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Abstract

Purpose of review—This review sought to address the potential for air pollutants to impair
cognition and mechanisms by which that might occur.

Recent findings—Air pollution has been associated with deficits in cognitive functions across a
wide range of epidemiological studies, both with developmental and adult exposures. Studies in
animal models are significantly more limited in number, with somewhat inconsistent findings to
date for measures of learning, but show more consistent impairments for short term memory.
Potential contributory mechanisms include oxidative stress/inflammation, altered levels of
dopamine and/or glutamate and changes in synaptic plasticity/structure.

Summary—Epidemiological studies are consistent with adverse effects of air pollutants on
cognition, but additional studies and better phenotypic characterization are needed for animal
models, including more precise delineation of specific components of cognition that are affected,
as well as definitions of critical exposure periods for such effects and the components of air
pollution responsible. This would permit development of more circumscribed hypotheses as to
potential behavioral and neurobiological mechanisms.
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l. INTRODUCTION

Air pollution is a worldwide environmental health problem. Such exposures can potentially
begin during gestation, and can also be cumulative over the lifespan. As of 2013, air
pollution was considered to be the 12t leading global risk factor for disability adjusted life
year reductions (1), leading to 3.3 million premature deaths per year (2) in the Global
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Burden of Disease Study. Air quality standards have clearly improved in some countries,
hopefully mitigating such trends, but even as of 2012, the U.S. Environmental Protection
Agency (EPA) estimated that approximately 142 million U.S. residents still live in areas
where levels of various air pollutants exceeded regulations. This is coupled with predictions
of further increases in ongoing urbanization trends and expanding road traffic in many areas
of the world which could further increase population exposures to air pollution (3).

Air pollution is a complex mixture that includes particles, oxidant gases (e.g., O3z, NOy),
trace metals, and adsorbed organic contaminants. Particulate matter (PM) sizes range from
coarse (PM1g; <10um) to fine (PM, 5; <2.5um) to ultrafine (<0.1um). While not a significant
component of air pollution by mass, ultrafine particles (UFPs) achieve orders of magnitude
higher particle count concentrations and surface area compared to larger particle sizes. For
both chemical and health reasons, UFPs are generally considered among the most reactive
elements of air pollution (4, 5). Their high surface area permits greater adsorption of other
toxic air pollutants per unit mass. Further, up to 50% of inhaled UFP is deposited in
pulmonary alveolar regions of lung from, from which it can pass through the
alveolocapillary barrier and thereby access pulmonary interstitium. From there, particles can
cross endothelial cells, move into blood circulation and thus impact other organs, such as
heart and brain, to produce more serious health consequences. This is coupled with data
indicating deposition can also occur in the nasal cavity allowing translocation to brain
directly across the olfactory epithelium (6, 7).

Currently, the U.S. EPA sets regulatory standards for levels of PM;g and PM; 5. Based on
some other observations, however, current regulations, while effective in reducing some
components of air pollution, may not be sufficient. For example, studies have suggested that
UFP levels may not necessarily be inferred from PM mass measurements (8, 9). Increases in
levels of UFPs can actually be fostered by clean atmospheric conditions (10), and
differences in fuel types also change UFP levels (11, 12). Although it represents a significant
technological challenge, pressure for regulation of UFPs arises from the growing data base
on associated health effects.

The focus of air pollution research has long been directed at cardiovascular and pulmonary
systems. However, an increasing body of evidence is demonstrating that air pollution is also
deleterious to the central nervous system (CNS). Human studies are now reporting
associations of various components of air pollution and associated contaminants with
neurodevelopmental disorders as well as with neurodegenerative diseases (13-16), and the
mechanisms by which air pollution toxicity occurs in peripheral organs, including
inflammation and oxidative stress, are also likely operative in the CNS (17). This review will
summarize the current literature reporting cognitive-related deficits that have been described
in relation to components of air pollution in both human epidemiological and experimental
animal studies. It will then examine potential mechanisms by which such effects might occur
as have also been reported for human and experimental animal exposures. It concludes by
describing limitations of the current understanding and future directions for research.
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Effects of Air Pollution on Cognitive Functions

Increasing evidence suggests that air pollution can produce neurotoxicity. Moreover, such
effects are reported both in children and in adult stages of the life cycle, in both
epidemiological and experimental animal model studies. Several reviews of such effects
have already been reported (13-16, 18-22). Though human studies have used different
measures of air pollution, and animal studies have employed differing air pollution
exposures, many report impairments in cognitive function.

Studies of Cognition in Adults

Human epidemiological studies report deficits in various aspects of cognitive function in
both cross-sectional and longitudinal assessments which have come from multiple different
cohorts and locations. These have included reductions in test scores for mild cognitive
impairment (MCI) in elderly women in Germany who had lived at the same address for
more than 20 years (23). In a more recent follow up study of this population, levels of mono-
nitrogen oxides (NO,) were associated with a decline in a global test score across
neuropsychological tests, and specific associations were seen between visuo-spatial abilities
and NO,, NOy and PMy, as well as the Boston Naming Test with NOy (24). Another
German cross-sectional cohort study of 50-80 yr olds found that long term exposures to
PM, 5 air pollution showed a positive association with reduced MCI (scores, particularly
amnestic MCI components) (25). Levels of black carbon, a measure of traffic-related
pollution were associated with lower Mini-Mental State Examination scores in a population
of older men from the VA Normative Aging Study (26). Exposures to polycyclic aromatic
hydrocarbons (PAHS), a class of chemicals present in particulate matter, was found to be
negatively associated with digit symbol substitution test scores in a population 60 yrs of age
and above from the National Health and Nutrition Examination Survey (27). In a national
sample of older U.S. adults, PM> 5 was associated with a 1.5 times higher error rate in a
cognitive assessment task (28). Increased PM 5 levels were found to be associated with
reduced verbal learning, and NO, with decreased logical memory in middle and older-aged
Los Angeles adults (29).

Prospective studies offer the potential to assess rates of cognitive decline. For example, more
rapid cognitive decline was reported in elderly U.S. women exposed from 7-14 years to

PMy 5_10 and PM3 5 (30). Similarly, in a London cohort, levels of PM were associated with a
decline in cognition over a 5 year period (31). In another prospective study, residential
proximity to a major roadway impaired verbal learning and memory, psychomotor speed,
language and executive functioning in Boston community-dwelling seniors (32).

Studies of Cognition in Children

In a prospective Boston cohort of children, living nearer a major roadway at birth was
associated with lower nonverbal 1Q and visual motor abilities at mid-childhood (33),
although a subsequent study did not find that prenatal or early childhood exposure to traffic-
related pollution was associated with impaired executive function at least as measured via
parent and teacher rating scales (34). Children from Quanzhou, China exposed to higher
levels of NO, and PM had reduced reaction times and impaired performance on the
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continuous performance, digit symbol substitution, pursuit aiming and sign register tests
(35). Higher black carbon levels in a prospective cohort study were shown to be predictive of
decreased cognitive function, particularly verbal and nonverbal intelligence and memory
function, in Boston children (36). NO, was found to be a predictor of decreased memory
function in the delayed matching to sample test in 9-11 year old Dutch children (37). Ina
study spanning 6 European birth cohorts that assessed cognitive and psychomotor
development between 1-6 yrs of age, it was found that maternal NO, exposure was
associated with delayed psychomotor development during childhood (38). As with adults,
PAHSs were found to influence cognitive function via prenatal exposure, particularly verbal
1Q, with postnatal exposures also increasing risk (39).

Exposures to higher levels of traffic were reported to reduce sustained attention in a study of
Flemish adolescents (40). Similarly, in a case-control study, levels of PMyg in breathing air
was found to be a major risk factor for attention deficit hyperactivity (ADHD) disorder in
Delhi school children, particularly the inattentive type of ADHD (41). Exposure to elemental
carbon during infancy was associated with higher hyperactivity scores in children whose
mothers had more than a high school education (42). However, in a study of Swedish twins,
neither NOy or PM1g exposure during pregnancy was associated with ADHD (43).

With respect to time-based effects and or cumulative exposures, a prospective cohort study
in 7-10 yr old primary school children from 39 schools in Barcelona observed a slower
growth in cognitive development (working memory, and inattentiveness) over a 12 month
trajectory, including 4 different time points of measurement was found in association to
traffic-related air pollution (NO5, UFP number and elemental carbon) (44), and was found to
be due to traffic-related PM, 5 (45). A prospective cohort study of South Korean children
reported negative associations between maternal exposures to PM; and both Mental
Development and Psychomotor Development Index scores of the Bayley Scales of Infant
Development throughout the first 24 mos of life (46).

Studies of Cognition in Experimental Animal Models

To date, significantly fewer studies have examined the impact of air pollution specifically on
cognitive functions in experimental animal models. Correspondingly, the number of
behavioral paradigms used has been limited, and evidence for specific effects on cognitive
domains is not always clearly established. Furthermore, studies that have not used an
inhalational route of exposure (e.g. intranasal instillation) may be of limited translational
utility to human conditions. These studies are summarized in Table 1.

Of additional relevance to the experimental animal studies is the long held assertion that
rodent models of inhaled air may not be fully relevant to humans in terms of exposure
parameters, as rodents are obligate nose-breathers and as a result, dosing of mice will result
in higher exposures than occur in humans. Recent findings, however, appear to contradict
this concern, showing that the olfactory dose per unit surface area is actually estimated to be
higher in humans depending on the size of the particle (47, 48), as based on computational
modeling with an anatomically accurate model of the human nasal cavity. This may be
particularly relevant considering a recent editorial (49) noting the presence in fly ash and car
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exhaust of a significant fraction of particles below 10 nm, often overlooked because of
measurement difficulty (50).

Diesel Exhaust Exposures and Cognition—To date, only two studies have
specifically examined learning in response to diesel exhaust exposures, in both cases
following maternal exposures. Inhalational exposure of mice to approximately 20 mg diesel
exhaust particles/m3 on gestational days (GD) 7-19 was reported not to impair learning in a
water maze over the initial learning or memory trials, but to improve learning on the first
trial of the first reversal (movement of the location of the escape platform) trials in adult
female offspring, while males were not affected (51). In a study of subcutaneous exposures
of mice to 200 ug/kg body weight diesel exhaust particle suspensions on gestational days 6,
9, 12, 15 and 18, adult male offspring (females not tested) were reported to show deficits in
acquisition of water maze performance, as indicated by longer latencies to find the escape
platform; however, significant effects were only found on one day, i.e. day 7 of the 9 days of
behavioral testing (52). Two studies examined water maze learning in response to clean air
or to nanoparticle-rich diesel exhaust. In the first (53), male mice were exposed to clean air
or 148.86 ug/m?3 nanoparticle-rich diesel exhaust for 5 hr/day for 5 days/week for 4 weeks,
but no effects on learning were observed. In another study, female mice were exposed to
clean air or moderate (35.48 ug/m?3) or high concentrations (122 ug/m3) of nanoparticle-rich
diesel exhaust; in this case, only the high concentration significantly increased escape
latencies during acquisition and in a reversal phase (54).

Two studies examined short-term memory effects of diesel exhaust using the novel object
recognition paradigm in mice. Adult female mice exposed to high concentrations (122
ug/m?3) of nanoparticle-rich diesel exhaust for 3 months showed an impaired discrimination
index for novel object recognition with no differences in object exploration time during
training, consistent with impaired short-term memory, relative to clean air or moderately
(35.48 ug/m?3)-exposed groups (55). In a second study, adult male mice were exposed to
diesel engine exhaust or diesel exhaust origin secondary organic aerosols produced by
addition of ozone for 5 hr/day for 5 days/week for one or three months; concentrations of
diesel exhaust were 98 ug/m3 and diesel exhaust with generated secondary organic aerosols
was 114 ug/m3. Diesel exhaust with generated secondary organic aerosols reduced
exploration time with the novel object, again without altering object exploration time during
training after both 1 and 3 months of exposure (56).

Particulate Matter (PM) Exposures and Cognition—Four week old male mice
exposed to concentrated ambient air (PM, 5; 94.3 ug/m3) or filtered air for 6 hr per day, 5
days per week for approximately 10 months underwent assessment of learning in a Barnes
maze. Latency to find the escape hole in the maze was reported to be significantly increased
by PM5, 5, although this effect was only statistically significant for day 2 of the 4 days of
training (as based on analysis by one way rather than repeated measures ANOVA). Number
of errors on the maze (wrong escape hole attempts) were also increased by PM> 5 during
session 2 of training (57).

Studies from our laboratory have examined the impact of developmental and/or adult
exposures to concentrated ambient UFP. In one such study, exposures that ranged from 3.33
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to 21.5 times that of ambient outdoor air, at 15-240 ug/m3, or to filtered air, were carried out
in mice for 4 hr/day from postnatal days 4-7 and 10-13 (developmental exposure) and/or
from postnatal days 56-59 (adult exposure) (58). Learning was measured using a fixed
interval (FI) schedule of food reward to determine acquisition of characteristic performance
on this schedule. Developmental exposures to UFP significantly retarded acquisition of Fl
performance in males, significantly decreasing rates of responding. In contrast, adult
exposures resulted in marked increases in FI response rates in females. As only a single
response is required to produce food reward on the FI schedule, both patterns of responding
(decreased and increased response rates) represent altered learning. Potential for impulsivity,
a component of attention deficit hyperactivity disorder was also investigated using a fixed
ratio (FR) waiting for reward paradigm (59), which provided free reward deliveries with an
increasing waiting time between each such delivery after mice had completed a ratio of 25
lever press responses in an operant chamber. Any responses during the waiting period of free
reward deliveries reset the FR requirement for another 25 responses. Under these conditions,
developmentally-exposed males (females not yet tested) showed a significant increase in
numbers of FR resets and a significantly shorter mean waiting time; this also resulted in a
significantly larger number of responses being required for each reward delivery.

Two studies have examined PM exposure effects on short-term memory. Male rats were
exposed to ambient PM, s air pollution and/or filtered air from prenatal-weaning periods and
through adulthood to 150 days of age (60), with a total monthly PM, 5 mass cited of 16.2
ug/m3. At 151 days, short term memory was assessed using a spontaneous nonmatching to
sample recognition test which is analogous to novel object recognition. Significant reduction
in short-term memory as indicated by the discrimination index were seen in the group
exposed from gestation throughout adulthood to PMj 5. this group also exhibited less
exploration time during the test session for memory of the novel object. Short-term memory
was also assessed in the study cited above from our laboratory that utilized developmental
and/or adult exposures to concentrated ambient UFP (58). Developmental UFP exposures
reduced time in contact with the novel object in both males and females, findings again
consistent with a short-term memory impairment.

Potential Mechanisms of Cognitive Impairment

With the limited number of experimental animal studies to date that have focused on the
cognitive consequences of air pollution, neurotoxicological mechanisms of impairment
obviously have yet to be identified. There are, however several neuropathological and
neurobiological changes that have been reported in experimental animal models that could
be considered risk factors for cognitive impairment. These include microglial activation and
inflammation, white matter damage, changes in dopamine and glutamate neurotransmitter
systems and altered synaptic plasticity (17, 61).

In defining mechanisms, several considerations need to be recognized. Mechanisms are
likely to differ depending upon the specific nature of the cognitive impairment. They are also
highly likely to differ based upon the developmental period of exposure reflecting the
aspects of brain development underway during the period of exposure. Mechanisms will also
likely differ depending upon the components of the air pollution exposure itself. Given well
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known differences in brain development, mechanisms are highly likely to show sex-
dependence, as with other effects of air pollution. Finally, based on the systems-level
mediation of cognitive functions by the brain, putative mechanisms may be inter-related, and
differentiating proximal from system-based mechanistic effects could prove difficult.

For example, brain microglial activation results in the release of soluble factors that can
include pro-inflammatory cytokines and free radicals, promoting oxidative stress. This can
impair glutamate uptake by glial cells and reduce the expression of glutamate transporters by
glial cells. Excess glutamate can produce both neuronal and white matter damage.
Oligodendrocytes, the myelinating cells of the brain, are particularly susceptible to
glutamate toxicity (62), which can lead to myelination damage to developing white matter,
as well as to microglial activation which could result in hypomyelination (63), for example.
Glutamate release, moreover can further activate microglia (64-66). Microglial activation
itself can damage the oligodendrocytes and thus lead to white matter loss (67). Sex-
dependence of the colonization of brain by microglia and their activation profiles have been
shown (68).

Microglial Activation/Inflammation/Oxidative Stress and White Matter Damage

Microglial function contributes to learning and memory processes across the lifespan,
including via their roles in regulating neuronal structure and function (69), and to levels of
inflammation and oxidative stress (70). White matter damage that can result from loss of or
failure of development of myelin can also be a mediator of cognitive dysfunction not only in
adults (71) but also during development (72).

Markers of microglial activation, inflammation and oxidative stress have been noted in
response to both diesel exhaust and PM exposures in animal models. With respect to diesel
exhaust, for example, even an acute (250-300 ug/m3) exposure of 6 hours in adult mice led
to microglial activation. It also increased lipid peroxidation and produced
neuroinflammation that was most pronounced in hippocampus and olfactory bulb. Notably,
effects were of greater magnitude in males (13). Following a 4 week, 5 days per week for 6
hr a day nose-only exposure of rats to diesel exhaust, levels of proinflammatory cytokines
TNF-a and IL-1a were increased in striatum, although not in other brain regions examined
(73). A 4 week exposure of adult rats to diesel exhaust increased TNA-a, 1L1-6 and MIP-1a
in olfactory bulb, cortex and midbrain, while increases in IL-1a were found in cortex and
midbrain, and increases in the microglial marker IBA-1 were found in midbrain (74). In in
vitro models, diesel exhaust was shown to increase oxidative stress markers in microglia
(75).

PM exposures likewise appear to provoke microglial activation, inflammation and oxidative
stress. Mice exposed developmentally to concentrated ambient UFP in our studies showed
male-specific increases in IBA-1 in anterior commissure at postnatal day (PND) 14, and at
PND55 in hippocampus (76, 77), and marked increases in corpus callosum when measured
at PND270, regardless of whether exposure was during development, as adults, or both (58).
Exposure of male rats to PM from pre-natal through adulthood increased cortical levels of
the oxidative stress marker malondialdehyde and reduced levels of [superoxide dismutase]/
[catalase] (60). In a study of ambient PM1q exposure in rats, increases in cortical levels of
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IL-1B, iNOS, COX-2, ICAM-1 were found along with increases in TUNEL staining (78).
Exposures of adult mice to re-aerosolized nanoPM increased levels of TNF-a, 4+NHe and
3-NT in olfactory epithelium and levels of IBA-1 in olfactory epithelium and olfactory bulb
(79).

Changes in white matter structures have also been reported in response to ambient PM
exposures, both in human and animal studies. In a prospective study, over 1400 community
dwelling older women without dementia underwent MRI scans between 71-89 years of age.
Those with greater PM, 5 exposures had significant reductions in white matter, regardless of
geographic region, socioeconomic status, lifestyle, or cardiovascular risk factors (80). These
effects were found in the frontal and temporal cortical lobes as well as in corpus callosum,
but not in hippocampus. In another recent study, MRI assessments of 263 children between
8-12 years of age reported that greater exposures to air pollution (as indicated by elemental
carbon and NO,) was associated with higher levels of functional connectivity between the
dorsal frontal and parietal cortex regions, but with lower functional connectivity between
dorsal frontal and medial frontal cortex, changes that were also associated with reaction
time/motor speed, although not with the cognitive tasks used (81). PAHs, an organic
contaminant of air pollution were reported to be associated with significant reductions in
white matter surface confined almost entirely to the left hemisphere in children 7-9 years of
age, and these correlated with slower information processing speed in intelligence tests as
well as with behavioral problems such as attention deficit-related behaviors and conduct
disorders (82).

Mice exposed developmentally to concentrated ambient UFP in our studies show persistent
male-specific ventriculomegaly (an indicator of white matter damage) which were still
observed at PND270. In addition, corresponding male-specific reductions in size of the
corpus callosum and myelination of the corpus callosum were found, with these changes still
evident at PND55, but resolving by PND 270 (76, 77).

Dopamine and Glutamate System Alternations

Dopamine and glutamate systems are overlapping neurotransmitter systems critical to
mediation of cognitive functions (83, 84); both play a role in proliferation, differentiation
and ultimately myelination by oligodendrocytes (62). Numerous studies have examined the
impact of diesel exhaust exposure on neurotransmitter functions, while fewer studies to date
have examined such changes in response to PM exposures.

Effects of diesel exhaust exposure on glutamatergic functions have been reported but the
pattern of changes have not been consistent. Several studies examined the effects of diesel
exhaust inhalational exposures on mRNA levels of glutamatergic receptors. In a study of
diesel exhaust exposure of mice from GD14 to PND21, glutamate concentrations in
hypothalamus were increased to the same extent by diesel exhaust alone and in conjunction
with secondary organic aerosols (85). In a study of diesel injected subcutaneously at GD 6,
9, 12, 15 and 18, a slight reduction was found in NR2A receptor mRNA in hippocampus in
offspring at 10 weeks of age (52). Following a 4 week inhalational exposure of adolescent
male mice, increased levels of hippocampal NR1, NR2A and NR2B receptors were seen in
mice (53). A study of adolescent male mice that involved a 1 or 3 mos inhalation exposure
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of males to diesel exhaust or diesel exhaust plus secondary organic aerosols reported
changes in MRNA levels of NR1, NR2A and NR2B receptors only in the diesel exhaust and
secondary organic aerosols condition (56). Whereas a 3 mos exposure of female mice
beginning in adolescence produced no changes in NMDA receptor subunits, but decreased
levels of the glutamate transporter EAAT4 in hippocampus (86), a study with highly
comparable exposures, again in females, found increases in levels of mMRNA NR2A
expression at the higher dose in hippocampus (54). Interestingly, the major difference
between these latter two studies was the difference in behavioral history of the females, one
group having been subjected to water maze testing, and the other to novel object recognition
testing. Given our studies indicating behavioral experience can have a major impact on the
trajectory of CNS effects of toxicants such as lead and methylmercury, we have deemed it
critical to include non-behaviorally-tested control animals in all such studies (87, 88).

With respect to dopamine, prenatal diesel exhaust inhalational exposures from GD2-17 were
found to decrease levels of the dopamine metabolite homovanillic acid (HVA) in nucleus
accumbens, and dopamine turnover in striatum and nucleus accumbens (89). Using the same
exposure protocol, a subsequent study by this group reported reductions in dopamine in
prefrontal cortex, but transient increases in dopamine and its metabolites in amygdala that
were evident at 3 weeks but not 6 weeks later (90). Inhalation exposure to diesel exhaust
from GD2-17 increased dopamine and metabolites in prefrontal cortex and nucleus
accumbens, but not in amgydala or ventral tegmental area (91). In another inhalational study,
exposures from GD2-16 found increased dopamine and metabolites in prefrontal cortex, but
decreased dopamine and some metabolites in midbrain and brain stem; alterations in
dopamine turnover were found in striatum (92).

PM exposures likewise appear to alter both neurotransmitter systems. In our studies of mice
exposed developmentally (human third trimester equivalent) to concentrated ambient UFPs,
increases in glutamate were seen at PND14 and PND55 in hippocampus (only region
examined) in male and female offspring (76). With the same exposure protocol, however,
measures at approximately PND75 showed increased glutamate and glutamate turnover in
striatum and decreased glutamine and increased glutamate turnover in hypothalamus (93). In
assessments carried out at PND270, increases in glutamate and glutamine were seen in
frontal cortex of males and females, while increases in hippocampus were seen only in
males (58). A time course assessment in prefrontal cortex of PND14 and PND60 showed
male-specific increases in the ratio of [glutamate]/[GABA], consistent with excitatory/
inhibitory imbalance (77). Chronic inhalation of re-aerosolized nanoparticulate matter in
mice reduced levels of the glutamate receptor subunit GIuA1 in hippocampus; in
hippocampal slice preparations, nanoparticulate matter suspensions increased the
neurotoxicity of the glutamatergic agonist NMDA (94). In further support of glutamatergic
involvement, male mice exposed developmentally to concentrated ambient UFP showed
increased levels of glial fibrillary acidic protein (GFAP), a marker of astrocytic activation in
amygdala at PND14 (93) and in frontal cortex of females even at PND270 (58). Astrocytes,
as part of tripartite synapses, are critically involved in glutamate regulation and consequent
modulation of synaptic plasticity (95).
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Increased prefrontal cortex and midbrain dopamine were found at PND14 and PND55 in
males, while females showed increased dopamine turnover in prefrontal cortex, and
increases in dopamine and HVA, but decreases in dopamine turnover in midbrain in our
studies of concentrated ambient UFP exposures during development (76). Using the same
exposures, male mice (females not examined) sacrificed at approximately PND75 showed
increases in the dopamine metabolite DOPAC and increased dopamine turnover in striatum,
but decreases in midbrain, and reduced HVA in prefrontal cortex (93). Further, mice
sacrificed at PND270 were found to have dopamine system alterations in striatum, frontal
cortex, olfactory bulb, midbrain and hypothalamus, while alterations in females were seen in
frontal cortex, hippocampus, olfactory bulb, hypothalamus and striatum (58).

Effects on Neuronal Markers

To date, changes in neuronal structure/function have received less examination as potential
mechanisms of air pollution-induced cognitive deficits, but some studies are suggestive. For
example, male mice exposed to PM5 5 for 10 months showed decreased dendritic spine
density and dendritic branching in hippocampal areas CA1 and CA3, respectively, changes
that could influence learning and/or memory (57). In neonatal cerebral cortical neurons
derived after prenatal exposures to re-aerosolized urban air nanoparticles, impaired
differentiation was found, including a marked reduction in neurons with long neurites,
indicating more undifferentiated neurons (96). In a follow-up study (97), the inhibition of
neurite outgrowth was found to be caused by TNF-a from microglia. In an assessment of
inhaled sulfur dioxide, a ubiquitous air pollutant, inhibition of MRNA levels of the synaptic
plasticity marker Arc after both 1 and 4 weeks of exposure was observed, while protein
expression of the presynaptic marker synaptophysin was reduced after 1 week of exposure.

Conclusions

Evidence of cognitive deficits in response to components of air pollution in human studies,
even with the individual strengths and limitations of the reported studies, has become more
compelling. Deficits in learning and memory as well as in attention-related behaviors are
being reported, all of which can impair executive-type functions. Further, these reports are
coming from different cohorts and from different geographical areas. Findings reported to
date also suggest that adverse effects on cognition are not limited to developmental
exposures, but may also be found in adults. While the reported evidence has increased,
however, it is unclear whether any publication bias may have affected this data base.

As of yet, only a very limited number of studies to date have examined cognition in
experimental animal studies, and these too have both strengths and weaknesses. Studies of
learning that have followed diesel exhaust exposures appear, to date, to be inconsistent, with
reports of both positive (detrimental) effects and of no effects, based on a single paradigm,
the water maze. Studies based on PM exposures, although currently limited to 3 reports, do
provide consistent evidence of learning impairments. Detrimental effects on short term
memory following diesel exposure are consistently observed, although as of yet, this has
been in a single behavioral paradigm and in only two studies, while such decrements have
also been reported in studies based on PM exposures using the same behavioral paradigm in
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two different studies. Thus, to date, experimental animal studies provide plausibility for
short term memory effects of air pollution exposures.

Although numerous studies have examined potential underlying mechanisms by which air
pollution may act on brain, such an assessment remains at its infancy. Few studies have
examined brain changes in a direct mechanistic capacity in relation to specific behavioral
functions, including cognitive deficits. In addition, as the brain represents a system of
systems, with differential impacts on different cognitive functions, it may well be the case
that multiple mechanisms are at play, and certainly that interactive mechanisms are
occurring. It will, however, be critical for future studies to include non-behavioral controls in
any assessments of mechanisms of air-pollution induced cognitive deficits, as behavioral
experience itself will change brain functions, and can even serve in an ‘enrichment’ capacity
to mitigate potential underlying mechanisms (87, 88).

Recognizing that there are numerous limitations to research, there are nevertheless multiple
future research directions that would advance our understanding of the impacts of air
pollution on cognition. In human studies, for example, it would be particularly useful to
more specifically ascertain the impact of developmental period of exposure, as well as to
more precisely characterize the specific behavioral domains of cognitive function that are
being impacted. The former is particularly relevant to risk assessment, and the latter would
be particularly important for devising any behavioral intervention procedures that might be
used to overcome deficits. In addition, longer term prospective studies, particularly in adults
would serve to further understand whether cognitive deficits are relevant to
neurodegenerative conditions, particularly those that include a dementia component. Studies
incorporating approaches such as imaging, including functional imaging, would yield
insights into brain mechanisms and pathology and their similarity to findings from animal
models. Of course, such a list always includes the need for further assessment of the specific
components of air pollution that lead to such effects. That information would be pertinent to
air quality criteria regulations as well as to defining underlying mechanisms.

With respect to experimental animal models, additional assessments of cognitive function
are needed, given the limited data base currently available. It would be useful if that
included not only characterization of different components of cognition (e.g., learning,
memory, attention), but also multiple different measures of each of those components. Such
assessments would assist in further defining the extent/nature and context of such deficits, as
well as their behavioral mechanisms of action (98, 99). More definitive phenotyping would
also assist in circumscribing future studies of neurobiological mechanisms of action for
cognitive impairments. Once hypotheses can be more fully developed, the use of genetically
engineered animal models may be of potential use. As with human studies, delineation of
critical periods of exposure and their potential to produce different phenotypes is as yet
unclear. Future research here would also benefit from additional information as to the critical
components of air pollution in producing cognitive deficits and to the use of inhalational
exposures.
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