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1. Introduction

The Mexico City metropolitan area has a population of more than 20 million people
(Consejo Nacional de Poblacion, 2009) which makes it one of the largest agglomerations in
the world. Mexico City lies at an altitude of 2240m above sea level, and is surrounded by
mountains to the south, west, and east. Air pollution driven by local emissions can affect
large areas within closed valleys, where restricted air movement concentrates the suspended
pollutants. Due to its altitude and latitude, Mexico City receives intense solar radiation, a
condition that together with less efficient combustion promotes photochemical formation of
secondary pollutants such as ground level ozone and particulate matter (Molina & Molina,
2002) which remain above the Mexican standard for many days of the year in certain city
zones (Secretaria de Medio Ambiente del Distrito Federal, 2007).

A great number of studies have reported negative effects of air pollution on health, above all
among the most susceptible groups of the population; children, aged persons, and asthmatic
patients (review in Rosales-Castillo et al., 2001). Among the many adverse effects that have
been attributed to air pollution are dermatological pathologies (Goldsmith, 1996), damage to
the eyes (Versura et al., 1999), allergic manifestations (Schierhorn et al., 1999), increased
levels of stress (Evans et al., 1988), possible triggering of neurodegenerative conditions such
as Alzheimer's disease (Calderén-Garciduenas et al., 2004) and others related to locomotor
behavior (Rivas-Arancibia et al., 2003), as well as a list of harmful effects on the
cardiovascular system including problems in the myocardium, deficiencies in the
vasoconstriction system and cardiac arrest (Bhatnagar, 2006; Zanobetti & Schwartz, 2006).
Consequently, air pollution is also associated with higher levels of hospitalization (Zanobetti
& Schwartz, 2006) and mortality (Loomis et al., 1999). However, effects on the respiratory
system have received the most clinical and epidemiological attention. For example, it has
been demonstrated that air pollutants can cause inflammation and a greater susceptibility to
infections in the respiratory tract, worsening of asthma, decrements in peak expiratory flow
and increased mortality related to chronic exposure to photochemical pollutants and
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particulate matter (Romieu et al., 1996; Gold et al., 1999; Borja-Aburto et al., 1997; Loomis et
al., 1999; Tovalin et al., 2010). Chronic exposure to environmental toxicants, even below the
recommended limits, also plays an important role in the outbreak of respiratory diseases
(Lippmann, 1989). The damage inflicted on the respiratory system may affect the bronchia
and the bronchioles, produce chronic inflammation of the lung parenchima, abnormal lung
growth, delay in the maturation of the lungs and alveolar edemas. Also of concern is the
possible increase in the frequency of lung diseases in populations of children exposed to
Mexico City air pollution, given that these exposed populations have a higher potential risk
of developing chronic respiratory diseases in their future life (Castillejos et al., 1995;
Calderéon-Garciduenas et al., 2000, 2001, 2003a).

Despite the extensive literature reporting harmful effects on the sense of smell from chronic
exposure to potentially harmful substances in different work environments (e.g., Cometto-
Muhiz & Cain, 1991; Berglund et al., 1992; Smeets & Dalton, 2002; Smeets et al., 2002;
Hastings & Miller, 2003; Chen et al., 2004; Vent et al., 2004; Zibrowski & Robertson, 2006;
Heiser et al., 2010) and considerable evidence of pathological effects of chronic exposure to
everyday ambient air pollution on the cellular structure of the nasal epithelium (Calderén-
Garciduenas et al., 1996, 1998, 2000, 2003b, 2009), until recently (Hudson et al., 2006),
effects of big city air pollution on odor perception had remained undescribed.

2. Standardized tests

In a recent study (Guarneros et al., 2009) we compared the olfactory function of 30 young
subjects from Mexico City and 30 from the neighboring but markedly less polluted state of
Tlaxcala. Subjects were tested using an internationally validated olfactory test battery, the
Sniffin' Sticks (Fig. 1) (Hummel et al., 1997). In a first test, we presented subjects with a
series of dilutions of the odorant molecule 2 phenyl-ethanol, which has a characteristic rose
smell, dissolved in an odorless solvent (propylene-glycol) to determine the minimum
concentration needed for each subject to detect the presence of the odor (threshold). Subjects
from Tlaxcala outperformed subjects from Mexico City on this task (Fig.la). The results
showed that the difference represented a 2- to 4-fold increase in the concentration needed by
Mexico City subjects to detect the presence of the stimulus.

Tlaxcala subjects also obtained higher scores in a discrimination test than subjects from
Mexico City. In this test, subjects were presented with different pairs of odorants (Table 1),
and for each pair, the subjects' ability to distinguish one odor from the other was assessed.
All odorants were presented at concentrations that were sufficiently high for every subject
to detect. For each pair of odors, the blindfolded subjects were presented two of three times
with one stimulus, and one of three times with the other (different) stimulus. The subjects'
task was to indicate which stimulus was the different one. The results showed that
differences between the two groups of subjects on this test were small but significant; on a
scale of 1 to 16 points (correct answers), subjects from Tlaxcala scored an average of 13, more
than one point above subjects from Mexico City who scored an average of 11.8 (Fig.1b).

We also evaluated odor identification, which refers to subjects” ability to correctly associate
odor stimuli with their names. Subjects were presented with 16 substances that resemble
odors from everyday life (Table 2) and had to correctly select each odor's name from a list of
four options. It is generally accepted that higher brain functions (such as memory, speech
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and thought) are implicated in tasks of odor recognition to a greater extent than in other
measures of olfactory performance such as odor threshold (minimum concentration for
detection) (Lotsch et al., 2008). This might account for the fact that no significant differences
were found between the groups in the identification test (Fig. 1c), possibly revealing the
ability of the brain to compensate the impairment observed in the threshold and
discrimination tests (Hudson et al., 2006).
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Fig. 1. Performance of subjects from Mexico City and Tlaxcala on the three tests of olfactory
performance (a-c) as well as their TDI scores representing the sum of their scores on these
(threshold, detection, and identification) tests (d). For each of the tests, subjects could obtain
a maximum score of 16 correct responses and consequently a maximum TDI score of 48. Box
plots: horizontal lines within boxes give medians, boxes' horizontal limits give the
interquartile ranges, and vertical bars give the absolute ranges. *p<0.05, **p<0.01, ns = not
significant (Mann-Whitney U tests). (Adapted from Guarneros et al., 2009).
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Target stimuli

Non-target stimuli

1 Butanol 2-phenylethanol

2 Isoamyl acetate Anetol

3 Anetol Eugenol

4 Limonene Fenchone

5 (-) Carvone (+) Carvone

6 Eugenol Cinnamon aldehyde

7 Dihydro rosenoxide Menthol

8 Acetaldehyde Isoamylacetate

9 Citronellal Linalool

10 Pyridine Limonene

11 Limonene Citronellal

12 Eucalyptol Dipiridyl

13 Dipiridyl Cyclopentadecanoate

14 Butanol Fenchone

15 Octylacetate Cinnamon aldehyde

16 Carvone Acetaldehyde

Table 1. Stimuli used in the discrimination test.

1 Orange Blackberry Strawberry Pineapple
2 Smoke Shoe-leather Glue Grass
3  Honey Vanilla Chocolate Cinnamon
4 Garlic Spruce Peppermint Onion
5 Coconut Banana Walnut Cherry
6  Peach Apple Lemon Grapefruit
7  Licorice Gummy bears Chewing-gum Cookies
8  Mustard Rubber Menthol Turpentine
9  Onion Cabbage Garlic Carrot

10  Cigarette Coffee Wine Candle smoke
11  Melon Peach Orange Apple

12 Clove Pepper Cinnamon Mustard
13 Pear Plum Peach Pineapple
14  Camomile Strawberry Rose Cherry

15  Anise Rum Honey Pinetree
16  Bread Fish Cheese Ham

Table 2. Identification test. For each of the 16 trials, the target odorant stimulus is indicated
in bold to distinguish it from the three distractors showed in the same row.
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3. Tests using everyday products

In tests of olfactory performance, monomolecular substances are usually preferred for
reasons of stimulus control and experimental convenience. However, tests using the
molecular mixtures typical of real life can be considered to provide a more ecologically
relevant approximation (Ayabe-Kanamura et al., 1998; Distel et al., 1999; Hudson, 1999;
Distel & Hudson, 2001).

We therefore tested a different set of subjects from Mexico City (n=82) and Tlaxcala (n=86)
with ascending concentrations of an orange juice preparation and of an instant coffee
preparation to determine their thresholds (minimum concentration for detection). In this
study (Hudson et al., 2006) subjects were also asked to discriminate between the odors of
different dilutions of commercially available powdered preparations of two popular
Mexican beverages, horchata (rice-based) and atole (maize-based). The stimuli were
presented in polyethylene squeeze bottles (Fig.2) previously used in a number of studies of
chemosensory perception (Hudson et al., 1994; Laska et al., 1997, 2000; Laska & Teubner,
1999; Laska & Hubener, 2001). We chose these substances to maximize the ecological
validity of the stimuli and the ability of subjects to describe and to accurately name them (cf.
Ayabe-Kanamura et al., 1998; Distel et al., 1999; Distel & Hudson, 2001). Again, Tlaxcala
residents performed significantly better than Mexico City residents on tests of odor
detection and discrimination (Fig. 2 a-c), but the two groups performed equally well on
description and naming. Deficits in olfactory performance among Mexico City subjects were
apparent even for young, otherwise healthy adults.

In addition, further groups of subjects from Mexico City and Tlaxcala (30 subjects from each
location) were compared for their ability to detect, describe and identify the smell of a milk
preparation (Guarneros & Hudson, 2009). Again, subjects from Tlaxcala detected and
described the odor of milk at lower concentrations than subjects from Mexico City (Fig.2 d-
e) but no significant differences were found for the frequency and concentrations for correct
identification between the two groups.

4. Are these findings relevant for everyday life?

Our sense of smell plays an important role in a wide range of functions. In a recent
systematic review, Stevenson (2010) classified olfactory function into three main categories:
1) functions relating to ingestive behavior, 2) avoidance of environmental hazards, and 3)
social communication. For example, the human sense of smell can detect (Porter et al., 2007)
and identify foods suitable for eating (Fallon & Rozin, 1983). Also, smelling can modulate
appetite, dietary behaviors, and nutritional status (Duffy et al., 1995; Aschenbrenner et al.,
2008; Seo & Hummel, 2009). Moreover, olfaction warns of possible microbial threat (e.g.,
from feces, vomit, or organic decay), evoking disgust (Stevenson et al., 2010), and of
nonmicrobial hazards including gas leaks, smoke, and toxic materials, eliciting fear (Cain &
Turk, 1985; Cain et al., 1987; Miwa et al., 2001; Santos et al., 2004).

We therefore tested the ability of the last-mentioned subjects to detect, describe and judge
the smell of dimethyl-disulfide (DMDS) (Guarneros & Hudson, 2009), a byproduct of the
decomposition of various foods which has a characteristic smell of rotten cabbage and is
largely responsible for the smell of different decaying or putrefying foods including milk
(van Aardt et al., 2005). The subjects from Tlaxcala could detect and give a description of
DMDS at lower concentrations than the Mexico City subjects. However, the concentrations
at which subjects indicated the smell to be disgusting were not statistically significant
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between the two groups (Fig.3a). Again, this might be explained by the additional
recruitment of higher order mechanisms in the brain involved in attentional capture and
enhancement (Grabenhorst et al., 2011).
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Fig. 2. Responses of subjects from Mexico City and Tlaxcala to the odor of different
everyday products. The subjects from Tlaxcala outperformed the subjects from Mexico City
in the following tasks a) Thresholds for detection of coffee. b) Thresholds for detection of
orange. c) Discrimination task between two different Mexican beverages. d) Thresholds for
detection of milk. e) First descriptions for the odor of milk. “Dilution steps” refer to the
bottle numbers in the ascending order in which they were presented. Box plots: horizontal
lines dividing the boxes = medians, horizontal limits of the boxes = interquartile ranges,
vertical bars = percentiles 10 and 90. ***p<0.001, Mann-Whitney U tests. (Adapted from
Hudson et al., 2006 and from Guarneros & Hudson, 2009).
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Finally, subjects were presented with the powdered milk preparation at the concentration
commercially recommended for human consumption but containing ascending
concentrations of the contaminant DMDS. The concentration of DMDS at which subjects
could discriminate the contaminated milk from milk without the contaminant was
registered as the detection threshold for contaminated milk. Subjects from Tlaxcala not only
presented lower thresholds (higher sensitivity) for DMDS in milk, but were also able to
describe the odor and report it as being unpleasant (more unpleasant than milk alone) at
lower concentrations than the Mexico City subjects (Fig.3). It is important to note that
differences in scores were more marked for this test than for the previous one, which
implies that olfactory impairment might be even more marked for complex olfactory tasks
such as detecting a “target” odor when embedded in a “background” odor.

These results thus further warn of the dangers of big city air pollution by providing evidence
of damage to the sense of smell and the relevance that this could have for everyday life.
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Fig. 3. Responses of subjects from Mexico City and Tlaxcala to the unpleasant stimulus
dimethyl-disulfide. a) Thresholds for detection of dimethyl-disulfide. b) First descripton of
dimethyl-disulfide. c) Thresholds for detection, first description and disgust (concentration
at which subjects reported the stimulus to be disgusting) for milk with increasing
concentrations of the contaminant dimethyl-disulfide. “Concentration” refers to the bottle
numbers in the ascending order in which they were presented. Box plots: horizontal lines
dividing the boxes = medians, limits of the boxes = interquartile ranges, vertical bars =
percentiles 10 and 90. *p<0.05, **p<0.01, ***p<0.001, Mann-Whitney U tests. (Adapted from
Guarneros & Hudson, 2009).
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5. Trigeminal sensitivity

What is commonly known as the sense of smell is composed of multiple sensations
predominantly mediated by two distinct but functionally connected neural pathways, the
olfactory and the trigeminal systems (Hudson et al., 1994; Laska et al., 1997). In fact, the
great majority of chemosensory stimulants produce both olfactory and trigeminal activation
(von Skramlik, 1925; Doty et al., 1978; Cometto-Mufiz & Cain, 1991, 1998; Hummel, 2000).
Tingling, burning, pungent, prickling, cooling and fresh are common descriptors of
intranasal sensations mediated by the trigeminal system. The anterior third of the nasal
cavity is provided with trigeminal nerve endings sensitive to chemical substances. These
project to the central nervous system including to the amygdala which processes emotional
responses such as fear (Hacquemand et al., 2010).

Despite being so closely integrated, the olfactory and the intranasal trigeminal systems
appear to have evolved as distinct functional adaptations. An important function of the
intranasal trigeminal system is to prevent inhalation of potentially life-threatening
substances by reflexively stopping inhalation (Walker et al., 2001; Scheibe et al., 2006) and
triggering other protective reflexes, including sneezing, local neurogenic inflammation of
the mucosa (Tizzano et al., 2010), and production of tears (Kjaergaard et al., 2004), whereas a
major function of the olfactory system is to enable the learning of odors relevant to an
individual’s particular life experiences and environment (Hudson, 1999).

Given the contribution of both the olfactory and trigeminal systems to odor perception via
the intranasal sensory surface, and notable pathological effects of air pollution on the
cellular structure of the intranasal epithelium (Calderén-Garciduefias et al., 1996, 1997, 1998,
2000, 2003b, 2009), we expected that residents of Mexico City would show significantly
poorer performance than residents of Tlaxcala on a trigeminal task.

For this, the subjects tested above with Sniffin' Sticks were presented with two 250-mL
polyethylene squeeze bottles with Teflon nosepieces that fit into the nostrils (Guarneros et
al., 2009). The nosepieces were covered with disposable plastic caps that were replaced for
each subject. Whereas the target bottle contained 30 mL of 98% eucalyptol (Fluka,
Germany), a stimulus that elicits both olfactory and nasal trigeminal responses in humans
(Doty et al., 1978), the odorless control bottle contained only ambient air. The headspace of
the bottles was used to stimulate both sides of the nose independently but simultaneously
during the same inspiration, and the subject’s task was to identify the side of the nose
receiving the stimulus. The side of stimulation was pseudorandomized across trials in the
same manner for all subjects. Stimuli were presented using a hand-held squeeze device that
simultaneously delivered a constant volume (15 mL) of air to each nostril (Fig. 4). Subjects
received 40 trials (20 deliveries of eucalyptol to each nostril) from which we calculated the
percent of correct responses. This previously described method (Hummel et al., 2003; Dalton
et al., 2006) is based on the well-established finding that although subjects have difficulty
identifying the nostril receiving a purely olfactory stimulus, they can readily do this for
stimuli with a trigeminal component (Cometto-Muiz & Cain, 1998; Hummel et al., 2003;
Wysocki et al., 2003; Dalton et al., 2006).

The Tlaxcala subjects again performed significantly better than the Mexico City subjects (Fig.
4). Whereas subjects from Mexico City scored an average of 70.5% of correct answers, the
subjects from Tlaxcala scored 81% of correct answers (Guarneros et al., 2009). This is
potentially important given the contribution of the trigeminal system to the perception of
odors (Hudson et al., 1994; Laska et al., 1997; Boyle et al., 2007; Frasnelli et al., 2009) and to
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warning of the presence of toxic substances or other stimuli associated with situations that
represent a threat to survival, such as smoke (Silver, 1991).
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Fig. 4. Ability of subjects from Mexico City and Tlaxcala to correctly identify the nostril
receiving the trigeminal stimulus eucalyptol when presented as shown in the drawing.
Subjects could obtain a maximum score of 40 correct responses. Box plots: horizontal lines
within boxes give medians, boxes' horizontal limits give the interquartile ranges, and
vertical bars give the absolute ranges. *p<0.05 (Mann-Whitney U test). (Adapted from
Guarneros et al., 2009).

6. Mechanisms of intranasal damage and defense

To avoid the olfactory neurons of the nasal mucosa coming into direct contact with toxic
agents contained in inspired air, both the respiratory and olfactory systems have evolved an
array of defense mechanisms. The first is formed by the trigeminal nerve endings that detect
and respond to irritants transmitted by the air. If it is not possible to escape the source of
danger, the rhythm of breathing is altered and sneezing and coughing may occur so as to
minimize the entry of irritants to the respiratory airways. Second, in addition to the
olfactory epithelium, the nasal cavity contains squamous and respiratory epithelia. Both
produce antibodies and antimicrobial proteins that protect the system against damaging
agents, thereby limiting the effect of these on the olfactory epithelium. A third defense
consists in increased production of mucous, which retains many of the agents that could
damage the system. However, the efficiency of these defense mechanisms depends to a
considerable extent on an individual’s local environment. Chronic exposure to atmospheric
contaminants can seriously damage the respiratory and olfactory epithelia, even to the point
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of causing the development of tumors (Harkema et al., 1987; Berglund et al., 1992; Calderén-
Garciduenas et al., 1994, 1998, 1999; Lewis & Dahl, 1995; Hastings & Miller, 2003).

Although cells of the nasal cavity are able to limit damage to the nasal mucosa when
exposure to contaminants is brief, in the case of chronic exposure the mucosa may develop
abnormal characteristics that reduce its defense capabilities, causing discomfort and disease.
The most common forms of damage within the nasal cavity produced by exposure to air
pollution are shortening and partial or total loss of the olfactory cilia, which arise from the
dendritic knobs of the olfactory neurons and along which the olfactory receptors are located,
necrosis, displasias, metaplasias and hyperplasias of the basal cells from which the olfactory
receptor neurons arise during the life-long process of neuronal regeneration characteristic of
the olfactory system, and loss of cohesion among cells (Calderéon-Garciduenas et al., 1998,
2001; Schierhorn et al., 1999).

When the mucociliar system is affected, the retention of toxic particles by the mucosa is
reduced, thus affecting the rest of the system (Halpern, 1982). With the loss of cilia the
canals of the Bowman’s glands, which produce the mucous that baths the nasal cavity,
cleans the cilia and is indispensable for efficient regeneration of the olfactory epithelium, are
directly exposed to the environment. When these glands are affected, the epithelium
regenerates more slowly and eventually may even cease to do so (Morrison & Constanzo,
1990; Hastings & Miller, 2003).

Ozone is one of the most damaging oxidative contaminants among the atmospheric toxic
agents, and is probably the one that has received the most attention (Tyler et al., 1988). It is
highly reactive and interacts with a great variety of organic molecules, including non-
saturated fats, proteins and nucleic acids. Both in humans and laboratory animals, acute or
chronic exposure to ozone produces significant damage in the epithelium and the olfactory
bulbs (Harkema et al., 1987; Calderén-Garciduefias et al., 1996, 1998, 1999, 2002, 2009; Colin-
Barenque et al., 1999).

Sulfur compounds also produce pathological changes in the respiratory epithelium.
Whereas at lower concentrations they cause an increase in the secretion of mucous, at high
concentrations they may cause a reduction in the flow of nasal secretions (Halpern, 1982).
Other toxic substances such a formaldehyde and carbon dioxide may cause an abnormal
structural and functional formation of the cilia, reducing their movement and thus their
capacity to eliminate toxic particles (Boat & Carson, 1990). Whereas formaldehyde and
acetaldehyde may induce nasal tumors, irritants such as ammonia cause inflammation,
hyperplasias, metaplasias and displasias in the nasal epithlium (Hakema et al., 1987).

7. Discussion and future directions

The olfactory system resembles a finely tuned engine. The wrong fuel, containing
contaminants, will generally impair the engine's performance and eventually just shut it
down. Although the system might be able to cope with toxic agents to a certain degree and
remain clinically healthy for prolonged periods in the face of poor air quality, as time passes
and toxicity persists, disease will manifest itself. Here it should be noted that some of the
deleterious effects of air pollutants on the respiratory cells lining the nasal cavity appear as
soon as 15 days after the start of exposure (arrival to the city) to pollutants such as ozone,
which induces acute nasal inflammatory responses and significant epithelial lesions in
humans (Calderén-Garciduenas et al., 1994). It would not be surprising to find an associated
sensory effect just as soon, although this remains to be investigated.
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Conditions and the time necessary for recovery of olfactory function are also unknown, but
are likely to depend on the extent of damage. The capacity of the olfactory epithelium to
regenerate and recover from environmental insults might be overridden by the rate of
damage caused by chronic toxic exposure leading to a loss of the equilibrium and finally a
functional collapse resulting in either diminished or the complete loss of olfactory function
(hyposmia and anosmia, respectively) (Crews & Hunter, 1994; Smith et al., 2009).

Functional alterations to the olfactory system caused by exposure to toxic agents constitute a
problem that has only received attention quite recently despite being known for a long time.
For example, at the beginning of the 20th century zinc sulfate was used to irrigate the nasal
cavity, with the aim of preventing attacks by viruses and bacteria on the brain. In patients
treated with this substance the development of anosmia was observed (Menco & Morrison,
2003). Also, many of the first cases of impaired olfactory function and nasal discomfort were
reported in people chronically exposed to high ambient levels of substances in industrial use
such as sulfur dioxide, cadmium, lead, and chromium, among others (Cone & Shusterman,
1991; Schiffman & Nagle, 1992; Hastings & Miller, 2003). Unfortunately, there are as yet no
available treatments able to reverse the damage caused by the exposure to such agents,
although sometimes removal of the source allows repair of the olfactory system and the
recovery of normal function (Upadhyay & Holbrook, 2004).

There are very few reports regarding deficiencies in trigeminal sensitivity. However, one of
the most important findings is the relation between the decline in olfactory sensitivity and a
reduction of trigeminal sensitivity; there is increasing evidence that an acquired loss of the
sense of smell results in a reduction in trigeminal sensitivity due to the lack of interaction
centrally (Hummel & Livermore, 2002). Both the orbitofrontal cortex and the rostral insula
seem to be important in the amplification of trigeminal information, and this amplification is
not found in anosmic patients and is reduced in hyposmic patients (Frasnelli & Hummel,
2007). On the other hand, patients suffering from inflammatory processes such as allergic
rhinitis (which is frequently worsened by chronic exposure to environmental pollutants)
usually present nasal itching and sneezing after toxicant exposure, clinical correlates of the
activation of trigeminal nerve endings due to local inflammatory mechanisms (Doerfler et
al., 2006). Aging is also associated with impaired trigeminal sensitivity and although it is not
known to what extent this reduction is due to central processes, it is known that, at least in
part, a reduction in sensitivity occurs in the periphery of the system (Frasnelli & Hummel,
2007).

Many toxic agents cause inflammatory processes that can affect the epithelium of the nasal
cavity, and eventually can destroy trigeminal nerve endings. Tobacco smoke and alcohol are
among the substances that have been observed to affect the epithelium (Vent et al., 2003;
2004), while acrolein, which is used as a herbicide, produces inflammation and tumors in the
nasal cavity (Dorman et al., 2008). However, the effect of environmental toxic agents on the
trigeminal system has still been little studied.

The results of previous studies indicate that subjects who are constantly exposed to the high
levels of ambient air pollution of Mexico City present a significant reduction in olfactory
sensitivity but not in the ability to identify common odorant stimuli (Hudson et al., 2006;
Guarneros & Hudson, 2009; Guarneros et al., 2009). The similarities in the findings of these
studies and despite the differences in the test methods and stimuli employed suggest the
reliability of these conclusions. Furthermore, these findings are extended by the report of an
adverse effect of big city air pollution on trigeminal function. This is potentially important
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given the contribution of the trigeminal system to the perception of odors and to detecting
the presence of toxic substances that could inflict damage on the respiratory system
(Guarneros et al., 2009).

The subjects in our studies described above were healthy non-smokers and from socio-
economical backgrounds characterized by good nutrition, good hygiene and a high
standard of medical care. It would not be surprising if among less favored sectors of the
heterogeneous population of Mexico City, impairment of chemosensory function would be
even greater. This is particularly likely given that people from less favorable socioeconomic
backgrounds are typically at a higher health risk associated with often greater exposure to
air pollution (O'Neill et al., 2008).

Apart from a study associating the high levels of air pollution of Mexico City with
pathological changes in the appearance of the olfactory bulbs and a reduction in the
perception of odors (Calderén-Garciduenas et al., 2009), little is known about the precise
nature of the damage that air pollution inflicts on the olfactory and trigeminal systems.
However, evidence of notable negative effects on the tissue of the nasal cavity (e.g.
Calderon-Garciduenas et al.,, 1996, 1997, 1998, 2001; Valverde et al., 1997) suggests that
deficits in perception are mainly due to damage in the periphery of the system. Consistent
with this we repeatedly found that performance on odor identification tests was equally
good for subjects from Mexico City and the control population from Tlaxcala. This may be
explained by the fact that the identification of odorants presented at suprathreshold
concentrations involves more central cognitive functions based on associative memory
processes to a greater extent than simply detecting or discriminating between them when
presented at low concentrations (Hudson et al.,, 2006; Lotsch et al., 2008), thereby
compensating the peripheral deficiencies once the concentration of stimuli are above the
threshold of perception (Hudson et al., 2006). The equally good performance of the two
groups on the tests of odor identification also suggests that subjects were equally motivated
and equally able to manage the test situation.

Evidence of deficits in olfactory function and trigeminal sensitivity in young subjects
exposed to high levels of urban air pollution raises other questions of relevance to public
health. At what age do symptoms first appear? To what extent do certain common activities
such as participating in sports in the open worsen such effects, and to what extent is
impairment of chemosensory function reversible?

In addition, we do not know to what extent the impairment in olfactory sensitivity could be
due to chronic inflammatory disorders of the mucosa and of the paranasal sinuses. These
forms of chronic disease can cause nasal obstruction and are a common cause of diminished
olfactory function (Doty, 1999; Cullen & Leopold, 1999; Seiden & Duncan, 2001; Welge-
Lissen, 2009). The possibility that, at least in part, olfactory impairment caused by air
pollution is due to chronic inflammation seems plausible given that the incidence of
inflammatory disorders is especially high in cities with air pollution problems (Arnedo-Pefia
et al., 2009; Liao et al., 2009; Lindgren et al., 2009; Wichmann et al., 2009), including Mexico
City (Meza-Morales et al., 1998).

Although in the last years there has been a reduction in air pollution in Mexico City, air quality
standards are still being exceeded for ozone and for particulate matter with an aerodynamic
diameter of less than 10 micrometers (PMjo) (Instituto Nacional de Ecologia, 2007). It is
interesting that the authorities have given particular importance to particles less than 2.5
micrometers in diameter (PM,5) that according to various studies have considerable negative
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effects on health (Borja-Aburto et al., 1997, 1998) because they can reach the periphery of the
lungs, the bronchial tubes and the alveoli. On the other hand, the larger PM;o particles
principally affect the upper airways of the head and neck and only rarely reach the lungs. For
this reason, they have been considered comparatively less damaging than finer particles
(revision in Molina & Molina, 2002). However, it is very likely that the olfactory epithelium is
directly affected by high concentrations of PMjo. Consistent with this, there have been several
studies of the relation between high atmospheric levels of PMjg and health. These studies
reveal that the levels of these larger particles are associated with daily mortality and indeed
also represent a health risk (Rosales-Castillo et al., 2001; O'Neill et al., 2004).

A more complete view of the risk to public health might be obtained in future studies by
investigating the relation between subjects” performance on olfactory and trigeminal tests
and levels of air pollution at different study sites on the days that tests are actually
conducted. Also, the historical record of air pollution in the areas of study and the degree of
individual subjects” exposure could provide additional information resulting in a better
understanding of how air pollution affects the olfactory and trigeminal systems, including
to what extent effects are due to acute or to chronic exposure to contaminants, and with
what possible implications for behavior and treatment.

Notably, while the development of neurodegenerative diseases has also been related to
exposure to high levels of air pollution (e.g. Campbell, 2004; Villarreal-Calderon et al., 2010)
and to diminished olfactory capabilities (Doty et al., 1991; Fernandez-Ruiz et al., 2003;
Velazquez-Pérez et al., 2006, Haehner et al., 2007), the relation between these seemingly
intertwined elements has only started to be investigated recently (Calderén-Garciduefias et
al., 2009). Thus, further research in this respect might also shed light on the origins and early
diagnosis of neurodegenerative diseases that represent important public health issues such
as Parkinson's disease.

8. Concluding summary

Mexico City air pollution is associated with impaired olfactory function. Different aspects of
odor perception are altered to varying degrees, olfactory sensitivity being the most affected.
This is shown by the higher detection thresholds both for monomolecular substances and
complex mixtures common in everyday life observed for Mexico City subjects compared to
subjects from cleaner-air environments, but equally good performance in describing and
naming odor stimuli. Also, air pollution seems to be related to an impaired ability in
assessing food edibility. The adverse effects of air pollution on olfactory function appear to
result mainly from peripheral damage to this system rather than from effects on more
central, cognitive processes. This is supported by an extensive literature reporting the
harmful effects of airborne contaminants on the nasal cavity, including to the respiratory
and olfactory epithelia. People from air-polluted areas also showed poorer performance in a
test of intranasal trigeminal function, which mediates the sensations of freshness, spiciness
and pungency via free nerve endings that innervate the nasal cavity, and warns of the
presence of potentially dangerous substances in the environment. Important topics for
future research include how early in life such impairments are manifested, how they relate
to different life circumstances, when and under what conditions they might be reversible,
and of particular importance, to what extent they are related to the appearance of
neurodegenerative diseases in the increasingly aging populations characteristic of many
large urban areas.
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