamate 245 

in either the hippocampus or the cortex after PSNP administration, irrespective of gender (Fig. 6b and 246 

Supplementary Fig. 8b). 247 

Third, to examine whether PSNP-induced neurophysiological alterations eventually lead to behavioral 248 

deficits, we investigated the effect of PSNPs on cognitive function using a Y-maze test and a novel 249 

object recognition test (NOT; Fig. 6c and Supplementary Fig. 9). The results of the Y-maze test 250 

demonstrated that only female mice exposed to PSNPs, but not male mice, had a lower alternation rate 251 

(8%) than the controls (Fig. 6c). Similarly, the NOT results also showed that only female progeny 252 
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exposed to PSNPs had a reduction in both exploration time (42%) and frequency (38%) in comparison 253 

with the control group (Fig. 6c). However, no change was found in locomotion or social interaction after 254 

PSNP administration (Fig. 6c and Supplementary Fig. 9). Taken together, these data suggest the 255 

possibility that exposure to high amounts of PSNPs during developmental stages may increase the risk 256 

of brain dysfunction and cognitive deficit, especially in female mice. 257 

  258 
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Conclusions 259 

The current study demonstrates that PSNPs induce abnormalities in NSC functioning and brain 260 

development that ultimately result in neuronal dysfunction and cognitive deficit. Since the exact amount 261 

of microplastics consumed by people on a daily (or annual) basis is still unknown, we examined the 262 

effects of a wide range of doses of PSNPs according to previous studies (Supplementary table 1). 263 

The results demonstrated that exposure to large doses of PSNPs (≥ 500 μg/day) caused significant 264 

abnormalities in brain development, whereas low doses of PSNPs did not, suggesting that high doses 265 

of PSNPs may increase the risk of neurodevelopmental defects. In vivo and in vitro experimental 266 

approaches showed that PSNPs could increase the risk of cognitive deficit, but not that of other 267 

neurological defects such as locomotive and emotional defects. This is in contrast to previous studies 268 

showing that  intake of a different type of microplastic, polyethylene microplastic, leads to anxiety and 269 

locomotion deficit in mice22, suggesting that the action mechanisms and biological effects of 270 

microplastics may differ depending on the type of microplastic. 271 

In this study, we found that maternally-administered PSNPs were delivered to progeny through breast 272 

milk at early postnatal stages, rather than directly to the embryos during pregnancy. This finding is 273 

consistent with previous studies showing that the placental barrier blocks polystyrene transmission to 274 

the fetus, regardless of the size or surface charge of the particles28. By contrast, polypropylene, silica, 275 

and titanium dioxide nanoparticles can pass through the placental barrier and directly infiltrate fetal 276 

organs15,29. This discrepancy could be due to differences in the properties of each nanoparticle type. 277 

Although there was no direct transmission of particles to the embryos, we commenced PSNP treatment 278 

at E8, rather than in the neonatal stages, to ensure strong accumulation of PSNPs in the mammary 279 

glands of the pregnant females, as the mammary gland undergoes development from approximately 8-280 

9 days after fertilization24. In this regard, our experimental design may still include the possibility that 281 

the treatment with nanoplastics during pregnancy could have had an indirect effect on embryo 282 

development by altering the physiological state of the mother.  283 

The female-specific cognitive impairment caused by PSNPs observed in this study may come from 284 

the sexual dimorphism of the developing brain. In this regard, gender-specific synaptic development, 285 

functioning, and neurotransmitter activity in the hippocampus have all been reported30. In particular, the 286 
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level of estrogen receptor α (ERα) is higher in the hippocampus of female mice than in that of male 287 

mice, and ERα signaling is a key mediator of the induction of long-term potentiation in female mice31,32. 288 

Consistent with these reports, we observed that PSNP exposure decreased the expression of ERα in 289 

the hippocampus of female progeny (unpublished data; data not shown). Further study is required to 290 

investigate the molecular mechanisms underlying PSNP-induced brain developmental abnormalities.  291 

  292 
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Methods 293 

PSNPs used in the study 294 

PSNPs used in the current study are Yellow-Green (YG)-conjugated particles with an excitation and 295 

emission wavelengths of 441 and 486 nm, respectively (Polyscience, Warrington, PA). A couple of 296 

different sizes (50 nm and 500 nm) of plain and carboxylated PSNPs (2.5% w/v aqueous suspensions) 297 

were evaluated for bioaccumulation and neurological effects. Carboxylated NPs have negatively 298 

charged carboxylate groups (COOH-) on their surfaces. Plain PSNPs have no surface modification but 299 

are negative charge stabilized colloidal particles. Aqueous suspension (2.5% w/v) of 50 nm PSNPs and 300 

500 nm PSNPs include 3.64 x 1014 particles/ml and 3.64 x 1011 particles/ml, respectively. 301 

 302 

Mice 303 

Pregnant female C57BL/6J mice were purchased from Daehan Biolink Co. (Korea). Mice used in the 304 

experiment were fed AIN-93G diet to minimize autofluorescence and enhance the accuracy of tissue 305 

analysis. All animal experiments complied National Institutes of Health Guidelines and were approved 306 

by Animal Use and Care Committee protocol at Korea Research Institute Bioscience & Biotechnology 307 

(KRIBB) (Permit number: KRIBB-AEC-19193). 308 

 309 

Treatment of PSNPs in vivo 310 

For oral administration of PSNPs to the pregnant and lactating mother, PSNP (carboxylated; 50 nm of 311 

diameter) containing agarose jelly cubes (0-1,000 µg PSNP, 0.1 g nut powder, 10% sucrose, 2.5% 312 

agarose/cm3 of each cube) were prepared (Supplementary figure 2b). PSNP containing jelly cubes 313 

were treated once a day from the 8th day of pregnancy. A group of mice treated with agarose jelly cubes 314 

containing nuts and sucrose but no PSNP was used as control. 315 

 316 

Immunofluorescence staining 317 
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Brain tissues and neurospheres were cryosectioned and immunolabeled as previously described33,34. 318 

Primary antibodies used in the experiments were: anti-NeuN (1:100; MilliporeSigma; Burlington, MA), 319 

anti-Neurofilament (1:500; Abcam, Cambridge, UK), anti-Ki67 (1:100; BD Biosciences, San Jose, CA), 320 

anti-Nestin (1:500; Abcam) and anti-GFAP (1:200; Thermo Fisher Scientific, Waltham, MA) antibodies. 321 

The signals were visualized with appropriate fluorescence conjugated secondary antibodies. Hoechst 322 

33258 was used for counterstaining (Life technologies, Carlsbad, CA). The images were obtained with 323 

fluorescence microscope (Zeiss, Germany) and confocal microscope (Zeiss, Germany). 324 

 325 

H&E staining 326 

For histological analysis, various mouse tissues were stained with hematoxylin for nuclear staining 327 

followed by the staining with eosin to visualize cytoplasmic regions. The images were obtained using 328 

light microscope (Olympus, Japan). 329 

 330 

Culture of mouse hippocampal NSCs 331 

Hippocampal regions were dissected from embryonic (E16.5) mouse brain. Primary hippocampal 332 

NSCs were prepared as described previously33,34. 333 

 334 

Treatment of PSNPs in vitro 335 

Biological effects of PSNPs on the functions of primary hippocampal NSCs were examined with two 336 

different sizes (50 nm and 500 nm) of carboxylated and plain PSNPs at 0-100 µg/ml. No PSNP 337 

containing distilled water was treated to the control group. 338 

 339 

NSC proliferation assay 340 

Neurospheres were dissociated into single cells using 0.1% Trypsin-EDTA solution. Dissociated cells 341 
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(3,000 cells/well) were seeded into 24-well ultra-low attachment plates with NSC growth medium. After 342 

7-9 days the proliferation rate was measured as previously described33,34. 343 

 344 

Multi-lineage differentiation assay 345 

Neurospheres treated with vehicle and PSNPs (25 µg/ml) were dissociated into single NSCs followed 346 

by plating onto matrigel coated-24 well culture plate (1.5 x 105 cells/well) with differentiation medium 347 

(DMEM/F12 media, N2, B27, Glutamax) to induce neuronal and glial differentiation. After 7-9 days, the 348 

cells were immunolabeled with anti-Tuj1 (1:1,000; Biolegend) and anti-GFAP (1:200; Thermo Fisher 349 

Scientific) antibodies for neurons and astrocytes, respectively33,34. 350 

 351 

Transcriptome and network analysis 352 

For transcriptome analysis, RNA was prepared from mouse embryonic NSCs (E16.5) treated with 25 353 

µg/ml carboxylated PSNPs (50 nm of diameter). mRNA-seq library construction was performed with 354 

MGIEasy RNA Directional Library Prep Kit (MGISEQ) according to the manufacturer’s instructions. 355 

Adapter and low quality of FASTQ reads were trimmed using Trim Galore with option “-p 20”. After 356 

trimming, differential gene expression analysis of mRNA-seq experiment was carried out on Tuxedo 357 

protocol35. Briefly, trimmed FASTQ reads were mapped to GENCODE’s mm10 genome (GRCm38.p6) 358 

using Tophat36 with options “-p 16 -r 250 -mate-std-dev 50 -library-type fr-secondstrand -G /path/ 359 

gencode.vM24.annotation.gtf”. Because Tophat considers splicing junctions between exons, we used 360 

GTF file from GENCODE (gencode.vM24.annotation.gtf). To quantify gene and transcript expression, 361 

we used Cuffquant with options “-frag-bias-correct -multi-read-correct -num-threads 16 -library-type fr-362 

secondstrand -M/path/ gencode.vM24.annotation.mask.gtf”. In order to compute the gene and 363 

transcript expression more effectively, we used “-M mask file” options for ignoring all alignment within 364 

transcript in mask file. Mask file was made by linux command “grep -v ‘protein coding’ 365 

gencode.vM24.annotation.gtf > gencode.vM24.annotation.mask.gtf”. This mask file doesn’t have 366 

protein coding genes, miRNAs, and lncRNAs. We normalized the expression levels using Cuffnorm with 367 

options “-num-threads 16 -library-type fr-secondstrand -library-norm-method classic-fpkm -output-368 
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format simple-table”. To compare expression levels between control and C50nm, we used Cuffdiff with 369 

options “-frag-bias-correct -multi-read-correct -num-threads 16 -library-type fr-secondstrand -library-370 

norm-method classic-fpkm -dispersion-method blind”. We set differentially expressed gene criteria as 371 

“fold change of FPKM is more than 1.5 and p-value of Cuffdiff is less than 0.05”. We called these genes 372 

differentially expressed genes (DEGs). 373 

 374 

Gene Ontology 375 

Gene ontology analysis was performed by Metascape with DEGs37. We used GO biological process, 376 

KEGG pathways, Reatome gene sets, CORUM complexes, and canonical pathways from MSigDB by 377 

default. Analysis parameters were used with enriched terms to include ≥ 3 candidates, p-value ≤ 0.01, 378 

and enrichment factor ≥ 1.5. 379 

 380 

Protein-Protein Interaction (PPI) Network Analysis 381 

Network analysis was performed by NetworkAnalyst38. We analyzed PPI based on STRING 382 

interactome database. At first, we used basic options with confidence score cutoff 900 to find out how 383 

many down-regulated DEGs are connected closely. To identify direct interaction with DEGs, we used 384 

“zero-order Network” option that shows directly connected gene. 385 

 386 

Electrophysiology 387 

PSNP (500 µg/day; carboxylated PSNP; 50 nm of diameter) treated mice at the age of 10-12 weeks 388 

were used for electrophysiological experiment. All animals were anesthetized by using isoflurane, and 389 

theirs brain were stored in cold choline dissection buffer (containing in mM: 110 choline chloride, 11.6 390 

Na-ascorbate, 3.1 pyruvate, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl, 7 MgCl2, 0.5 CaCl2 and 25 glucose, 391 

bubbled with 95% O2 and 5% CO2). Coronal brain slices containing the hippocampus (300 mm thick) 392 

were prepared using a Leica VT1000S vibrating tissue slicer and placed in a submerged chamber with 393 

an artificial cerebrospinal fluid (aCSF, containing in mM: 1 NaH2PO4, 26.2 NaHCO3, 118 NaCl, 2.5 KCl, 394 
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11 glucose, 2 CaCl2 and 1 MgCl2, bubbling with 95% O2 and 5% CO2) at 35°C water bath for 45 min. 395 

Brain slices were kept at room temperature before recording and transferred to the recording chamber 396 

perfusing aCSF maintained at 29-32°C. Field excitatory postsynaptic potentials (fEPSP) were recorded 397 

using a DAM-80 amplifier and WIN LTP 2.10 software (University of Bristol, UK), filtered 3 kHz and 398 

sampled at 20 kHz. Recording pipettes with resistance of 1-3MΩ were filled with aCSF. fEPSPs were 399 

obtained from CA1 dendritic areas by stimulating stratum radiatum alternatively with 20s inter-400 

stimulation intervals by using two bipolar electric stimulators (FHC Inc, ME, USA). LTP was induced by 401 

giving 4 times of theta burst stimulation (4xTBS: a single TBS is composed of TBS, 20 bursts of 4 pulses 402 

at 100 Hz, repeated 4 times in 10s intervals). Low frequency stimulation (LFS: 600 pulses of 1Hz) was 403 

used to induce LTD39,40. 404 

 405 

Measurement of glutamate/GABA in the cortex and the hippocampus 406 

For the analysis of neurotransmitters, brain tissues were isolated from 11 weeks old control and PSNP 407 

(500 µg/day; carboxylated PSNP; 50 nm of diameter) treated mice. The levels of glutamate and GABA 408 

were determined by high performance liquid chromatography (HPLC, 1260 Infinity system, Agilent 409 

Technologies, Santa Clara, CA) using an UV detector41,42. Briefly, the brain tissues were homogenized 410 

in distilled water and centrifuged, and the supernatants derivatized with o-phthaldialdehyde were 411 

injected using an autosampler at 4°C followed by the elution through an Eclipse Plus RR-C18 column 412 

(4.6 × 100 mm × 3.5 μm, Agilent Technologies, Santa Clara, CA) at 45±1°C with a mobile phase. The 413 

composition of the mobile phase A was 40 mM Na2HPO4 and 0.1% phosphoric acid, and mobile phase 414 

B was acetonitrile/methanol/water (45/45/10, v/v/v). Compounds were eluted over a 17 min runtime at 415 

a flowrate of 1 ml/min with gradient conditions (linear gradient change from 5 - 50% of mobile phase B 416 

between 0 and 15 min; 15-16 min, linear gradient change from 50 - 80% mobile phase B; 16-17 min, 417 

linear gradient change from 80% back to 5% mobile phase B). The peaks of glutamate/GABA were 418 

analyzed and integrated using a ChemStation software (Agilent Technologies, Santa Clara, CA), and 419 

all samples were normalized based on the protein concentration spectrophotometrically determined by 420 

BCA protein assay (Thermo Scientific, Waltham, MA). 421 

 422 
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Behavior tests 423 

All the behavior tests were performed according to the time line illustrated in supplementary figure 424 

1. PSNPs (500 µg/day; carboxylated PSNP; 50 nm of diameter) were maternally administered during 425 

pregnant and lactating periods (from embryonic day 8 until 2 weeks after birth) and the tests were 426 

performed in the progeny at 8-10 weeks after birth. 427 

- Y-maze alternation test: The Y-maze alternation test was performed as previously described43,44. A Y-428 

maze with three identical arms of plexiglass (51.5 × 11.5 × 12 cm), which were 120° apart, was used. 429 

Each mouse was placed in a Y-maze and allowed to explore the maze for 10 min. The sessions were 430 

video recorded and scored for entries into arms. The percentage of spontaneous alternation was 431 

calculated as the ratio of the actual to possible alternations (defined as the total number of arm entries 432 

minus 2), which was multiplied by 100: alternation (%) = [(number of alternation) / (total arm entries-2)] 433 

x 100.  434 

- Novel object recognition test (NOT): The NOT was conducted as previously described44. Mice were 435 

individually habituated to a testing chamber (40 cm wide x 20 long x 20 cm high) with no objects for 5 436 

min. Mice were placed in a testing chamber for 10 min with two identical objects (familiar objects). 24 437 

hr later mice were placed into the testing chamber in the presence of one of the familiar objects and 438 

one novel object (novel object) for 10 min. The familiar objects were cylindrical wooden blocks 10 cm 439 

high x 2 cm diameter. The novel object was a 10 cm x 2.5 cm x 2 cm rectangular wooden block. The 440 

acquisition and recognition sessions were video-recorded and scored the time spent exploring the 441 

objects. The chambers and objects were cleaned with ethanol between trials. Exploration was defined 442 

as sniffing and touching the object with the nose and/or forepaws. Sitting on the object was not 443 

considered exploratory behaviour. A discrimination index was calculated for each animal and expressed 444 

using the following formula: (exploring the novel object - exploring the familiar object)/ (exploring the 445 

novel object + exploring the familiar object) on day 2.  446 

- Open field test: The open field test was conducted as previously described45. Animals were habituated 447 

in the test room for 30 min before the initial testing. Mice were individually placed in an open field box 448 

(45 x 45 x 45 cm3) for 30 min. The horizontal locomotion of the mouse was measured using a 449 

computerized video tracking system, SMART (Panlab, Barcelona, Spain).  450 
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- Social interaction test: Each mouse was placed in the white acryl wall box (40 x 20 x 20 cm) for 3 min 451 

for habituation. After then, an age matched novel C57BL/6J control male mouse was introduced to the 452 

test cage and allowed to explore freely for 3 min. The sessions were video recorded and social 453 

interaction, such as body sniffing, anogenital sniffing, and direct contact was analyzed for 3 min. 454 

 455 

Statistical analysis of the data 456 

All data were obtained from at least three replicates and analyzed by unpaired t-test or one-way 457 

ANOVA test (Newman-Keuls method). Statistical analyses were performed with GraphPad Prism 458 

(version 5.0, GraphPad Software, USA), and p values less than 0.05 interpreted as significant 459 

differences. 460 

 461 

Data availability 462 

The authors declare that the data supporting the findings of this study are available within the paper 463 

and its supplementary information files. 464 
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Figure 1. Maternally-administered PSNPs infiltrated various organs of the offspring and lactating 617 

mother. (a) Schematic drawing shows the overall experimental procedures. (b) The tissue analysis 618 

data show no YG fluorescence in embryonic tissues after maternal administration of PSNPs. (c) YG- 619 

conjugated PSNPs were detected in the maternal side of the placenta (decidua; D), but very few were 620 

detected in the fetal side of the placenta (labyrinth; L) after PSNP administration (PS). No fluorescence 621 

signal was observed in the umbilical cord of either control group (Ctrl) or PSNP treated group (PS). 622 

Histological structures were confirmed by H&E staining. (d) Green fluorescence images show the 623 

accumulation of YG-conjugated PSNPs in maternal tissues including blood, intestines, and the liver. (e) 624 

YG-conjugated PSNPs were detected in the blood and organs of offspring at P1 and P7 including 625 

intestine, brain cortex, and hippocampus (cc: corpus callosum; DG: dentate gyrus). 626 
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Figure 2. PSNPs increased the body and brain weights of the postnatal offspring. (a) Schematic 630 

drawing shows various time points at which body and brain weights were measured. (b) The PSNP-631 

administered postnatal (1 w) group showed an increase in body weight and brain weight at doses of 632 

100-500 µg/day. (c) The group that was administered 500 μg/day of PSNPs (PS) showed the highest 633 

body weight increase at 6 weeks (6 w), regardless of gender, with the difference not being any more 634 

significant at 11 weeks than in the controls (Ctrl). (d) No change in body weight or body length was 635 

observed in E14 embryos after PSNP treatment (PS). Values denote mean ± SEM. *p < 0.05, **p < 636 

0.005, ***p < 0.0005. 637 
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Figure 3. PSNPs altered neural cell composition in the brains of postnatal progeny. (a) The mouse 641 

brain atlas shows the location of the hippocampal dentate gyrus (DG). A green fluorescence image 642 

shows the accumulation of maternally-administered YG-conjugated carboxylated PSNPs (50-nm 643 

diameter; 500 µg/day) in the hippocampus of the progeny at P7. Immunofluorescence staining results 644 

show that the number of Ki67+ and nestin+ progenitor cells was lower in the dentate gyrus of PSNP-645 

exposed groups (carboxylated; 50-nm diameter) at ≥ 500 µg/day. The number of Ki67+ cells and the 646 

nestin signal intensity are shown graphically. (b) Immunofluorescence staining data show decreased 647 

NeuN+ neurons in the stratum radiatum and stratum lacunosum-moleculare of the hippocampus (arrow) 648 

following PSNP administration (PS). (c) H&E staining and NeuN immunolabeling data show reduced 649 

thickness of the hippocampal CA3 layer following 500 µg/day PSNP exposure. (d) Immunolabeling and 650 

H&E staining data show that the thickness of NeuN- and neurofilament+ corpus callosum was lower in 651 

mice exposed to 500 µg/day PSNP treatment. (e) The mouse brain atlas shows the structure of the 652 

white matter including the corpus callosum (CC) and the internal capsule (IC). Immunofluorescence 653 

staining data show that the GFAP+ signal intensity in the white matter (CC and IC) was higher in mice 654 

exposed to 500 µg/day of PSNPs. Values denote mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005. 655 

Scale bars: (b, c) 200 μm, (d, e) 100 μm. 656 
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Figure 4. PSNP exposure led to impaired proliferation and multi-lineage differentiation of NSCs 660 

in vitro. (a) An illustration summarizing the in vitro procedure used to examine the effects of PSNPs on 661 

NSC proliferation and multi-lineage differentiation. (b) The total cell number of NSCs was lower after 662 

exposure to 50 nm carboxylated PSNPs at ≥ 10 μg/ml. (c) Immunofluorescence staining of single 663 

neurospheres shows a decrease in Ki67+ proliferative NSCs following exposure to PSNPs (C50; 25 664 

µg/ml carboxylated PSNPs of 50 nm diameter). Other staining data show that nestin was well expressed 665 

in the neurospheres of the control (Ctrl) and PSNP-exposed groups (C50). YG fluorescence signals 666 

(green) were detected only in the PSNP-exposed group (C50). (d) Smaller neurosphere diameters and 667 

total cell numbers were observed in the PSNP-exposed group than in the controls (Ctrl). (e) NSC 668 

differentiation assay data show a decreased neurite length of Tuj1+ neurons and a significant increase 669 

in GFAP+ astrocytes in the 25 µg/ml PSNP-treated group compared with controls. C: carboxylated 670 

PSNP; 50: 50 nm. Values denote mean ± SEM. **p < 0.005, ***p < 0.0005. Scale bars: 100 μm. 671 
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Figure 5. PSNPs altered the pattern of mRNA expression in mouse embryonic NSCs. (a) 675 

Differential gene expression (DEG) analysis data show the genes commonly up- and down-regulated 676 

by PSNPs (25 µg/ml carboxylated PSNPs of 50 nm diameter) in two biological replicates (analyzed by 677 

Cuffdiff, FPKM FC > 1.5 and p < 0.05). (b) Gene ontology analysis data show 125 genes (analyzed by 678 

Metascape, p < 0.01) down-regulated by PSNPs. (c) Protein-protein interaction (PPI) network analysis 679 

of 125 down-regulated genes by NetworkAnalyst with (left) or without (right) a “zero-order Network” 680 

parameter. (d) mRNA-seq tracks show mRNA read abundance for Nrgn and Pdgfrb (upper). Two 681 

biological replicates are shown. The average log2 (FC) values (Ctrl, PS) of the mRNAs are also shown 682 

(lower). 683 
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40 

Figure 6. PSNPs caused neurophysiological abnormalities and cognitive impairment in female 687 

progeny. (a) In comparison with baseline values, LFS decreased the rise slope of fEPSPs in control 688 

mice (8-11 weeks old; males: n = 5, 70 ± 9%, p < 0.005; females: n = 7, 69 ± 8%, p < 0.01), but not in 689 

PSNP-treated (500 µg/day) mice (8-11 weeks old; males: n = 5, 85 ± 7%, p > 0.1; females: n = 7, 95 ± 690 

3%, p > 0.1). The average magnitude of LTD induced by LFS for the rise slope was significantly different 691 

between control and PSNP-treated (500 µg/day) female mice (p < 0.05). Representative traces before 692 

(1) and 35 min after (2) four episodes of TBS or LFS are shown. Scale bars: 20 ms, 0.2 mV. Values 693 

denote mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (b) HPLC data show that a significant increase 694 

in the GABA level following PSNP exposure (500 µg/day) occurred only in the female hippocampus, 695 

with no change being observed in male mice. Values denote mean ± SEM. *p < 0.05, **p < 0.005. (c) 696 

Y-maze test results show a female-specific decrease in alternation rate in the PSNP-treated (500 697 

µg/day) group compared with controls. NOT data show a reduction of exploration time and frequency 698 

(number) specific to the female progeny following PSNP administration. Open field test (OFT) and social 699 

interaction test results show no change in either locomotion or social activity after PSNP administration. 700 

Values denote mean ± SEM. *p < 0.05, **p < 0.005. 701 



Figures

Figure 1

Maternally-administered PSNPs in�ltrated various organs of the offspring and lactating mother. (a) Schematic
drawing shows the overall experimental procedures. (b) The tissue analysis data show no YG �uorescence in
embryonic tissues after maternal administration of PSNPs. (c) YG-  conjugated PSNPs were detected in the
maternal side of the placenta (decidua; D), but very few were detected in the fetal side of the placenta (labyrinth;
L) after PSNP administration (PS). No �uorescence signal was observed in the umbilical cord of either control
group (Ctrl) or PSNP treated group (PS). Histological structures were con�rmed by H&E staining. (d) Green



�uorescence images show the accumulation of YG-conjugated PSNPs in maternal tissues including blood,
intestines, and the liver. (e) YG-conjugated PSNPs were detected in the blood and organs of offspring at P1 and
P7 including intestine, brain cortex, and hippocampus (cc: corpus callosum; DG: dentate gyrus).

Figure 2

PSNPs increased the body and brain weights of the postnatal offspring. (a) Schematic drawing shows various
time points at which body and brain weights were measured. (b) The PSNP-administered postnatal (1 w) group
showed an increase in body weight and brain weight at doses of 100-500 μg/day. (c) The group that was
administered 500 μg/day of PSNPs (PS) showed the highest body weight increase at 6 weeks (6 w), regardless of
gender, with the difference not being any more signi�cant at 11 weeks than in the controls (Ctrl). (d) No change in



body weight or body length was observed in E14 embryos after PSNP treatment (PS). Values denote mean ±
SEM. *p < 0.05, **p < 636 0.005, ***p < 0.0005.

Figure 3

PSNPs altered neural cell composition in the brains of postnatal progeny. (a) The mouse brain atlas shows the
location of the hippocampal dentate gyrus (DG). A green �uorescence image shows the accumulation of
maternally-administered YG-conjugated carboxylated PSNPs (50-nm diameter; 500 μg/day) in the hippocampus
of the progeny at P7. Immuno�uorescence staining results show that the number of Ki67+ and nestin+ progenitor
cells was lower in the dentate gyrus of PSNP-exposed groups (carboxylated; 50-nm diameter) at ≥ 500 μg/day.
The number of Ki67+ cells and the nestin signal intensity are shown graphically. (b) Immuno�uorescence staining



data show decreased NeuN+ neurons in the stratum radiatum and stratum lacunosum-moleculare of the
hippocampus (arrow) following PSNP administration (PS). (c) H&E staining and NeuN immunolabeling data
show reduced thickness of the hippocampal CA3 layer following 500 μg/day PSNP exposure. (d) Immunolabeling
and H&E staining data show that the thickness of NeuN- and neuro�lament+ corpus callosum was lower in mice
exposed to 500 μg/day PSNP treatment. (e) The mouse brain atlas shows the structure of the white matter
including the corpus callosum (CC) and the internal capsule (IC). Immuno�uorescence staining data show that
the GFAP+ signal intensity in the white matter (CC and IC) was higher in mice exposed to 500 μg/day of PSNPs.
Values denote mean ± SEM. *p < 0.05, **p < 0.005, ***p < 0.0005. Scale bars: (b, c) 200 μm, (d, e) 100 μm.

Figure 4



PSNP exposure led to impaired proliferation and multi-lineage differentiation of NSCs in vitro. (a) An illustration
summarizing the in vitro procedure used to examine the effects of PSNPs on NSC proliferation and multi-lineage
differentiation. (b) The total cell number of NSCs was lower after exposure to 50 nm carboxylated PSNPs at ≥ 10
μg/ml. (c) Immuno�uorescence staining of single neurospheres shows a decrease in Ki67+ proliferative NSCs
following exposure to PSNPs (C50; 25 μg/ml carboxylated PSNPs of 50 nm diameter). Other staining data show
that nestin was well expressed in the neurospheres of the control (Ctrl) and PSNP-exposed groups (C50). YG
�uorescence signals (green) were detected only in the PSNP-exposed group (C50). (d) Smaller neurosphere
diameters and  total cell numbers were observed in the PSNP-exposed group than in the controls (Ctrl). (e) NSC
differentiation assay data show a decreased neurite length of Tuj1+ neurons and a signi�cant increase in GFAP+
astrocytes in the 25 μg/ml PSNP-treated group compared with controls. C: carboxylated 670 PSNP; 50: 50 nm.
Values denote mean ± SEM. **p < 0.005, ***p < 0.0005. Scale bars: 100 μm.



Figure 5

PSNPs altered the pattern of mRNA expression in mouse embryonic NSCs. (a) Differential gene expression (DEG)
analysis data show the genes commonly up- and down-regulated by PSNPs (25 μg/ml carboxylated PSNPs of 50
nm diameter) in two biological replicates (analyzed by Cuffdiff, FPKM FC > 1.5 and p < 0.05). (b) Gene ontology
analysis data show 125 genes (analyzed by Metascape, p < 0.01) down-regulated by PSNPs. (c) Protein-protein
interaction (PPI) network analysis of 125 down-regulated genes by NetworkAnalyst with (left) or without (right) a
“zero-order Network” parameter. (d) mRNA-seq tracks show mRNA read abundance for Nrgn and Pdgfrb (upper).
Two biological replicates are shown. The average log2 (FC) values (Ctrl, PS) of the mRNAs are also shown
(lower).



Figure 6

PSNPs caused neurophysiological abnormalities and cognitive impairment in female progeny. (a) In comparison
with baseline values, LFS decreased the rise slope of fEPSPs in control (8-11 weeks old; males: n = 5, 70 ± 9%, p <
0.005; females: n = 7, 69 ± 8%, p < 0.01), but not in PSNP-treated (500 μg/day) mice (8-11 weeks old; males: n = 5,
85 ± 7%, p > 0.1; females: n = 7, 95 ± 3%, p > 0.1). The average magnitude of LTD induced by LFS for the rise
slope was signi�cantly different between control and PSNP-treated (500 μg/day) female mice (p < 0.05).
Representative traces before (1) and 35 min after (2) four episodes of TBS or LFS are shown. Scale bars: 20 ms,
0.2 mV. Values denote mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. (b) HPLC data show that a signi�cant
increase in the GABA level following PSNP exposure (500 μg/day) occurred only in the female hippocampus, with



no change being observed in male mice. Values denote mean ± SEM. *p < 0.05, **p < 0.005. (c) Y-maze test
results show a female-speci�c decrease in alternation rate in the PSNP-treated (500  μg/day) group compared
with controls. NOT data show a reduction of exploration time and frequency (number) speci�c to the female
progeny following PSNP administration. Open �eld test (OFT) and social interaction test results show no change
in either locomotion or social activity after PSNP administration. Values denote mean ± SEM. *p < 0.05, **p <
0.005.
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