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Abstract

Although an association between air pollution and adverse systemic health effects has been known
for years, the effect of pollutants on neurodevelopment has been underappreciated. Recent
evidence suggests a possible link between air pollution and neurocognitive impairment and
behavioral disorders in children, however, the exact nature of this relationship remains poorly
understood. Infants and children are uniquely vulnerable due to the potential for exposure in both
the fetal and postnatal environments during critical periods in development. Carbon monoxide
(C0O), a common component of indoor and outdoor air pollution, can cross the placenta to gain
access to the fetal circulation and the developing brain. Thus, CO is of particular interest as a
known neurotoxin and a potential public health threat. Here we review overt CO toxicity and the
policies regulating CO exposure, detail the evidence suggesting a potential link between CO-
associated ambient air pollution, tobacco smoke, and learning and behavioral abnormalities in
children, describe the effects of subclinical CO exposure on the brain during development, and
provide mechanistic insight into a potential connection between CO exposure and
neurodevelopmental outcome. CO can disrupt a number of critical processes in the developing
brain, providing a better understanding of how this specific neurotoxin may impair
neurodevelopment. However, further investigation is needed to better define the effects of
perinatal CO exposure on the immature brain. Current policies regarding CO standards were
established based on evidence of cardiovascular risk in adults with pre-existing comorbidities.
Thus, recent and emerging data highlighted in this review regarding CO exposure in the fetus and
developing child may be important to consider when the standards and guidelines are evaluated
and revised in the future.
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Introduction

For over fifty years, air pollution has been suspected as an underlying cause of a wide
variety of disease processes (Mustafic, 2012). Although commonly encountered indoor and
outdoor environmental pollutants have been linked with a range of pulmonary,
cardiovascular, and immune system maladies, evidence has only recently emerged to
suggest a relationship between air pollution and neurodevelopmental impairment (Block,
2012; Mustafic, 2012; Wang, 2007). It is now believed that indoor and outdoor air pollution
may be associated with certain neurocognitive abnormalities and behavioral disorders
including the autism spectrum (Block, 2012; Vrijheid, 2012). Infants and children appear to
be uniquely vulnerable to the neurotoxicity of air pollution due to the susceptibility of the
brain during critical periods in development and the potential for exposure to such
neurotoxins in both the fetal milieu and the postnatal environment (Grandjean, 2006).

Air pollution is a heterogeneous mixture of gases and particulate matter (Mustafic, 2012).
The main gaseous components of air pollution are ozone, carbon monoxide (CO), nitrogen
dioxide, and sulfur dioxide (Mustafic, 2012). As a by-product of incomplete combustion of
hydrocarbons, CO is a major component of motor vehicle-related pollution, tobacco smoke,
and gas stove pollution (US Environmental Protection Agency, 2012; Vrijheid, 2012).
Therefore, CO is a common contaminant of both indoor and outdoor environments. Because
it can cross the placenta to gain access to the fetal circulation and the developing brain, CO
is of particular interest as a neurotoxin and a public health threat (Greingor, 2001,
McGregor, 1998). Here we review overt CO toxicity and the policies regulating CO
exposure, detail the evidence suggesting a potential link between CO-associated ambient air
pollution, tobacco smoke, and learning and behavioral abnormalities in children, describe
the effects of subclinical CO exposure on the brain during development, and provide
mechanistic insight into a potential connection between CO exposure and
neurodevelopmental outcome.

Environmental CO and overt toxicity

CO poisoning

CO is a colorless and odorless gas that can be poisonous to humans (Igbal, 2012a; Kao,
2005). It is generated by incomplete combustion of carbonaceous fuels such as oil, gasoline,
coal, wood, and tobacco (Bauer, 2009; Kao, 2005). Because CO is non-irritating and
imperceptible in the air we breathe, exposure is often not recognized and acute CO toxicity
is commonly underappreciated and misdiagnosed (Kao, 2005; Igbal, 2012a). CO continues
to be the leading cause of poison-related mortality in the United States (Kao, 2005; Igbal,
2012a). Unintentional, non-fire-related CO exposure leads to greater than 20,000 emergency
room admissions, more than 2000 hospitalizations, and up to 6000 deaths each year (Centers
for Disease Control and Prevention, 2007; Centers for Disease Control and Prevention,
2008; Igbal, 2012b; Kao, 2005).

Sources of environmental CO

Vehicle exhaust contributes to 75% of all CO emissions in the US and up to 95% of all
emissions in US cities (US Environmental Protection Agency, 2012). The remainder is due
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to steam boilers, industrial processes, solid waste disposal, and miscellaneous other sources
(Raub, 1999). Indoor CO sources include tobacco smoke (from cigarettes, cigars, as well as
water pipes or hookahs), gas cooking ranges, combustion space and water heaters, coal or
wood burning stoves, and improper use of generators and charcoal grills (Daher, 2010;
Igbal, 2012a; Raub, 1999). Although CO exposure occurs year-round, poisonings peak in
the winter months due to the increased use of heating devices in closed spaces (Kao, 2005;
Igbal, 2012a).

Global background CO concentrations average between 50 and 120 parts per billion (ppb) in
the troposphere and approximately 60% of these levels have been attributed to human
activity (Raub, 1999). Although short-term peaks occur each day and demonstrate seasonal
variability, CO levels are greatest in the northern hemisphere and over the last decade annual
outdoor urban levels in the US have averaged between 2 and 5 parts per million (ppm)
(Raub, 1999; US Environmental Protection Agency, 2012). Vehicle exhaust contains up to
100,000 ppm CO and levels can reach between 10 and 12 ppm within passenger
compartments of automobiles during heavy traffic (Raub, 2000; US Environmental
Protection Agency, 2012). Even higher concentrations are encountered in semi-closed
environments routinely exposed to vehicle exhaust such as parking garages, tunnels, and
indoor ice skating rinks (Pelham, 2002; US Environmental Protection Agency, 2012). CO
toxicity has been reported in children riding in the back of pick-up trucks and exposure
commonly occurs with certain recreational activities such as boating (Hampson, 1992).
Indoor levels can rise to 100 ppm with use of gas stoves and CO levels can range between 5
and 35 ppm within smoking rooms based on the number of lit cigarettes and the size of the
room (Kao, 2005; Giil, 2011; Jo, 2004). Thus, infants and children can be exposed to CO in
a variety of commonly encountered environments.

Water pipe (hookah) tobacco smoke deserves special mention. This is because the incidence
of hookah smoking has increased dramatically around the world over the last few years
(Eissenberg, 2009; Martinasek, 2014). Sidestream hookah smoke contains 30 times the
amount of CO as a single cigarette and CO levels within the ambient environment of hookah
bars can be as high as 50 ppm (Daher, 1994; Zhou, 2014). In addition, several cases of acute
symptomatic CO poisoning have been reported in teenagers and young adults following
water pipe use (La Fauci, 2012; Misek, 2014; von Rappard, 2014). CO toxicity in these
cases manifested with syncope or loss of consciousness (La Fauci, 2012; Misek, 2014; von
Rappard, 2014). Thus, hookah use is rapidly becoming a public health issue and combustion
of water pipe tobacco is a significant source of indoor CO pollution in certain environments.

Mechanisms of overt CO toxicity

When inspired, environmental CO diffuses rapidly across the alveolar capillary membrane
and binds to hemoglobin, forming carboxyhemoglobin (COHb) (Smithline, 2003). The
affinity of hemoglobin for CO is 240 times greater than that for oxygen (Hauck, 1984). High
levels of COHDb interfere with oxygen binding to and dissociation from hemoglobin resulting
in impaired tissue oxygen delivery (Gorman, 2003). In addition, CO binds avidly to cellular
hemoproteins such as myoglobin and cytochrome oxidase and can interrupt oxidative
phosphorylation (Brown, 1990; Iheagwara, 2007). Thus, overt CO toxicity results from
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tissue hypoxia and signs and symptoms appear when COHb is greater than 10% (Kao,
2005). The infant and fetus are more susceptible to CO toxicity than adults due to higher
rates of metabolism and the presence of fetal hemoglobin, which has a greater affinity for
CO than adult hemoglobin (Kao, 2004).

Although symptoms usually appear when COHb is greater than 10%, it is important to note
that COHb levels do not necessarily correlate with the severity of clinical presentation and
do not predict outcome (Hampson, 2012; Kao, 2005). This is because formation of COHb,
although critical to the manifestation of overt toxicity, is not the major mechanism of such
toxicity (Hampson, 2012). Rather, accumulation of CO within the tissues following
unloading of CO from hemoglobin is the key factor that determines the degree of cellular
toxicity (Hampson, 2012). Diffusion of CO into the various tissue compartments following
exposure is dictated by the Haldane equation and is based on both COHb level and CO
tension within the tissue (Figure 1) (Jain, 2009). Thus, resultant COHb concentrations are of
central importance and higher levels will lead to greater tissue CO delivery. For these
reasons, COHb levels are utilized clinically as biomarkers of CO exposure in order to
confirm acute poisoning but are not used to guide prognosis (Hampson, 2012).

In addition to tissue hypoxia, a number of other mechanisms of CO-induced cellular toxicity
have recently been identified. These include oxidative stress, peroxynitrite formation,
apoptosis, inflammation, and immune-mediated injury (Hampson, 2012). With regard to
inflammation, CO poisoning has been shown to activate microglia within the brain
following exposure in a manner similar to that of other pollutants (Allen, 2014; Bolton,
2013; Wang, 2011). Thus, overt CO toxicity is caused by both tissue hypoxia and direct
cellular effects (Hampson, 2012). Unlike tissue hypoxia, however, it is less clear to what
degree these other mechanisms contribute to symptomatic CO toxicity (Hampson, 2012).

Organs with the greatest aerobic activity, such as the heart and brain, are the most vulnerable
(Kao, 2005). Cardiovascular manifestations of acute CO toxicity include hypotension,
arrhythmia, ischemia, infarction, and cardiac arrest while neurologic involvement may
manifest as headache, dizziness, impaired judgment, altered mental status, confusion,
syncope, seizure, stroke, and coma (Kao, 2005; Winter, 1976). Symptoms of CO toxicity are
often nonspecific in children and poisoned patients commonly present with nausea,
vomiting, and lethargy (Baker, 1988; Foster, 1999). Thus, in the pediatric population, CO
exposure is often misdiagnosed as a viral illness (Kao, 2005).

Overt CO toxicity is a function of concentration and duration of exposure

The formation of COHb and the degree of toxicity relate to the concentration and duration of
CO exposure (Raub, 1999; Winter, 1976). Coburn, Forster, and Kane used this time-
weighted relationship to model CO inhalation and calculate resultant COHb levels (Winter,
1976). The equation they developed remains in use today. Exposure to between 70 and 120
ppm CO for approximately 4 hours, for example, results in COHb levels between 10 and
20% and is usually asymptomatic (Raub, 2002; Tomaszewski, 2002; Winter, 1976). Such an
exposure is generally regarded as subclinical (Winter, 1976). On the other hand, inspiring
more than 200 ppm CO results in COHb levels of approximately 30% and causes headache,
dizziness, and impaired judgment (Winter, 1976). Exposure to greater than 800 ppm CO can
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result in COHb levels above 60% and rapidly leads to seizures, coma, and death (Winter,
1976). Due to its diverse clinical presentation, CO toxicity continues to be a diagnostic
challenge for clinicians.

Fetal CO exposure

Gas transfer from the maternal circulation to the fetus is determined by uterine and umbilical
blood flow, maternal and fetal capacity and affinity for the specific gas, oxygen
consumption of the placenta, and placental diffusing capacity (Bissonnette, 1977b; Carter,
1999). Placental diffusing capacity is the quantity of gas that crosses the placenta over time
and is influenced by surface area, thickness and solubility of the tissue membranes, diffusion
properties of the gas, and distribution of fetal and maternal blood within the placental
capillaries (Carter, 1999). Following maternal exposure to CO and formation of maternal
COHb, CO readily diffuses across the placenta and binds to fetal hemoglobin (Bissonnette,
1977b; McGregor, 1998). There is also evidence that transplacental CO diffusion may be
facilitated by a carrier mediated process (Bissonnette, 1977b). Placental diffusing capacity
for CO has been found to increase during gestation, paralleling growth of the fetus
(Bissonnette, 1977a). Although fetal hemoglobin has a higher affinity for CO than maternal
hemoglobin, the resultant concentration of fetal COHb following exposure varies as a
function of maternal COHb (Longo, 1970). The relationship between fetal COHb and
maternal COHb can be determined by the Haldane equation and in humans the ratio of fetal-
to-maternal COHb following exposure is approximately 1.1 (Longo, 1970).

CO Policy

As a result of the accumulation of visible dense smog within many US cities in the 1960s,
the United States Congress established the basis of the Clean Air Act in 1970 (US
Environmental Protection Agency, 2012). Section 109 of the Clean Air Act gave the
Environmental Protection Agency (EPA) the authority to set and revise emissions standards
for on- and off-road motor vehicles (US Environmental Protection Agency, 2012). In 1971,
the EPA set the United States National Ambient Air Quality Standard (NAAQS) for CO
limiting time-weighted average exposure to 9 ppm for 8 hours and 35 ppm for 1 hour in an
outdoor environment, not to be exceeded more than once per year (US Environmental
Protection Agency, 2012). The initial policy established this primary standard to protect
public health as well as an identical secondary standard to protect public welfare (US
Environmental Protection Agency, 2012). Following review in 1985, the EPA decided to
maintain the primary standard without revision, however revoked the secondary standard
due to lack of evidence demonstrating a direct effect of ambient CO levels on public welfare
(US Environmental Protection Agency, 2012). Although the EPA reviews the NAAQS for
CO periodically, the primary standard has never been revised and the original maximum
allowable set-points remain in effect today.

The NAAQS was developed via a synthetic process that critically evaluated and assessed a
multitude of peer-reviewed studies in a large body of literature. The NAAQS established for
CO was based on investigational evidence that demonstrated a correlation between post-
exposure rise in COHb (2.9-5.9%) and decreased time to the onset of angina during exercise
in adult subjects with coronary artery disease following an acute CO exposure (Adams,
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1988; Allred, 1989; Allred, 1991; Anderson, 1973; Aronow, 1973; Kleinman, 1989;
Kleinman, 1998; Sheps, 1987). The EPA currently works closely with state, local, and tribal
agencies to meet the standard (US Environmental Protection Agency, 2012). Agencies are
responsible for monitoring air levels, calculating air quality to predict future trends, taking
emissions inventories, establishing emission control strategies, formally adopting measures
to achieve emissions reductions, and must undergo periodic review (US Environmental
Protection Agency, 2012). The World Health Organization (WHO) has also established
guidelines for time-weighted CO exposure in order to prevent toxicity (Raub, 1999). The
WHO recommends limiting exposure to 9 ppm CO for 8 hours, 26 ppm CO for 1 hour, 52
ppm CO for 30 minutes, and 87 ppm CO for 15 minutes (Raub, 1999). These limits were set
based on the prediction that COHb levels would not exceed 2.5% when a healthy adult
engaged in light to moderate exertion during exposure (Raub, 1999).

Although there are currently no legal standards for indoor air levels of CO, several US
government agencies have put forward guidelines for permissible exposure limits for CO.
For example, the Occupational Safety and Health Administration (OSHA) recommends
limiting exposure to 50 ppm CO for 8 hours, The National Institute for Occupational Safety
and Health (NIOSH) recommends a time-weighted limit of 35 ppm CO for 8 hours with a
concentration ceiling of 200 ppm, and The American Conference of Governmental
Industrial Hygienists (ACGIH) recommends a limit of 25 ppm CO for 8 hours (US
Environmental Protection Agency, 2012). In 1992, the Underwriters Laboratories
voluntarily established standards for indoor CO detectors (Raub, 1999). These standards
were revised in 1995 and currently designate that the detector’s alarm will be triggered
within 90 minutes of exposure to 100 ppm CO, within 35 minutes of exposure to 200 ppm
CO, and within 15 minutes of exposure to 400 ppm CO (Raub, 1999). These set points were
determined based on calculations that predict a COHb level of 10% following a specific
time-weighted exposure (Raub, 1999).

These standards and guidelines relied on cardiovascular risk in adults given a predicted rise
in COHb following a known time-weighted average CO exposure (US Environmental
Protection Agency, 2012; Raub, 1999). The amount of COHb formed was calculated based
on the known binding properties of CO to adult hemoglobin. However, the
neurodevelopmental risk of CO exposure to the fetus, infant, and child in the context of fetal
hemoglobin has never been stratified. Therefore, we review current evidence detailing the
effects of CO exposure on neurodevelopment in the fetus and developing child. These
emerging data and concepts in addition to existing understanding may serve to inform
regulatory agencies when considering the impact of CO on the developing brain in future
reviews of the standards. In the next section we will highlight findings that suggest a
potential link between CO pollution and impaired neurodevelopment. Given the
vulnerability of the developing brain to neurotoxicity, such findings should provoke thought
about the gaps in our understanding and raise questions about the need to explore scientific
investigation that could be used to support policy development designed to protect infants
and children from CO exposure.
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Air pollution and neurodevelopment

The association between air pollution and adverse pulmonary and cardiovascular health
effects has been widely recognized for many years (Block, 2012). However, only recently
have concerns been raised about the impact of environmental toxins on neurologic well-
being (Block, 2012). Through epidemiological and experimental toxicology studies,
investigators now recognize that air pollution is associated with chronic brain inflammation,
microglia activation, and white matter abnormalities (Block, 2012). Recent studies indicate
that pollutants are associated with adverse effects on neurocognitive development that
include disorders of behavior, providing evidence for a potential link between air pollution
and neurodevelopmental abnormalities in children (Block, 2012; Vrijheid, 2012).

The components of air pollution that have been implicated in being associated with
deleterious neurologic sequelae include particulate matter, polycyclic aromatic
hydrocarbons, black carbon, heavy metals, volatile organic compounds, environmental
tobacco smoke, ozone, and CO (Block, 2012). Because air pollution is a complicated
mixture of toxins, teasing out the biologic effects of individual agents is inherently
challenging (Block, 2012). Furthermore, different pollutants may act via a variety of
different pathways and may exert their neurotoxic effects via synergistic activity with other
agents (Block, 2012). Thus, pinpointing the role and responsibility of a single pollutant with
regard to neurotoxicity has its limitations. Given the obvious caveats, however, we will
highlight the scientific evidence that has demonstrated a potential association between air
pollution and neurocognitive impairment and behavioral abnormalities in children with a
focus on CO. It should be noted that a direct causal relationship has yet to be shown due to
the lack of controlled studies. In the following discussion, we refer to any heterogeneous
mixture of pollutants as “air pollution” and delineate the findings that have been specifically
attributed to CO.

Prenatal CO exposure adversely affects perinatal outcomes

Prenatal exposure to air pollution may negatively impact fetal development. Evidence
indicates that there is an association between fetal exposure to air pollution and intrauterine
growth restriction (IUGR), low and very low birth weight, and prematurity (Wang, 2007).
With regard to CO, a number of studies have identified a significant association between in
utero fetal exposure and development of IUGR following maternal exposure in either the
first or third trimester of pregnancy (Ha, 2001; Maisonet, 2001; Ritz, 2000; Salam, 2005;
Wang, 2007). The odds ratio for developing IUGR was calculated to be 1.22 [95%
confidence interval, 1.03-1.44] for a fetus exposed to more than 5.5 ppm CO during the last
trimester of gestation compared to those exposed to less than 2 ppm (Ritz, 1999). In a study
of infants born in southern California between 1975 and 1987, a 1.4 ppm increase in CO
exposure during the first trimester of pregnancy was associated with a 21.7 gram reduction
in birth weight [95% confidence interval, 1.1-42.3 grams] (Salam, 2005). In addition, other
work demonstrated an association between CO exposure and prematurity when maternal
exposure occurred during the last month of pregnancy (Liu, 2003). Furthermore, exposure to
outdoor air pollution in the early postnatal period has been identified as a contributor to
infant mortality (Wang, 2007). For example, postnatal exposure to outdoor air pollution 2
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weeks prior to death was associated with a 16% increase in the risk of respiratory demise for
each 1 ppm increase in ambient CO in infants in the South Coast Air Basin of California
(Ritz, 2006). Taken together, these studies have led researchers to conclude that
environmental CO exposure may be an important cause of adverse perinatal outcomes
(Wang, 2007).

Prenatal CO exposure may adversely affect neurodevelopment

Prenatal exposure to levels of CO that exceed ambient outdoor concentrations may impair
the developing brain. With regard to neurodevelopment, an acute, non-lethal maternal CO
exposure at 20 weeks gestation due to use of a defective indoor gas heater, resulted in
dystonia in the exposed infant at 2 months of age (Alehan, 2007). Abnormal signal changes
in the globus pallidus and basal ganglia were seen with brain imaging and, within the first
few years of life, the affected child manifested severe gross motor retardation, spasticity,
severe dystonia, and mild mental retardation (Alehan, 2007). In other work, use of gas
cookers during pregnancy was found to be associated with decreased cognitive development
in exposed children tested beyond 14 months of age (Vrijheid, 2012). These findings were
independent of social class, maternal education level, and other potential confounders
(Vrijheid, 2012). In a study of Guatemalan children exposed to chronic indoor woodsmoke,
exposure to an average of 3.8 ppm CO in the third trimester of pregnancy was associated
with impaired neuropsychological performance tested at 6 to 7 years of age (Dix-Cooper,
2012). Thus, CO pollution in both indoor and outdoor environments may be associated with
adverse neurodevelopmental outcome.

Tobacco smoke and neurodevelopment

Tobacco smoke contains approximately 5000 chemical compounds and is another important
source of CO (Rauh, 2010). Smokers are exposed to between 400 and 500 ppm of CO with
each cigarette and their baseline COHb levels may be as high as 10% (Raub, 2000;
Tomaszewski, 2002). Active cigarette smoking is known to acutely increase a smoker’s
COHb content to even higher levels (Morris, 1995). Hookah smokers, on the other hand, are
exposed to even greater concentrations of CO (Daher, 1994). Active hookah smoking
increases COHb levels to three times that of conventional cigarette smokers and COHb
levels as high as 33.8% have been reported (Martinasek, 2014; Misek, 2014). In addition,
following waterpipe use, CO concentrations in a smoker’s exhaled breath may be as high as
58 ppm (Martinasek, 2014).

Prenatal exposure to tobacco smoke affects fetal growth

Maternal smoking during pregnancy has been shown to reduce birth weight and increases
the risk of prematurity, placenta previa, placental abruption, and perinatal mortality
(Higgins, 2002; Hofhuis, 2003; Wisbhorg, 2001). It has been estimated that infant birth
weight is reduced by 5% for each pack of cigarettes smoked per day in a dose-dependent
manner with an average reduction of 25-40 grams in weight (Herrmann, 2008; Lindbohm,
2002). Furthermore, a 79 gram reduction in birth weight has been found in infants born to
mothers exposed to second hand smoke during their pregnancy (Hegaard, 2006). One
mechanism by which tobacco smoke has been proposed to reduce birth weight is chronic
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fetal hypoxia (Herrmann, 2008). Such hypoxia may manifest from increased placental
vascular resistance, reduced uterine blood flow, and elevated maternal and fetal COHb
levels (Herrmann, 2008).

Maternal smoking has also been shown to affect fetal brain growth (Herrmann, 2008). Fetal
head circumference demonstrated a growth reduction of 0.13 mm per week [95% confidence
interval, -0.18-(-0.09)] in pregnant tobacco smokers and maternal exhaled concentrations of
greater than 5 ppm CO during pregnancy have been associated with significantly decreased
infant head circumference (Gomez, 2005; Roza, 2007). Although children exposed to
smoking during gestation can catch up to their peers with regard to weight and body length,
their relatively small head circumferences persist throughout early childhood (Vik, 1996).
Importantly, cessation of smoking during pregnancy has been shown spare the fetus from
tobacco smoke-induced effects on head size (Lindley, 2000). It is important to note that fetal
growth impairments seen with maternal smoking may result from other non-CO related
factors.

Perinatal tobacco smoke exposure leads to abnormal behavior

There is a wealth of literature demonstrating an increased incidence of behavioral
abnormalities in children who were exposed to tobacco smoke in either the prenatal or
postnatal periods (Herrmann, 2008). Exposed children often exhibit oppositional defiance,
conduct disorders, delinquency, and attention deficit hyperactivity disorder (ADHD) later in
life (Herrmann, 2008). A clear dose-dependent relationship has been demonstrated between
quantity of cigarettes smoked during pregnancy and such negative behaviors (Herrmann,
2008). With regard to intelligence and school performance, there is a suggestion that
prenatal tobacco smoke exposure is associated with subsequent cognitive deficits in children
(Herrmann, 2008). However, maternal education level and intelligence have been found to
be major confounders (Herrmann, 2008).

Air pollution and autism

Autism and autism spectrum disorder (ASD) are a group of developmental disorders
characterized by abnormalities in social interaction and communication along with repetitive
patterns of behavior (Volk, 2011). Overt signs and symptoms of autism often present prior
to the age of 3 (Autism Speaks, 2014). The prevalence of ASD has increased ten-fold over
the last 40 years and autism currently affects 1 in 68 children (Center for Disease Control
and Prevention, 2014; Volk, 2011). Although revised diagnostic criteria and heightened
awareness have contributed to the increased incidence, investigators suspect environmental
factors along with a strong genetic predisposition as a likely etiology of autism (Herbert,
2010). Residing in an urban setting was recognized as a risk factor for developing ASD in
the mid-1990s, however, the role of outdoor air pollution as an etiology of autism was only
first evaluated in 2011 (Rosenberg, 2009, Volk, 2011).

In the last few years there have been five key studies that have demonstrated a link between
outdoor air pollution and autism (Becerra, 2013; Jung, 2013; Roberts, 2013; Volk, 2011;
Volk, 2013). These works identified that traffic-related air pollution exposure in the prenatal
period, at the time of birth, and in the first year of life was associated with a diagnosis of
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autism (Becerra, 2013; Jung, 2013; Roberts, 2013; Volk, 2011; Volk, 2013). It should be
noted, however, that the pollutants in these studies were characterized as being mostly
related to vehicle emissions and not CO, specifically. The most recently published research,
on the other hand, assessed the risk of developing ASD in Taiwanese children and found a
significant relationship between yearly average exposure to outdoor environmental CO and a
new diagnosis of ASD (Jung, 2013). Based on values obtained from several EPA monitoring
stations in Taiwan, a 37% risk increase per 10 ppb increase in CO [95% confidence interval,
1.31-1.44] was identified (Jung, 2013). Taken together, these findings indicate that outdoor
air pollution may play a role in the development of autism and ASD. Although these studies
provide evidence for an association between specific environmental toxins and autism, no
study to date has demonstrated a causal relationship. Furthermore, it is currently unclear
how air pollution interacts with specific genetic susceptibilities to manifest the autistic
phenotype.

Vulnerability of the developing brain

The developing brain is uniquely vulnerable to environmental insults during critical periods
of development (Grandjean, 2006; Rice, 2000). Susceptibility is dependent on the timing of
exposure as well as the ability of specific toxins to gain access to the developing nervous
system (Rice, 2000). Adverse effects of individual neurotoxins relate to the specific
developmental processes that are disrupted (Rice, 2000). In this respect, it is generally
recognized that neurotoxicity in the developing brain differs from that of the mature nervous
system and alteration of developmental processes can have significant consequences (Rice,
2000).

Interruption of critical processes within the developing brain

Precursors of the central nervous system originate early in embryogenesis and specific areas
of the brain begin to develop within the first month of gestation (Rice, 2000). Normal brain
development requires careful coordination of a number of critical processes including
proliferation, differentiation, migration, synaptogenesis, apoptosis, and myelination (Rice,
2000). Neuronal proliferation occurs via a tightly controlled process during fetal
development with variable timing and degree of neurogenesis depending on brain region
(Grandjean, 2006; Rice, 2000). Following proliferation, neuroblasts begin to differentiate
into their terminal phenotype and migrate from the germinal layers in a radial and tangential
fashion (Rice, 2000). In the neocortex, migration is coordinated such that neurons populate
the layers of the cortical plate in an inside-out manner (Rice, 2000). Interruption of any of
these processes can lead to functional developmental abnormalities (Rice, 2000). Because
proliferation, differentiation, and migration are interdependent, disruption of one process
often affects the others (Rice, 2000). For example, exposure to agents such as ethanol and
methyl mercury during gestation has been shown to impair all three processes in the
developing brain (Rice, 2000).

Synaptogenesis is the development of cell to cell communication between neurons (Rice,
2000). This process occurs over the first 3 postnatal weeks of life in rodents and through
adolescence in humans (Rice, 2000). Synaptic junctions in the mature brain are
predominantly located on dendritic spines and mature synaptic structures do not appear until
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day of life 7 in mice (Li, 2010). Thereafter, synaptic structures are easily identified (Li,
2010). Neurogenesis, neurite outgrowth, and formation of synapses are critical for
establishing neuronal connections in the developing brain (Li, 2010). Subsequently, excess
and aberrant synapses are eliminated via cell death and axon pruning during development to
ensure proper circuitry and functioning (Vanderhaeghen, 2010). A defect in synapse
elimination and dendrite maturation has been found to be associated with certain
neurodevelopmental disorders and evidence suggests that such impairments contribute to
neurocognitive and behavioral abnormalities (Pfeiffer, 2009). With regard to environmental
toxins, exposure to methylazoxymethanol, ethanol, lead, and methyl mercury, for example,
during critical periods of postnatal development has been shown to disrupt synaptogenesis
(Rice, 2000). In other work, vulnerability of the brain to postnatal neurotoxicity has been
demonstrated to coincide with the peak in synaptogenesis (Rizzi, 2010).

Apoptosis is a widespread and natural phenomenon that occurs within the central nervous
system (Chan, 2002). In the postnatal brain, developmental apoptosis peaks between day of
life 5 and 7 in rodents, coincident with the peak in synaptogenesis (Sanno, 2010).
Developmental programmed cell death occurs in the brain in two phases (Rice, 2000). The
early embryonic phase coincides with neurogenesis, migration, and differentiation while the
postnatal phase is important for selective elimination of aberrant connections and matching
of the input size with the target field (Chan, 2002). Apoptosis occurs in approximately 2% of
cells in the developing cortex at any time during neurogenesis and in 24-30% of all cortical
neurons in the postnatal period (Jiang, 2005; Sanno, 2010). As with synaptogenesis,
apoptosis occurs over the first 2 postnatal weeks of life in the mouse and is completed by the
third week (Vecino, 2004). A number of environmental agents have been shown to affect
apoptosis in the developing brain (Rice, 2000). For example, postnatal exposure to ethanol
and a variety of clinically used anesthetic agents, has been shown to lead to widespread
apoptosis in the brain (Patel, 2009). The mechanism of neurotoxicity appears to be related to
activation of the mitochondrial pathway of apoptosis and dysregulation of neurotrophic
factor pathways within the brain, leading to progressive loss of neurons and functional
neurodevelopmental deficits later in life (Olney, 2004; Rice, 2000).

Because the human brain begins to develop in utero and continues to mature in the postnatal
period, vulnerability to various environmental toxins begins in the fetal period and extends
for years into childhood (Grandjean, 2006). The neurodevelopmental risk of infants and
children is increased due to the fact that they are commonly exposed to a variety of
pollutants in both indoor and outdoor environments, they can rapidly absorb toxins which
readily gain access to the developing brain, and they have reduced ability to detoxify certain
poisons (Grandjean, 2006). Although it is recognized that a number of environmental agents
are associated with subclinical toxicity in children, the mechanisms by which these
chemicals result in neurodevelopmental disorders remain unknown (Grandjean, 2006).

Low concentration CO exposure and subclinical neurotoxicity

Much is known about the overt toxicity of exposure to high concentrations of CO. However,
little is understood about the neurotoxicity of a subclinical CO exposure (< 200 ppm), as is
encountered in a number of ambient environments. Because evidence suggests a potential
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association between air pollution, tobacco smoke, CO and neurodevelopmental deficits,
understanding the possible adverse neurologic effects of such low concentration exposures
during critical time periods in development is important. Furthermore, a complete
understanding of the specific mechanisms and pathophysiology is necessary given that
infants and children are commonly exposed to low levels of CO in a variety of
environments.

Prenatal low concentration CO exposure impacts rodent fetal growth and
neurodevelopment

A number of experimental studies in rodents have demonstrated that chronic prenatal CO
exposure yielding up to 16% COHb results in impaired memory, learning, and behavior in
offspring (De Salvia, 1995; Fechter, 1980; Giustino, 1999). Such investigations were
designed to mimic fetal CO exposure encountered with maternal smoking during pregnancy
as well as gestational exposure to industrial and ambient air pollution (De Salvia, 1995;
Fechter, 1980; Giustino, 1999). As with cigarette smoking during pregnancy in humans,
exposure to 150 ppm CO during gestation yielded maternal COHb levels of 15% and
resulted in lower birth weight and reduced rates of growth in newborn rats (Fechter, 1980).
Prenatal CO exposure also impaired behavior in these animals as assessed with negative
geotaxis and homing tests (Fechter, 1980). Maternal inhalation of 75 or 150 ppm CO during
gestation was shown to increase COHb in pregnant rat dams to levels that approximate those
seen in cigarette smokers (means of 7.3% and 16.08%, respectively) and resulted in
abnormal habituation and working memory in prenatally exposed juvenile male rats while
sparing motor activity (Giustino, 1999). Furthermore, exposure to 150 ppm CO during
pregnancy (resulting in maternal COHb levels of 15%) led to impaired acquisition of a two-
way active avoidance task in male rats tested at 3 months of age (De Salvia, 1995).
Importantly, this defect in learning and memory was permanent and persisted into late
adulthood (De Salvia, 1995).

Postnatal low concentration CO exposure impairs rodent neurodevelopment

Postnatal subclinical CO exposure has also been shown to impact rodent neurodevelopment
(Cheng, 2012). Exposure to 5 ppm and 100 ppm CO for three hours on postnatal day 10
resulted in average COHb levels of 1.7% and 9.4% immediately following exposure,
respectively, and was shown to impair reference memory, memory retention, and spatial
working memory in a dose-dependent manner several weeks after exposure in mice (Cheng,
2012). CO-exposed mice also demonstrated greater avoidance activity indicating abnormal
social behavior compared to air-exposed controls (Cheng, 2012). Thus, low concentration
prenatal and postnatal CO exposures may result in abnormalities in neurodevelopment that
persist throughout life.

CO exposure and rodent neuro-ototoxicity

Chronic mild postnatal CO exposure has also been shown to impair the developing auditory
system (Lopez, 2003; Stockard-Sullivan, 2003; Webber, 2003). Expression of c-Fos, an
indicator of neuronal activation following sound stimulation, was found to be significantly
decreased in the central nucleus of the inferior colliculus in 27 day old rats following
chronic postnatal exposure to between 12 and 50 ppm CO beginning on the eighth day of
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life (Webber, 2003). In addition, chronic postnatal exposure to 50 ppm CO beginning at the
onset of myelination was shown to attenuate the amplitude of conduction of the eighth
cranial nerve in newborn rats (Stockard-Sullivan, 2003). Interestingly, exposure to 100 ppm
CO, yielding a mean COHb level of 10.2%, had no effect on eighth cranial nerve conduction
suggesting that lower levels of CO exposure were responsible for the pathologic effects
(Stockard-Sullivan, 2003). In both of these studies, CO-induced defects persisted into
adulthood and failed to recover completely, however, the exact mechanisms remain
unknown (Stockard-Sullivan, 2003; Webber, 2003). The authors of these investigations
concluded that their results may have implications for auditory neuropathy acquired by
children born to tobacco smoking mothers (Stockard-Sullivan, 2003). Acute CO exposure
has also been shown to potentiate rodent noise-induced auditory threshold shifts, indicating
a chronic hearing impairment following exposure (Fechter, 1988; Young, 1987). Such
findings suggest a role of CO pollution in noise-related hearing loss.

CO exposure impairs critical developmental processes

Perinatal subclinical CO exposure interrupts many of the developmental processes that are
vital for normal brain maturation. Proliferation, differentiation, myelination, and natural
apoptosis in the brain and nervous tissue have all been shown to be adversely affected by
low concentration CO (Benagiano, 2005; Carratt, 2000; Fechter, 1987a; Fechter, 1987h)
(Figure 2). In one study, perinatal exposure to 75, 150, or 300 ppm CO, beginning early in
gestation, yielded mean maternal COHDb levels of 11.4%, 18.5%, and 26.8%, respectively,
and resulted in a dose-dependent reduction in cerebellar weight and the number of -
aminobutyric acid (GABA)-ergic neurons in the cerebellum of exposed rat pups, indicating
CO-mediated disruption of neuronal proliferation in utero (Fechter, 1987a). In other work,
maintaining such perinatal CO exposure until postnatal day 10 resulted in a significant
increase in deoxyribonucleic acid (DNA) content and cell number in the neostriatum
compared to prenatal exposure alone (Fechter, 1987b). The investigators concluded that,
because postnatal CO exposure occurred beyond the period of primary neurogenesis, the
increase in DNA and number of cells likely reflected enhanced glial proliferation in
response to neuronal loss in the neostriatum (Fechter, 1987b).

With regard to differentiation, prenatal exposure to 75 ppm CO yielding 7% maternal COHb
levels, was shown to decrease the number of glutamic acid decarboxylase/GABA positive
neuronal bodies and axon terminals in the molecular layer and Purkinje neuron layer of the
cerebellar cortex in prenatally exposed adult rats (Benagiano, 2005). The authors suggested
that CO-mediated interruption of differentiation of GABA synthesizing cerebellar neurons
could contribute to the behavioral disorders seen in rats following a similar CO exposure
(Benagiano, 2005). Myelination has also been shown to be impaired by CO. Adult rats
prenatally exposed to either 75 or 150 ppm CO for the entire period of gestation yielding
maternal COHb levels of 7.2-7.4% and 14.4-16.1%, respectively, demonstrated a
significant decrease in myelin sheath thickness in their sciatic nerves compared to control
animals (Carratu, 2000). This defect was only seen during peak myelination and was not
evident during early development (Carratu, 2000). Although CO has been shown to impair
proliferation, differentiation, and myelination during development, the exact mechanisms
have not been elucidated. Because COHDb levels were well below the threshold necessary to
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impact oxygen delivery, it is likely that CO-mediated inhibition of these critical processes
was not due to tissue hypoxia.

On the other hand, the mechanism of CO-mediated inhibition of developmental programmed
cell death in the developing murine brain has been fairly well defined (Cheng, 2012).
Postnatal exposure to 5 ppm or 100 ppm CO for three hours, resulting in average COHb
levels of 1.7% and 9.4%, respectively, impaired cytochrome c release from forebrain
mitochondria, decreased caspase-3 activity, reduced the number of activated caspase-3
positive cells in the neocortex and hippocampus, and decreased forebrain apoptosis in a
dose-dependent manner in 10 day old mouse pups (Cheng, 2012). Upstream from
cytochrome c release, CO inhibited the peroxidase activity of cytochrome ¢ (Cheng, 2012).
Peroxidation of cardiolipin permits mobilization of cytochrome ¢ from the inner
mitochondrial membrane and is an important step for cytochrome c release following
activation of the intrinsic apoptosis pathway (Cheng, 2012). Nanomolar concentrations of
CO are known to bind to the cytochrome c-cardiolipin complex within mitochondria and
inhibit cytochrome c peroxidase activity (Kapetanaki, 2009) (Figure 3). In vivo work
demonstrated that postnatal CO exposure significantly decreased the peroxidase activity of
brain cytochrome c in a concentration-dependent manner, suggesting a potential mechanism
for the anti-apoptotic effects of subclinical CO in the developing brain (Cheng, 2012).

Consistent with impaired neuron elimination, CO-mediated inhibition of apoptosis in the
newborn mouse pup brain led to increased neuron specific antigen content, greater number
of neurons, and megalencephaly one week following exposure (Cheng, 2012). Because
caspase-3 and -9 deficiencies are known to result in morphologic consequences and
neuronal disorganization, the investigators suggested that interruption of programmed cell
death in the brain at a critical time during development may underlie the impairments in
neurocognition and behavior seen in mice briefly exposed to CO in the postnatal period
(Hakem, 1998; Kuida, 1996).

The experimental evidence suggests that perinatal exposure to low levels of CO impairs
neurodevelopment. The degree of impairment has been shown to be concentration
dependent and vulnerability of the developing brain probably also relates to the timing and
duration of CO exposure. Although it is likely that CO exerts its neurotoxic effects via
several different mechanisms, CO-mediated inhibition of developmental apoptosis is the
only pathway that has been well delineated thus far. Therefore, future work will need to
more clearly define the effects of perinatal CO exposure on additional critical developmental
processes in the immature brain and focus on identifying other potential mechanisms of CO-
induced neurotoxicity.

Conclusions

Exposure to indoor and outdoor air pollution including tobacco smoke may negatively
impact brain development. It needs to be reiterated, however, that air pollution is a complex
mixture of heterogeneous gaseous and particulate neurotoxins (Block, 2012). Therefore,
attributing pathologic effects to an individual pollutant is fraught with limitations.
Recognizing this caveat, there is a suggestion that CO, a major component of air pollution,

Neurotoxicol Teratol. Author manuscript; available in PMC 2016 May 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Levy

Page 15

is associated with impaired neurodevelopmental outcome and experimental perinatal
exposure has been shown to disrupt a number of critical processes in the developing brain.
Although much is known about the toxic effects of CO at symptomatic levels, the potential
public health impact of subclinical CO exposure has, by-and-large, been underappreciated.
Thus, future work should focus specifically on low concentration CO as a potential
neurotoxicant. Because the developing auditory system has been shown to be sensitive to the
effects of low CO concentration exposure in preclinical studies, future investigation could
utilize easily obtainable audiological endpoints to stratify risk and quantify toxic effect of
such exposure in children. Furthermore, as our understanding about the risks of CO
exposure during critical times in development increases, emerging data should guide and
inform future revision of the standards and guidelines regulating CO exposure to account for
the vulnerabilities and nuances of the fetus and developing child. Ultimately, enhanced
knowledge and consideration will beneficially impact the safety and well-being of infants
and children around the world.
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Capillary Tissue

pCO = [COHb] x pO, /M x [O,Hb]

Figure 1. Diffusion of carbon monoxide (CO) into tissue is dictated by the Haldane equation
(Bissonnette, 1977a; Jain, 2009)

Following formation of carboxyhemoglobin (COHb), CO diffuses from the capillaries into
the tissue compartments. Tissue tension of CO (pCO) is determined by COHb concentration,
partial pressure of oxygen (pO,), the affinity of hemoglobin for CO (M), and the
concentration of oxyhemoglobin (O,Hb). The Haldane equation also dictates transplacental
CO diffusion.
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Figure 2. Developmental processes in the brain impaired by carbon monoxide (CO)
Animal models have demonstrated that perinatal subclinical CO exposure interrupts many of

the processes that are critical for normal brain development. Inhibition due to prenatal or
postnatal CO exposure is indicated. Specific mechanisms remain largely unknown and are
likely not due to tissue hypoxia.
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Figure 3. Mechanism of carbon monoxide (CO)-mediated inhibition of developmental apoptosis
The mitochondrial pathway of apoptosis is depicted. Cytochrome ¢ (cyt c), can bind to

cardiolipin (CL) on the inner mitochondrial membrane via hydrophobic and electrostatic
interactions. Cyt ¢ has peroxidase activity and, in the presence of hydrogen peroxide (H205),
peroxidizes CL to hydroperoxycardiolipin (CL-OOH). This mobilizes cyt ¢ from the inner
mitochondrial membrane and allows cyt ¢ to be released following permeabilization of the
outer mitochondrial membrane by Bax. Subsequently, cyt ¢ forms the apoptosome along
with procaspase-9 and APAF-1. Caspase-9 then becomes activated and, in turn, activates
caspase-3, resulting in apoptosis. CO readily diffuses across the outer mitochondrial
membrane and binds to the cyt c-CL complex. CO inhibits the peroxidase activity of cyt c,
preventing CL peroxidation, cyt ¢ mabilization, cyt ¢ release, and subsequent caspase
activation.
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