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A B S T R A C T   

Particulate matter (PM) is a major component of ambient air pollution (AAP), being widely associated with 
adverse health effects. Epidemiological and experimental studies point towards a clear implication of AAP on the 
development of central nervous system (CNS) diseases. In this sense, the period of most CNS susceptibility is 
early life, when the CNS is maturing. In humans the last trimester of gestation is crucial for brain maturation 
while in rodents, due to the shorter gestational period, the brain is still immature at birth, and early postnatal 
development plays a significant role. The present systematic review provides an updated overview and discusses 
the existing literature on the relationship between early exposure to PM and neurodevelopmental outcomes in 
experimental studies. We included 11 studies with postnatal exposure and 9 studies with both prenatal and 
postnatal exposure. Consistent results between studies suggest that PM exposure could alter normal develop-
ment, triggering impairments in short-term memory, sociability, and impulsive-like behavior. This is also 
associated with alterations in synaptic plasticity and in the immune system. Interestingly, differences have been 
observed between sexes, although not all studies included females. Furthermore, the developmental window of 
exposure seems to be crucial for effects to be observed in the future. In summary, air pollution exposure during 
development affects subjects in a time- and sex-dependent manner, the postnatal period being more important 
and being males apparently more sensitive to exposure than females. Nevertheless, additional experimental 
investigations should prioritize the examination of learning, impulsivity, and biochemical parameters, with 
particular attention provided to disparities between sexes.   

1. Introduction 

Ambient air pollution (AAP) is one of the major sources of harmful 
environmental toxicity in the modern world. Globally, in 2012, 3 million 
deaths were attributable to AAP (WHO, 2016). Among different types of 
air pollutants, particulate matter (PM) is receiving much attention 
because of its detrimental effects on human health. PM consists of a 

complex mixture of solid and liquid particles of organic and inorganic 
substances suspended in the air, which can be from natural sources (e.g. 
volcanoes and fires) or man-made sources (e.g. diesel usage, road traffic 
and industrial activities) (Costa et al., 2019). The major components of 
PM are sulfates, nitrates, elemental and organic carbon, organic com-
pounds (such as polycyclic aromatic hydrocarbons), biological com-
pounds and metals (such as iron and copper) (Kim et al., 2015). 
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PM is classified according to its aerodynamic diameter; PM10 com-
prises coarse particles with a diameter <10 μm, PM2.5 comprises fine 
particles with a diameter <2.5 μm and PM0.1 comprises ultrafine par-
ticles with a diameter <0.1 μm (Kim et al., 2015). Both size and 
composition determine the route of entry and distribution throughout 
the body. 

Inhalation is the main route of exposure for air pollutants (Costa 
et al., 2019), although they can also enter the human body through 
ingestion and dermal absorption (Thompson, 2018). Fine and ultrafine 
particles can enter by the olfactory epithelium or nerves, respectively, 
arriving at different brain regions, such as the cerebral cortex and the 
cerebellum, among others. On the other hand, PM deposited in the 
lungs, can be translocated into the blood and from there to the brain 
(Costa et al., 2019). Generally, the smaller a particle is, the deeper it will 
penetrate. For this reason, the fine and ultrafine particles are the ones 
that may cause major adverse effects. In fact, PM2.5 has been the mostly 
studied air pollutant associated with increased mortality and morbidity 
(Arias-Pérez et al., 2020). 

Numerous epidemiological studies in humans and in animal models 
evidenced that air pollution contributed to the development of pulmo-
nary, cardiovascular and metabolic diseases (Feng et al., 2016). What is 
important is that the negative impact of AAP on the central nervous 
system (CNS) and its implication on CNS diseases is supported by a 
growing amount of experimental and epidemiological evidence, espe-
cially when the exposure to this pollution takes place in the first phases 
of its development. Among others, it may contribute to microglial acti-
vation and neuroinflammation, which will lead to the onset of neuro-
developmental and/or neurodegenerative diseases, such as autism 
spectrum disorder and Parkinson’s disease, respectively (Cory-Slechta 
et al., 2023). 

The development of the CNS is a period of great vulnerability to 
insults, in which cell proliferation, migration and differentiation 
contribute to the formation of the distinct brain structures. During this 
period, in which crucial processes are taking place, toxic exposure may 
lead to structural and functional effects that persist and produce a long- 
life impact on the subject (Costa et al., 2019). 

Currently, air quality is measured periodically at different stations 
across different countries. The data obtained, which is known as Air 
Quality Index (AQI), allows the population to know the contamination 
levels that they are exposed to. In Europe, the AQI is based on the 
concentration of five key pollutants, including PM10, PM2.5, ozone, ni-
trogen dioxide and sulfur dioxide (“European Air Quality Index — Eu-
ropean Environment Agency,” 2021). However, it is difficult to establish 
a direct relationship between the level of environmental contamination, 
the levels of exposure to the same and harmful effects in humans. In this 
sense, experimental studies with animal models may contribute to 
establishing the risk of exposure and to identify biological targets and 
pathways implicated in adverse outcomes. 

Given all the above, we conclude that the developing brain is much 
more sensitive to toxic insults than the mature one. For this reason, in 
this review we focus on biochemical, structural and behavioral effects 
derived from the impact of AAP on the nervous system generated by the 
postnatal and both prenatal and postnatal exposure to PM in mice or 
rats. 

2. Material and methods 

2.1. Search strategy 

The bibliographical search for this systematic review was completed 
in September 2022 based on the Preferred Reporting Items for System-
atic reviews and Meta-Analyses (PRISMA) Statement (Shamseer et al., 
2015). The following databases were consulted in order to find relevant 
studies published to date: Scopus, Web of Science and PubMed. The 
keywords used for the search were “particulate matter”, “mouse or rat”, 
“neuro” and “postnatal exposure”. Reviews and human studies were 

excluded. The search formula in Scopus was: (TITLE-ABS-KEY ("partic-
ulate matter") AND ALL (mouse) OR ALL (rat) AND ALL (neuro*) AND 
ALL (postnatal AND exposure) AND NOT TITLE-ABS-KEY (human) AND 
(EXCLUDE (DOCTYPE,"re"). The symbol * in the previous formula is 
used to search all terms that begin with a word, allowing for the retrieval 
of any terms that share the same prefix. Furthermore, a hand-searching 
was performed from the referenced articles of the selected studies. This 
review and its protocol were registered on the PROSPERO database 
(Registration Code: CRD42023418043). 

2.2. Eligibility criteria 

The purpose of this review was to gather the experimental data 
published in relation to postnatal exposure to PM and its effects on CNS 
development; studies including both prenatal and postnatal exposure 
were also reviewed. Articles written in languages other than English 
were excluded, as were reviews. Articles studying the effects of PM 
exposure on other organs, such as the kidneys, lungs and heart, and not 
including the CNS, were excluded. Study subjects could be mice or rats; 
studies on humans or other animal models were excluded. Exposure had 
to include early postnatal development (preweaning), which is equiva-
lent to human third trimester of gestation and 2–3 years old, being a 
crucial period for CNS development (Semple et al., 2013). Studies 
involving chronic exposure until adulthood or an exposure beyond 
weaning were excluded. Moreover, we also included those articles that 
used diesel particulate material for the exposure, because it is an 
important component of PM. Articles studying exposure to cigarette 
smoke were excluded. 

2.3. Study selection and data extraction 

Two independent reviewers analyzed all the identified articles in 
order to avoid bias thanks to the IT tool “Rayyan” (Ouzzani et al., 2016). 
Any disagreements were discussed until achieving consensus. In the first 
screening, titles and abstracts were read in order to exclude those arti-
cles that didn’t meet our interest criteria. Then, the articles included in 
this first selection were analyzed in depth. 

2.4. Quality assessment 

The quality of individual studies was evaluated using SYRCLE’S Risk 
of Bias Tool (Hooijmans et al., 2014), an adapted version of the 
Cochrane risk of bias tool, whose aim is to assess methodological quality 
and consider aspects of bias that play an important role in animal 
experiments. 

In this regard, the SYRCLE’S Risk of Bias tool consists of six quality 
parameters: selection, performance, detection, attrition, reporting and 
other biases. It assigns a maximum of six points for selection, four points 
for performance, four points for detection, four points for attrition, four 
points for reporting and four points for others (for a total of 26 points). 
Therefore, the total quality index score was ranked as follows: 0 to 8, 9 to 
17 and 18 to 26, these being low (L), medium (M) and high (H) quality, 
respectively. 

3. Results 

3.1. Selection of studies and bias assessment 

The whole search strategy is represented in the following flow dia-
gram (Fig. 1). First, we identified 176 articles with the three databases 
used. In addition, 9 articles were added by hand-searching. After 
removing duplicates, a total of 151 articles were screened according to 
the title and abstract of each one. At this point, we also applied different 
selection filters (see eligibility criteria of material and methods section 
for explanation in detail). Then, 68 articles were read thoroughly and, 
finally, 20 articles were selected for this review: 11 correspond to 
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postnatal exposure and 9 include both pre and postnatal exposures. 
Regarding bias assessment (see Tables 1 and 2), 36% of the articles 

included in the postnatal section had low bias and 64% had medium 
bias, while in the prenatal and postnatal section 33% of the articles 
showed low bias and 67% had medium bias. None of the articles in 
either section presented a high bias score. 

3.2. Effects of postnatal exposure to PM 

Eleven articles were selected to review the effect of postnatal expo-
sure to PM: eight of them used mice (Allen et al., 2013, 2014a, 2014b; 
Cory-Slechta et al., 2018, 2019; Morris-Schaffer et al., 2019a, 2019b; 
Sobolewski et al., 2018) as animal model and the rest used rats (Li et al., 
2018; Liu et al., 2019; Zhou et al., 2021). Next, we describe the results, 
focusing on developmental milestones, behavioral, cognitive, 
biochemical and molecular variables. 

3.2.1. Studies in mice 
The same group, led by Cory-Slechta at the University of Rochester 

(New York), conducted all the studies in mice included in this section. 
All studies used C57BL/6J as mice model and the period of exposure was 
from postnatal day (PND) 4 to PND7 and from PND10 to PND13 (4 h/ 
day) in whole-body exposure chambers. Seven articles work with ul-
trafine ambient particulate matter (PM0.1), six of them obtained by the 
Harvard University Concentrated Ambient Particle System (HUCAPS) 
(Allen et al., 2013, 2014a, 2014b; Cory-Slechta et al., 2018, 2019; 
Sobolewski et al., 2018), and the other one used ultrafine elemental 
carbon particles (UFCP) produced in an argon-filled chamber (Morris--
Schaffer et al., 2019a); only one article used isolated diesel particulate 
material (Morris-Schaffer et al., 2019b). Diesel exhaust (DE) is an 
important component of PM2.5 and PM0.1 (Costa et al., 2019). It is 
important to point out that the exposure doses vary considerably be-
tween studies, ranging from 15 to 240 μg/m3/day. 

Differences in body weight (BW) were analyzed in four different 
articles. Generally, they didn’t observe differences in BW after postnatal 
PM exposure (Allen et al., 2014b; Morris-Schaffer et al., 2019a; Sobo-
lewski et al., 2018); only the article using diesel particulate material 
found lower BW in exposed males at adolescence (Morris-Schaffer et al., 
2019b). Also, ventriculomegaly was evaluated in four studies. In one 
study (Allen et al., 2014a) it was observed at PND14 and PND55 in males 

but not in females. Moreover, two studies noticed ventriculomegaly in 
adult males (PND270) (Allen et al., 2014a; Cory-Slechta et al., 2019). 
This effect was detected after postnatal exposure to PM0.1 at doses above 
96 μg/m3/day. The other two studies did not notice ventriculomegaly at 
PND14, after an exposure dose of UFCP of 50 μg/m3/day or after diesel 
particulate material exposure (Morris-Schaffer et al., 2019a, 2019b). 

Cognitive function was tested using young mice in six articles. Only 
two studies reported delayed learning during the initial phase of 
acquisition in operant chambers at doses higher than 44 μg/m3/day 
(Cory-Slechta et al., 2018, 2019); the remaining articles did not observe 
treatment-related differences at doses between 15 and 240 μg/m3/day 
(Allen et al., 2013, 2014b; Morris-Schaffer et al., 2019a, 2019b). Im-
pairments in short-term memory assessed in the Novel Object Recog-
nition (NOR) test were seen in three studies: in one of them (Allen et al., 
2014b), males and females were affected, while the other two studies 
only reported deficits in males (Cory-Slechta et al., 2018, 2019). Finally, 
only one study did not find any differences (Morris-Schaffer et al., 
2019a). 

Locomotor activity was evaluated in five studies. For the most part, 
no significant treatment-related differences were found in locomotor 
activity (Allen et al., 2013; Morris-Schaffer et al., 2019b); only Cor-
y-Slechta et al. (2018) reported male-specific locomotor alterations. 
Two different studies noticed a female-specific decrease in vertical ac-
tivity (Allen et al., 2014b) and a steeper slope (Morris-Schaffer et al., 
2019a) in an Open Field (OF) test. Impulsivity was examined in four 
studies: two of them with a fixed interval schedule conducted in operant 
chambers and the other two with different reinforcement schedules 
(DRL). Three studies showed impulsive-like behavior (Allen et al., 2013, 
2014b; Cory-Slechta et al., 2018). However, one study (Morris-Schaffer 
et al., 2019a) failed to find treatment-related differences in the DRL. 
Anxiety was only studied in two articles with the Elevated Plus Maze 
(EPM) test, in which no differences were observed (Morris-Schaffer 
et al., 2019a; Sobolewski et al., 2018). 

Two articles assessed social behavior with a social conditioned place 
preference (SCPP) test, in which no differences were observed (Mor-
ris-Schaffer et al., 2019a; Sobolewski et al., 2018). Moreover, one of 
them (Sobolewski et al., 2018) underwent a Three-Chamber Social Test 
(3CST) and they found male-specific alterations in sociability as well as 
in social novelty preference. 

Apart from studying PM exposure in the postnatal period, Allen et al. 
(2013, 2014b) studied the effects of a re-exposure at adulthood in pre-
viously exposed mice in the postnatal period. They reported that there is 
an additional vulnerability when there are cumulative exposures. In the 
first study, they did not include females in the experiment, but in the 
second they did. Interestingly, they concluded that males showed 
greater sensitivity to early postnatal exposures in the fixed interval 
schedule, while females are more sensitive to adult exposures. 

Different biochemical and molecular changes in different brain sec-
tions and in serum were analyzed in six studies. They focused mainly on 
inflammation, astrocyte and microglial activation, and neurotransmit-
ters profile. They found changes in the inflammatory profile (interleukin 
1-beta (IL-1β), tumor necrosis factor alpha (TNFα) and IL-6), and al-
terations in neurotransmitters, such as dopamine (DA), norepinephrine 
(NE), serotonin (5-HT), glutamate (Glu), glutamine (Gln) and γ-amino-
butyric acid (GABA), among others. 

Five studies included immunostaining techniques to assess brain 
tissue structure and cellular organization. In order to determine the 
astrocyte and microglial status, two studies analyzed glial fibrillary 
acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 
(IBA1), respectively, in different brain sections at different periods of 
age: at PND14 and PND55 (Allen et al., 2014a) and at PND270 (Allen 
et al., 2014b). A persistent microglial activation was observed in the 
white matter of males at the periods mentioned above (Allen et al., 
2014a, 2014b), while astrogliosis was observed in females at PND14 
(Allen et al., 2014a) and at PND270 (Allen et al., 2014b), but not at 
PND55. Moreover, two other articles studied GFAP immunostaining at 

Fig. 1. PRISMA flow diagram.  
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PND14. One of them did not find any differences in GFAP at a UFCP 
exposure dose (50 μg/m3) below those used in the previous articles (100 
μg/m3) (Morris-Schaffer et al., 2019a). The other article exposed mice to 
diesel particulate material and reported a decrease of GFAP in the 

hippocampus of females, and an increase in the frontal cortex and corpus 
callosum of males (Morris-Schaffer et al., 2019b). The myelination 
pattern was assessed in two studies by immunostaining the myelin basic 
protein. One study, only performed in males, showed a reduction in 

Table 1 
Summary of exposure protocol and results observed in mice and rats postnatally exposed to PM. Bias assessment included: low 
bias studies highlighted in green (L) and medium bias studies highlighted in yellow (M). 

Abbreviations: Anterior commissure (AC), Aluminum (Al), Body weight (BW), Brain-derived neurotrophic factor (BDNF), 
Concentrated ambient particles (CAPS), Corpus callosum (CC), Differential reinforcement of low rate (DRL), 3,4-Dihydroxyphe-
nylacetic acid (DOPAC), Dopamine turnover (DA TO), Elevated plus maze (EPM), Filtered air (FA), Iron (Fe), Fixed interval (FI), 
Forced swimming (FS), Frontal cortex (FC), Glial fibrillary acidic protein (GFAP), Glutamate (Glu), Glutamine (Gln), Growth 
associated protein-43 (GAP43), Harvard University Concentrated Ambient Particle System (HUCAPS), Hippocampus (HPC), 5- 
Hydroxyindoleacetic acid (5-HIAA), Homovanillic acid (HVA), Interleukin (IL), Ionized calcium-binding adapter molecule 1 
(IBA1), Midbrain (MB), Norepinephrine (NE), Novel object recognition (NOR), Nucleus accumbens (NAc), Olfactory bulb (OB), 
Particulate matter (PM), Phosphorylated cAMP response element binding protein (p-CRB), Postnatal day (PND), Postsynaptic 
density-95 protein (PSD95), Serotonin (5-HT), Social conditioned place preference (SCPP), Social novelty preference (SNP), 
Striatum (STR), Synaptophysin protein (SYP), Three-chamber social test (3CST), Tumor necrosis factor (TNF), Ultrafine 
elemental carbon particles (UFCP), Ultrafine particle (UFP), Whole-body inhalation (WBI), Zinc (Zn). 
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myelination when the concentration of PM0.1 was greater than 96 
μg/m3/day (Cory-Slechta et al., 2019). However, no effects were 
observed at 50 μg/m3/day of UFCP in either males or females (Mor-
ris-Schaffer et al., 2019a). 

Three articles analyzed the neurotransmitter profile in different 

brain sections, and they found an imbalance in the physiological levels 
of the main excitatory and inhibitory neurotransmitters, which was 
different between articles and between different brain sections (see 
Table 1 for detailed results). Thus, treatment-related alterations were 
reported in the levels of Glu, Gln, GABA, NE, DA and 5-HT, mainly in the 

Table 2 
Summary of exposure protocol and results observed in mice and rats prenatal and postnatally exposed to PM. Bias assessment included: low bias 
studies highlighted in green (L) and medium bias studies highlighted in yellow (M). 

Abbreviations: Amygdala (AMG), Body weight (BW), Cerebellum (CBM), Concentrated ambient particles (CAPS), Cyclooxygenase 2 (COX2), 
Diesel engine exhaust (DE), DE origin secondary organic aerosol (DE-SOA), Elevated plus maze (EPM), Filtered air (FA), Frontal cortex (FC), 
Gaseous pollutants (GE), Gestational day (GD), Glial fibrillary acidic protein (GFAP), Heme-oxygenase 1 (HO1), Hippocampus (HPC), Interleukin 
(IL), Ionized calcium-binding adapter molecule 1 (IBA1), Marble burying test (MBT), Novel object recognition test (NOR), N-methyl-D-aspartate 
(NMDA), Open field (OF), Particulate matter (PM), PM and GE (PGE), Postnatal day (PND), Reciprocal social interaction task (RSIT), Three- 
chamber social test (3CST), Tumor necrosis factor (TNF), Total suspended particles (TSP), Ultrasonic vocalizations (USV), Whole-body inhala-
tion (WBI). 

R. Rodulfo-Cárdenas et al.                                                                                                                                                                                                                    



Environmental Research 236 (2023) 116792

6

frontal cortex, hippocampus and midbrain. It is worth mentioning that 
they observed sex-dependent variations. The inflammatory profile was 
studied only in one article (Allen et al., 2014a), indicating altered levels 
of IL-1β, TNFα and IL-6 at both PND14 and PND55 in the striatum, 
hippocampus, midbrain and cortex, which was also different between 
sexes. 

Serum determinations were done in two articles to test endocrine 
function: both analyzed serum corticosterone and one of them included 
testosterone levels. In the first one, no differences were found in corti-
costerone concentrations either at PND14 or at 12 months of age 
(Sobolewski et al., 2018); in the other study, exposed males had 
persistent lower corticosterone levels (PND60 and PND270), while 
exposed females had higher levels at PND270 (Allen et al., 2014b). 
Regarding testosterone (T) levels, a significant drop was found in 
exposed males at PND14 (Sobolewski et al., 2018). 

Brain metal dyshomeostasis was assessed in one study (Cory-Slechta 
et al., 2019). Elevated levels of iron (Fe), sulfur (S), copper, calcium and 
aluminum and low levels of manganese and zinc were found in brains of 
postnatal PM-exposed mice. Moreover, male-specific increases in the 
levels of serum oxidized glutathione (GSSG) and in the number of dead 
cells in the nucleus accumbens (NAc) were reported. 

3.2.2. Studies in rats 
The remaining studies used rats and differed in the method of 

exposure to PM2.5. Two of them used intranasal instillation, the exposure 
period being from PND3 to PND15 (Liu et al., 2019) and from PND8 to 
PND22 (Li et al., 2018); and the other used inhalation of outdoors air in 
acrylic cages from PND1 to PND21 (Zhou et al., 2021). Another differ-
ence between the studies is that the first two used Sprague Dawley rats 
and the last one Wistar rats. Although all studies worked with PM2.5 
collected from AAP, they were collected from different cities in China. 
The intranasal instillation in both cases was made with two doses: 
low-dose (2 mg/kg bw) and high-dose (10 and 20 mg/kg bw, respec-
tively). The doses were estimated according to the average concentra-
tions of PM2.5 of their cities, which are calculated by measuring the 
PM2.5 concentration levels in a very busy street over a period of 4–5 
months approximately. As regards the low-dose exposed groups, in both 
studies the PM2.5 dose corresponds to 41–43 μg/day. Meanwhile, the 
exposure levels for whole body exposures in the acrylic cages were 100 
μg/m3/day, approximately. 

Two authors who studied differences in BW observed different re-
sults: on the one hand, a transient decrease of average BW was found in 
the high-dose group during the developmental period (Liu et al., 2019); 
on the other hand, no treatment-related differences were seen (Zhou 
et al., 2021). Moreover, Li et al. (2018) measured ultrasonic vocaliza-
tions (USV) at PND16 and found a decrease in the number of vocaliza-
tions in PM-exposed pups, with a dose-dependent relationship. 

Cognitive endpoints were evaluated in two studies. Impaired spatial 
learning and memory, as evaluated in the Morris Water Maze (MWM) 
test, were observed in immature (PND28) rats exposed at high dose, but 
not in mature (PND60) ones (Liu et al., 2019). Moreover, Li et al. (2018) 
also found impairments in short-term memory in immature rats 
measured with the NOR test. 

In terms of behavioral outcomes, Liu et al. (2019) noticed 
anxiety-like symptoms in an EPM test in immature and mature rats 
exposed to low and high doses of PM, and depressive-like symptoms in 
the Forced Swimming (FS) test in mature rats exposed at high dose. 
Finally, two studies assessed social behavior in the 3CST in immature 
rats. One of them reported poor social interaction and social novelty 
impairments in high-dose exposed males (females were not studied) (Li 
et al., 2018), while the other only reported social novelty impairments in 
both sexes (Zhou et al., 2021). 

In addition to behavioral testing, these three articles also studied 
different proteins and gene expression related to astrocyte and micro-
glial activation, synaptic plasticity and inflammatory profile. Li et al. 
(2018) reported astrocyte and microglial activation in a dose-dependent 

manner, by means of gene expression and protein levels of GFAP and 
IBA1, respectively. 

With regard to the number and structure of synapses, the three 
studies that analyzed this aspect agreed that damage is caused by PM 
exposure. One study reported a decreased number of synapses and 
impaired synaptic ultrastructure in the hippocampal region, being more 
evident in immature than in mature rats (Liu et al., 2019). This study 
also noticed a decrease in the levels of several synaptic proteins. In this 
sense, Zhou et al. (2021) studied epigenetic changes and found alter-
ations in the methylation pattern of genes that codify for proteins related 
to synaptic functions. They reported an increased methylation of MeCP2 
and Shank3 genes in immature exposed rats, which correlated with a 
decreased expression of both genes and protein levels. This was 
corroborated in other article that analyzed Shank3 expression and pro-
tein level (Li et al., 2018). It was also observed that females had lower 
levels of tri-methylation of lysine 27 on histone H3 (H3K27me3) asso-
ciated with transcriptional repression (Zhou et al., 2021). 

Finally, Li et al. (2018) also analyzed different proinflammatory 
cytokines at PND22. IL-1β and TNFα were elevated in the hippocampus 
and frontal cortex of low and high exposed groups, while IL-6 was only 
elevated in the high-dose group. 

3.3. Effects of a prenatal and postnatal exposure to PM 

Nine articles were selected to review the effects of prenatal and 
postnatal exposure to PM. Five of them used mice (Chang et al., 2018, 
2019; Church et al., 2018; Nway et al., 2017; Win-Shwe et al., 2016) as 
animal model and the rest used rats (Berg et al., 2020; Emam et al., 
2020; Nephew et al., 2020; Patten et al., 2020). In this case, all studies 
worked with inhaled PM2.5 collected from environmental pollution or 
generated DE and exposed in whole-body exposure chambers. 

3.3.1. Studies in mice 
Studies in mice encompassed a period of exposure between gesta-

tional day (GD) 0 and PND21 and the majority worked with generated 
DE, with doses between 80 and 300 μg/m3/day; just one worked with 
collected environmental PM2.5 (Church et al., 2018), with doses above 
130 μg/m3/day. It is worth mentioning that there is heterogeneity be-
tween the mice models used, which were Balb/C (Win-Shwe et al., 
2016), C3H/HeN (TLR4 intact) and C3H/HeJ (TLR4 mutated) (Nway 
et al., 2017), B6C3F1 (Church et al., 2018) and C57BL/6J (Chang et al., 
2018, 2019). 

Regarding developmental effects, no differences were found in BW in 
any of the three studies that analyzed it (Chang et al., 2018; Church 
et al., 2018; Win-Shwe et al., 2016). Only Chang et al. (2018) studied 
USV at PND6 and observed fewer USV in males exposed to DE compared 
to control males, while DE-exposed mice of both sexes emitted less 
frequency-step calls and more unstructured calls. 

As regards social behavior, only three studies assess this aspect with 
3CST, and their findings were very similar. Impaired sociability and 
poor social novelty preference were observed in exposed male mice 
(females were excluded from this study) evaluated at PND22 (Win-Shwe 
et al., 2016) and at twenty weeks of age (Church et al., 2018). On the 
other hand, Chang et al. (2018) observed female-specific deficits in so-
cial novelty and male-specific reduction in reciprocal social interaction 
task at the age of 6–8 weeks. This study also observed repetitive 
behavior in a T maze and a Marble Burying Test (MBT) in both sexes. No 
treatment-related differences were observed in locomotor activity 
(Church et al., 2018) and anxiety-like behavior (Church et al., 2018; 
Win-Shwe et al., 2016), assessed with the EPM test and with the light 
and dark test, respectively. Furthermore, one study evaluated an 
olfactory-based spatial learning. Males and females of both genotypes 
(C3H/HeN and C3H/HeJ) showed deficits; no differences in odor 
discrimination and motor function test were found (Nway et al., 2017). 

Gene expression was assessed in brain samples extracted at PND3 
(Chang et al., 2019), PND11 (Nway et al., 2017) and PND23-24 
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(Win-Shwe et al., 2016). At the same time, it was shown that estrogen 
receptor α and oxytocin receptor (OXTR) mRNA were significantly 
decreased in the DE-derived secondary organic aerosol (SOA) exposed 
group; while cyclo-oxygenase 2 (COX2) and heme-oxygenase 1 (Ho1) 
mRNA were upregulated (Win-Shwe et al., 2016). In addition, some 
NMDA receptor subunits, Cox2 and Iba1 mRNA were increased in 
C3H/HeN males exposed to DE and DE-SOA; but no differences were 
found on Ho1 mRNA or TNFα (Nway et al., 2017). Moreover, IL-6 and 
DNA methyltransferase 1 (DNMT1) mRNA levels were increased in 
exposed neonatal pup brains, while reelin mRNA levels were decreased 
(Chang et al., 2019). Signal transducer and activator of transcription 3, a 
modulator of DNMT1, was more active in exposed mice compared to 
control. No differences were found in inflammatory cytokine (IL-1β and 
TNFα) expression. Moreover, Glu secretion increased remarkably in 
mice exposed to DE or DE-SOA (Win-Shwe et al., 2016). 

3.3.2. Studies in rats 
Two of the four studies using rats made the exposure from GD0 to 

PND21 in whole-body exposure chambers and differed in their con-
centration of PM2.5: Nephew et al. (2020) worked with a concentration 
of 200 μg/m3/day, while Emam et al. (2020) worked with a consider-
ably lower concentration of approximately 44 μg/m3/day. These in-
vestigations had sex bias, due to the fact that in the first one only males 
were evaluated, while in the other study females were excluded from 
behavioral testing. On the other hand, the two remaining studies are 
based on the same study protocol but with different results published in 
each one, and they made the exposure from GD14 to PND47/51 in a 
major freeway tunnel system (Berg et al., 2020; Patten et al., 2020). 
Something to keep in mind is that the two latest studies used an exposure 
beyond weaning, and including adolescence. 

Regarding developmental milestones, no differences were found in 
pup weight (Berg et al., 2020; Nephew et al., 2020), litter size and milk 
intake (Nephew et al., 2020) between exposed and control groups. 
Curiously, Berg et al. (2020) had a control group located in the labo-
ratory and they found differences between this group and the exposed 
and control groups located in the tunnel system, not only in body 
weight, but also in early physical development and neurological re-
flexes, which were delayed. Moreover, they discovered that exposed 
males showed less USV at PND5 (Berg et al., 2020). 

Three studies conducted behavioral testing between PND29 and 
PND48. No differences in locomotor activity were found in the OF test 
(Berg et al., 2020; Emam et al., 2020). Normal sociability, but decreased 
social novelty preference, was observed in the 3CST (Emam et al., 2020), 
and similarly, deficits in social behavior were observed when assessing 
the rat’s behavior (Nephew et al., 2020). Surprisingly, Berg et al. (2020) 
evidenced altered social interaction in both control and exposed groups 
in the tunnel system with a reciprocal social interaction task. They also 
observed normal novel object preference, assessed with NOR, and 
normal learning and memory, assessed in Pavlovian fear conditioning 
(Berg et al., 2020). In one study, repetitive behavior was noticed in 
exposed rats in the MBT and the Y-maze test (Emam et al., 2020); while 
in the other study, no differences were detected in the MBT (Nephew 
et al., 2020). Moreover, increased anxiety and impaired cognition were 
also observed in those animals exposed to high doses of PM, assessed in 
EPM and in nest building performance tests, respectively (Nephew et al., 
2020). 

Some cytokine and growth factor levels were analyzed in serum at 
PND21 by Nephew et al. (2020). However, they only reported a signif-
icant decrease in basal levels of IL-18 and vascular endothelial growth 
factor in exposed rats. Oxidative stress was assessed by Emam et al. 
(2020) by measuring the antioxidant catalase (CAT) activity and 
glutathione (GSH) in different brain regions. OXTR was also assessed. 
Rats exposed to PM2.5 and gaseous pollutants showed decreased CAT 
activity, GSH and OXTR levels in all brain regions analyzed. Meanwhile, 
GE rats presented a decreased CAT activity (hippocampus and frontal 
cortex), GSH (amygdala and cerebellum) and OXTR levels (all brain 

regions) (Emam et al., 2020). Patten et al. (2020) observed enhanced 
IBA1-marked cells and less GFAP immunoreactivity at PND51-55 in 
hippocampus samples of exposed rats. Moreover, only exposed females 
showed increased IL-10 levels and reduced lateral ventricular volume. 
Regarding proliferation and differentiation of neurons in the granule cell 
layer, exposed males showed increased doublecortin, an immature 
neuronal marker, while exposed females showed increased nuclei, a 
mature neuronal marker. 

4. Discussion 

All the articles included in this review were specifically focused on 
exposure to PM during the postnatal period. In rodent models, exposure 
during PND1 to PND21 could be equivalent to the third trimester of 
gestation and the first 2–3 years of age in humans (Semple et al., 2013), 
which indeed are the most sensitive periods when it comes to exposure 
to air pollution (Rice and Barone, 2000). Numerous studies demonstrate 
that neural development extends from the embryonic period to adoles-
cence. Interestingly, in rodents, the maturation of the nervous system 
occurs principally during postnatal development, while in humans, the 
most important period is the prenatal. Depending on the specific tem-
poral window of exposure to environmental pollution during develop-
ment, processes such as proliferation, migration, differentiation or 
synaptogenesis, could be disrupted, leading to different functional, 
biochemical or morphological signs of neurotoxicity (Rice and Barone, 
2000). 

We included a total of 20 articles from 10 different laboratories 
studying endpoints related to CNS biochemistry, morphology and 
function. It is worth mentioning that all the studies corresponding to 
postnatal exposure in mice were carried out by the same group from the 
University of Rochester (New York), with some discrepancies in the 
results between studies. Curiously, the exposure period in this group was 
from PND4-7 and PND10-13, meaning that they included a break in 
exposure during the developmental period, which was not the case in 
the rest of studies reviewed. 

As regards the doses evaluated, these ranged between 15 and 300 μg/ 
m3/day for whole-body exposure and between 2 and 20 mg/kg bw for 
intranasal instillation. These doses were calculated based on the average 
concentration of PM in the cities in question. Therefore, these doses will 
show meaningful results that could be extrapolated to what is expected 
to be observed in humans. It is worth noting that, for postnatal exposures 
in mice, all studies used PM0.1, except for one that works with diesel 
particulate material alone and one that works with UFCP (a primary 
constituent of ambient PM0.1); while all studies in rats administered 
PM2.5 or DE. However, no noticeable differences were found with 
regards to the type of pollutant used in the studies. 

Even though there are some studies that excluded females from the 
experiment, most studies that analyzed both males and females suggest 
that males are more sensitive to PM exposure, but there are still some 
endpoints that have not been tested in females. Accordingly, a pro-
spective cohort study made in children reported that boys seem to be 
more susceptible to air pollution in terms of cognitive development, 
although both boys and girls were affected (Sunyer et al., 2015a). 

Epidemiological studies in humans suggest that there is a relation-
ship between AAP exposure during pregnancy (Kim et al., 2016, 2016r, 
2016met al., 2005) and/or during the first year of age (Kim et al., 2016) 
and BW, which tends to be lower when exposure to PM2.5 occurs during 
the postnatal period. Furthermore, some studies showed a positive as-
sociation between weight and PM2.5 exposure in infants and toddlers up 
to 2 years of age, where predominantly boys, but also girls, exhibit more 
rapid postnatal weight gain (Fleisch et al., 2015; Vanoli et al., 2022). In 
our review only one study reported a tendency towards low BW at 
PND28 in rats postnatally exposed intranasally to high doses of PM2.5 
(Liu et al., 2019); but no differences were reported for rats (Zhou et al., 
2021) or mice (Allen et al., 2014b; Sobolewski et al., 2018) upon 
whole-body exposure, with the exception of one study that found a 
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decrease in BW of male mice in adolescence (Morris-Schaffer et al., 
2019b). In this last study they used exposure with just diesel particulate 
material, which cannot be compared to the other studies in the same 
way. 

It must be noted that epidemiological studies included the whole 
period of development (pre and postnatal), but none of the 5 studies that 
evaluated BW in the whole developmental period found changes in BW 
(Berg et al., 2020; Chang et al., 2018; Church et al., 2018; Nephew et al., 
2020; Win-Shwe et al., 2016). Thus, based on discrepancies between 
studies, it must be indicated that studies in rodents don’t fit in with 
epidemiological studies in humans. This is of concern, as it may be the 
case that these animal models might not be sensitive enough to study 
this hallmark. This is an important point to consider regarding the val-
idity of the model if we are going to extrapolate data to humans. 

Ventriculomegaly is the enlargement of at least one of the two ce-
rebral ventricles and when it is severe it may be accompanied by poor 
neurodevelopment outcomes (Laskin et al., 2009). Two out of four ar-
ticles that studied the presence of ventriculomegaly in mice after post-
natal exposure, found a persistent ventriculomegaly at doses above 96 
μg/m3/day in males (Allen et al., 2014a; Cory-Slechta et al., 2019). 
However, no differences were observed in mice exposed at lower doses 
of UFCP (Morris-Schaffer et al., 2019a) or with diesel particulate ma-
terial alone (Morris-Schaffer et al., 2019b). Reported data suggests that 
males are more sensitive than females and there is a dose-dependent 
effect of PM for this endpoint. To date, there is no reference in the 
general population linking exposure to PM and ventriculomegaly. 

In the articles reviewed, behavioral test in rats were done in young 
immature animals, while in mice they were conducted when they were 
adult, from PND60 approximately. Functional endpoints evaluated 
correspond to communication, anxiety, activity, social behavior, 
impulsivity, learning and memory. To contextualize, a rat brain at 
PND28 (immature rat) is comparable to the brain of a 2-year-old child, 
and a rat brain at PND60 (mature rat) is comparable to the brain of a 
sexually mature human (Williams et al., 1999). 

Epidemiological studies in humans suggested that high exposure to 
air pollutants during development is associated with severe behavioral 
problems (Ni et al., 2022; Shin et al., 2022). A systematic review in 
humans has clearly demonstrated a correlation between PM2.5 exposure 
in early postnatal periods and autism spectrum disease (Lin et al., 2022), 
which is mainly characterized by deficits in social recognition and 
communication, as well as repetitive behavior patterns (Lord et al., 
2018). Moreover, air pollution exposure during fetal life is associated 
with an impaired inhibitory control, meaning that children may behave 
impulsively (Guxens et al., 2018). In this sense, ultrasonic vocalizations 
were measured in three studies to assess social communication and they 
found less vocalizations in male rats (females excluded) postnatally 
exposed to PM (Li et al., 2018) and also in male mice (Chang et al., 2018) 
and male rats (Berg et al., 2020) prenatal and postnatally exposed. 
Furthermore, in our review some studies found an impairment in so-
ciability and no preference for social novelty in rats (Li et al., 2018; Zhou 
et al., 2021) and male mice (Sobolewski et al., 2018) postnatally 
exposed to PM2.5 or PM0.1, respectively, with a 3CST. When the exposure 
occurred in the prenatal and postnatal period, sociability alterations 
were also observed in male mice mostly (Chang et al., 2018; Church 
et al., 2018; Win-Shwe et al., 2016) and male rats (Emam et al., 2020; 
Nephew et al., 2020), because in most of the studies females were 
excluded. Repetitive behavior was also noticed with prenatal and post-
natal exposure in mice (Chang et al., 2018; Church et al., 2018) and male 
rats (Emam et al., 2020); only one study did not find any differences 
(Nephew et al., 2020). Furthermore, impulsive-like behavior was 
observed in most of the studies that analyzed this parameter (Allen et al., 
2013, 2014b; Cory-Slechta et al., 2018), although one study did not find 
differences, probably because the exposure was with UFCP and with a 
relatively low dose (Morris-Schaffer et al., 2019a). In humans, impul-
sivity has been associated with a disrupted myelination pattern in white 
matter (Zhu et al., 2023), which is important to note as decreased 

myelination was found in mice after postnatal PM0.1 exposure (Cor-
y-Slechta et al., 2019). Something interesting to mention here is that two 
authors that used prenatal and postnatal exposure found decreased 
levels of OXTR in exposed mice (Win-Shwe et al., 2016) and rats (Emam 
et al., 2020). Curiously, oxytocin levels impact different aspects of social 
behavior (Kirsch, 2015) and it has been demonstrated that disturbed 
levels of OXTR may considerably contribute to the development of 
autism spectrum disorder (Pierzynowska et al., 2023) and impulsive 
behavior (Bozorgmehr et al., 2020). This is another fact that could 
explain the impaired social behavior and should be further investigated 
in relation to postnatal exposure of PM. 

Locomotor activity, as a hyperactivity measure, was not affected by 
postnatal or both prenatal and postnatal exposure (Allen et al., 2013, 
2014b; Berg et al., 2020; Church et al., 2018; Emam et al., 2020; Mor-
ris-Schaffer et al., 2019a, 2019b; Nephew et al., 2020). Only one study 
found male-specific locomotor alterations in mice postnatally exposed 
(Cory-Slechta et al., 2018). However, epidemiological evidence in 
humans indicated that PM2.5 exposure during the 7th month of preg-
nancy to early life after birth is related with hyperactive behavior in 3 
year-old children (Liu et al., 2022) and attention deficit and hyperac-
tivity disorder in children, being boys more affected than girls, although 
it failed to reach significance (Chang et al., 2022). 

A recently published review reported an association between air 
pollution and affective disorders or suicide in children and adolescents, 
but not a direct causality (Xie et al., 2023). Experimental studies 
reviewed are not conclusive about the impact of air pollution on anxiety 
as there is heterogeneity between the results observed. Two studies 
observed anxiety in immature and mature exposed rats (Liu et al., 2019; 
Nephew et al., 2020), but other articles did not observe any differences 
in exposed mice (Church et al., 2018; Morris-Schaffer et al., 2019a; 
Sobolewski et al., 2018; Win-Shwe et al., 2016). Regarding depression, 
only one study assessed reported increased depressive-like behaviors in 
the FS test in mature rats exposed at high-dose (Liu et al., 2019). For this 
reason, these behaviors deserve to further analysis in future 
investigations. 

A growing number of epidemiological studies in humans point to-
wards a relationship between high levels of traffic-related air pollutants 
and children’s cognitive development (Basagaña et al., 2016; Ni et al., 
2022; Sunyer et al., 2015b). Experimental studies assessing learning and 
memory in specific tests found impairments in spatial learning in rats 
postnatally exposed (MWM test) (Liu et al., 2019) and in mice prenatal 
and postnatally exposed (olfactory-based spatial learning test) (Nway 
et al., 2017); only the study carried out in the major freeway tunnel 
system did not find any differences in learning and memory using the 
Pavlovian fear conditioning test (Berg et al., 2020). 

In addition, impairments in short-term memory (NOR test) were 
found in treated male mice (Allen et al., 2014b; Cory-Slechta et al., 
2018, 2019) and male rats (females excluded) (Li et al., 2018) post-
natally exposed. Moreover, in the MWM test, memory deficits were also 
noticed in rats postnatally exposed (Liu et al., 2019). Only two studies 
did not report differences in mice postnatally exposed (Morris-Schaffer 
et al., 2019a) and in rats prenatal and postnatally exposed (Berg et al., 
2020), but in both cases exposure doses were relatively low compared 
with the other studies. What may be extracted from these data is that PM 
exposure at high doses may alter learning and memory. Thus, more 
studies are required, with specific behavioral tests, such as MWM, using 
both males and females at different doses to corroborate these findings, 
as epidemiological studies in humans evidenced cognitive impairments. 

Thus, even at low-level concentrations of PM (45 μg/m3) cognitive 
alterations are seen; specifically, males presented affectations in 
learning and memory functions, while females presented motivational 
shifts (Cory-Slechta et al., 2018). In this sense, a multi-cohort study 
carried out on children also suggested that behavioral problems were 
more pronounced in girls, while cognitive impairments were only 
observed in males (Ni et al., 2022). Nonetheless, in general terms it can 
be observed that these alterations are dose-dependent: the higher the 
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dose, the more severe the effects (Cory-Slechta et al., 2019; Li et al., 
2018; Liu et al., 2019). Moreover, Allen et al. (2013, 2014b) observed 
that there is additional vulnerability when there is re-exposure to PM in 
adulthood. In fact, it has been seen that males are more affected in the 
postnatal period, while females are more affected in adulthood. There-
fore, evidence proves that PM exposure affects subjects in a sex and 
time-dependent manner. 

In order to elucidate which are the mechanisms implicated in PM 
neurotoxicity, numerous biochemical and molecular studies were per-
formed on brain tissues, primarily, but also on serum samples. 

The hippocampus is one of the most highly connected areas of the 
brain and it is emerging as a brain connector of cognition and emotion. 
In fact, impaired hippocampal function is associated with cognitive al-
terations in depressed patients (Femenía et al., 2012). In the same way, 
anxiety and depression are related with damaged hippocampal synaptic 
plasticity (Bannerman et al., 2014; Lu et al., 2019). In this sense, Liu 
et al. (2019) analyzed a representative area of the hippocampus and 
found impaired synaptic ultrastructure and reduced synaptic plasticity 
in exposed rats, with more damage in immature than in mature ones. 
Parallel, anxiety-like symptoms were seen in exposed immature and 
mature rats, whereas depressive-like symptoms were observed in 
high-exposed mature rats. Furthermore, high-dose exposed immature 
rats presented an impairment of spatial learning and memory, which 
was not observed in mature rats. Thus, these results suggest that after a 
long period of separation from PM2.5 exposure, cognitive abilities and 
synaptic plasticity may be restored or compensated. In the same way, 
Zhou et al. (2021) found epigenetic alterations affecting proteins related 
to normal synaptic function in female rats, where the expression of genes 
that promotes synaptic functions were reduced. Li et al. (2018) also 
found a downregulation of the Shank3 gene in male rats, which codifies 
the Shank3 protein and plays an important role in the synaptic process 
(Uchino and Waga, 2013). To sum up, there is strong evidence indi-
cating an altered synaptic plasticity induced by postnatal exposure to 
PM. 

Evidence suggests that ultrafine particles generate a chronic micro-
glial stimulation and an altered innate immune response (Sunyer et al., 
2015b). Microglia are the resident immune cells of the CNS and play an 
important role in the regulation of neuronal activity and synaptic plas-
ticity, but also in learning and memory in the mature brain. Proin-
flammatory cytokines have variable effects on plasticity: overexpression 
of TNFα triggers long term potentiation of synaptic plasticity, mean-
while IL-1β impairs it in the CA1 region (Cornell et al., 2022). Further, 
astrocytes are glial cells that play essential roles in synapse development 
and plasticity, and they are crucial for neurological function and 
behavior (Sofroniew, 2020). 

In the reviewed articles, PM exposure (doses above 96 μg/m3/day) 
induces a persistent microglial response in white matter and astrocytic 
disfunction in males postnatally exposed to high doses of PM, in both 
mice and rats (Allen et al., 2014a, 2014b; Li et al., 2018). When exposure 
occurred during the prenatal and postnatal periods, microgliosis was 
also observed in mice (Nway et al., 2017) and rats (Patten et al., 2020). 
Moreover, a transient astrocytic response to PM was observed in females 
at doses above 96 μg/m3/day (Allen et al., 2014a, 2014b), but no dif-
ferences were observed at 50 μg/m3/day (Morris-Schaffer et al., 2019a). 
Although Morris-Schaffer et al. (2019b) found contrary results in their 
study, they did an exposure with isolated diesel particulate alone and 
they concluded that it was not sufficient to induce protracted adverse 
outcomes. In the same way, two studies (Nway et al., 2017; Win-Shwe 
et al., 2016) assessed COX2, which is a key enzyme implicated in 
pro-inflammatory activities in the brain (Minghetti, 2004), and they 
found an upregulation of it in brain samples of mice prenatal and 
postnatally exposed. Thus, most of the studies evaluated points towards 
an altered neuroinflammatory response, which in turn can also interfere 
with myelination, which was also observed after PM exposure (Cor-
y-Slechta et al., 2019). 

Under normal conditions, serum corticosterone increased with age in 

males and females. Allen et al. (2014a) found that males postnatally 
exposed to PM had lower serum corticosterone levels, meanwhile 
treated females had generally higher levels. Although Sobolewski et al. 
(2018) did not find any differences in corticosterone levels, we must 
consider that in this study the exposure doses were relatively low 
compared with other studies. However, the possible effects on this sys-
tem deserve further investigation, specially to assess corticosterone 
levels under different conditions, such as stress, and at different mo-
ments during the day, as corticosterone levels follow a circadian rhythm 
(Jones et al., 2021). 

Cory-Slechta et al. (2019) observed increased levels of Fe and S in the 
brains of mice postnatally exposed to PM (samples were obtained on 
PND14) and also male-specific increases in GSSG. Meanwhile, one study 
with prenatal and postnatal exposure observed decreased levels of 
glutathione in some brain tissues (Emam et al., 2020). These findings 
point towards oxidative stress and ferroptosis as possible mechanisms 
implicated in brain damage. Ferroptosis is a type of Fe-dependent cell 
death characterized by a large amount of Fe accumulation and lipid 
peroxidation during this process. Recent studies have elucidated that 
ferroptosis plays an important role in the development of multiple dis-
eases, such as nervous system diseases (Li et al., 2020). In fact, a recent 
study suggests that ferroptosis could be responsible for inducing toxic 
effects in neuronal cells exposed to PM2.5 (Xiong et al., 2022). Moreover, 
during the detoxification of lipid peroxides, glutathione is oxidized 
(Griffith, 1999). These results jointly suggest an increment of oxidative 
stress, and are in accordance with previous studies in humans, which 
already demonstrated that prenatal exposure to air pollution may alter 
fetal neurodevelopment by inducing oxidative stress and inflammation 
(Ni et al., 2022). 

We have to keep in mind that most of the articles work with different 
PM samples concentrated from the local area where the researchers live. 
Thus, some differences between studies can be related to the different 
compositions of PM, which depend on the characteristics of each area. 

In general, when comparing the results observed in studies with 
postnatal exposure with those from studies with prenatal and postnatal 
exposure, no major differences are observed. This could point to the fact 
that the postnatal period could be the most important period when it 
comes to the neurotoxic effects observed under exposure to PM. 

5. Conclusion 

Collectively, the evidence from these experimental studies points 
towards a clear impact of early PM exposure on brain development and 
behavior, with protracted effects in adulthood and with susceptibility to 
developing neurodevelopmental disorders. Among the effects found, the 
main ones were impaired social novelty, impulsive-like behavior and 
short-term memory impairments. Furthermore, synaptic plasticity and 
immune response were also affected. We can also conclude that the 
impact of PM exposure differs depending on the specific developmental 
window of exposure in which it occurs, and that it is sex dependent. This 
last fact is especially relevant as too few studies considered it; therefore, 
more research including both sexes is required. However, the clearest 
conclusion we can reach is that further investigation is needed in order 
to elucidate the molecular mechanisms by which exposure to ambient 
air pollutants contributes to the development of certain neuro-
developmental and neurodegenerative diseases with the aim to be able 
to introduce specific therapeutic interventions that could palliate the 
detrimental effects. 
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