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a b s t r a c t

Millions of urban children are chronically exposed to high concentrations of air pollutants, i.e., fine
particulate matter (PM2.5) and ozone, associated with increased risk for Alzheimer's disease. Compared
with children living with clear air those in Mexico City (MC) exhibit systemic, brain and intrathecal
inflammation, low CSF Aβ42, breakdown of the BBB, attention and short-term memory deficits, prefrontal
white matter hyperintensities, damage to epithelial and endothelial barriers, tight junction and neural
autoantibodies, and Alzheimer and Parkinson's hallmarks. The prefrontal white matter is a target of air
pollution. We examined by light and electron microscopy the prefrontal white matter of MC dogs (n: 15,
age 3.1770.74 years), children and teens (n: 34, age: 12.6474.2 years) versus controls. Major findings in
MC residents included leaking capillaries and small arterioles with extravascular lipids and erythrocytes,
lipofuscin in pericytes, smooth muscle and endothelial cells (EC), thickening of cerebrovascular basement
membranes with small deposits of amyloid, patchy absence of the perivascular glial sheet, enlarged
Virchow–Robin spaces and nanosize particles (20–48 nm) in EC, basement membranes, axons and
dendrites. Tight junctions, a key component of the neurovascular unit (NVU) were abnormal in MC
versus control dogs (χ2o0.0001), and white matter perivascular damage was significantly worse in MC
dogs (p¼0.002). The integrity of the NVU, an interactive network of vascular, glial and neuronal cells is
compromised in MC young residents. Characterizing the early NVU damage and identifying biomarkers
of neurovascular dysfunction may provide a fresh insight into Alzheimer pathogenesis and open op-
portunities for pediatric neuroprotection.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

Clinically healthy Mexico City (MC) children with no known
risk factors for neurological or cognitive disorders exhibit cogni-
tion deficits, brain metabolic, structural and volumetric changes
na, Missoula, MT 59812, USA.
tana.edu (L. Calderón-
and the neuropathological and cerebrospinal fluid (CSF) laboratory
hallmarks of Alzheimer and Parkinson's diseases i.e., tau hyper-
phosphorylation with pre-tangles, amyloid beta42 (Aβ42) plaques,
low CSF Aβ42, and misfolded α-synuclein accumulation (Calderón-
Garcidueñas et al., 2008a, 2010, 2011a, 2012a, 2013a, 2015a).

Brain MRI and MRS studies in MC children and teens versus
low air pollution controls show white matter metabolic changes
and prefrontal white matter hyperintensities (WMH) (Wardlaw
et al., 2013; Calderón-Garcidueñas et al., 2008b, 2011b, 2012b,
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2015a, 2015b), while neuropathology findings reveal cortical dis-
ruption of the blood–brain barrier (BBB), endothelial activation,
oxidative stress, high concentration of metals associated with
combustion, inflammatory cell trafficking along with up-regulated
gene network clusters including IL1, NFκB, TNF, IFN, and TLRs
(Calderón-Garcidueñas et al., 2003, 2008a, 2009a, 2010, 2011a,
2013a, 2013b). Animal facility healthy MC young dogs also exhibit
WMH by MRI, neuroinflammation, DNA oxidative damage, BBB
breakdown, and accumulation of combustion-related metals
(Calderón-Garcidueñas et al., 2002, 2003, 2008b, 2009a). The
prefrontal cortex is a target of air pollution and its damage likely a
major contributor to cognitive deficits in Mexico City young re-
sidents. Prior research has shown all epithelial and endothelial
barriers are compromised in MC children and dogs and the pro-
duction of high concentrations of endothelin-1 and autoantibodies
against tight junction and neural proteins could be playing a role
in the diffuse microvascular changes observed in young urbanites
(Calderón-Garcidueñas et al., 2001, 2007, 2008c, 2009b, 2015d). In
a recent study of 139 clinically healthy MC and control children
age 11.9174.2 y, serum antibodies against occludin/zonulin 1 and
actin IgG, along with myelin oligodendrocyte glycoprotein, myelin
basic protein, S-100, and cerebellar IgG were significantly higher in
MC children (Calderón-Garcidueñas et al., 2015d). Zonula occlu-
dens (ZO) proteins are at the core of the protein networks which
are anchored to the TJ-plaque dynamic structures and given that
neuroinflammation is associated with BBB dysfunction and loss of
tight junctions (Bauer et al., 2014; Elahy et al., 2015; Haseloff et al.,
2015), we fully expected brain structural and metabolic changes in
MC children.

Extensive data in the literature support human and animal
breakdown of the nasal/olfactory, BBB and alveolar-capillary bar-
riers and the expression of detrimental genes associated to urban
air pollution (Harkema et al., 2006; Ljubimova et al., 2013; Van
Miert et al., 2005; Kaplan et al., 2010; Carson et al., 2013; Bergin
and Witzmann, 2013; Garwood et al., 2014). The work by Kamat
et al. (2014), Winkler et al. (2014), Hawkes et al. (2014), Cabezas
et al. (2014) and Garwood et al. (2014) is of particular interest to us
given that their research support damage to brain endothelial cells
occurs early in relation to Alzheimer's neuropathology and BBB
disruption leads to neuronal damage, reactive gliosis, oxidative
stress, neuroinflammation and early neurovascular dysfunction.

Of great concern in polluted environments with high con-
centrations of ultrafine particulate matter (UFPM, nanosize
particleso100 nm) is that after passage through biological bar-
riers, UFPM end up in contact with the vascular endothelium and
can induce damage (Wang et al., 2009; Gehr et al., 2011; Sharma
et al., 2013; Ucciferri et al., 2014; Karmakar et al., 2014; Meng et al.,
2015). The presence of high affinity autoantibodies against barrier
forming proteins in urban children are critical to our under-
standing of air pollutant mechanistic damage pathways. There is
robust evidence nanosize particles can increase endothelial para-
cellular permeability in vitro and induce endothelial TJ opening
(Sharma et al., 2013; Yu et al., 2013; Ucciferri et al., 2014; Kar-
makar et al., 2014; Li et al., 2015).

The developing brain relies heavily on the delivery of oxygen
and nutrients from the blood stream to meet metabolic demands
of neural cells and blood supply, thus neural activity and vascular
dynamics are tightly coupled (Lecrux and Hamel, 2011; Lacoste
and Gu, 2015).The neurovascular unit (NVU) is the anatomical
substrate of neurovascular interactions and a complex interaction
between endothelial cells, pericytes, astrocytes, microglia and
neurons is responsible for optimal delivery of oxygen and nu-
trients to the brain (Simard et al., 2003; Zlokovic, 2008; Lo and
Rosenberg, 2009; Lacoste and Gu, 2015). A key function of this
system is to keep a tightly control environment aimed to preserve
the brain from toxins, pathogens and harmful chemicals.
Neurovascular dysfunction has a relevant focus in Alzheimer's
disease (AD) research, particularly regarding BBB integrity, cere-
bral blood flow (CBF) and glucose transport into the brain (Iade-
cola, 2004; Keaney and Campbell, 2015; Sweeney et al., 2015).
White matter abnormalities are common in dementia and the
pathology is the result of a combination of structural alterations of
the cerebral vasculature, i.e., arteriolosclerosis, cerebrovascular
basement membrane pathology, and amyloid angiopathy, and
nonstructural vascular abnormalities (vascular contractility or
permeability) and/or neurovascular instability (Love and Miners,
2015).

Very little is known regarding the ultrastructural features of
tight junctions (TJs), cerebrovascular basement membranes
(Morris et al., 2014), capillaries, arterioles and axons in the pre-
frontal white matter of young healthy dogs and children with a
lifetime exposure to urban air pollution. Our working hypothesis
states that healthy, young dogs will have prefrontal vascular and
white matter pathology and children living in the same area will
share light and electron microscopic (EM) findings with those of
dogs’ raised in an animal facility in Mexico City.

We have one aim for this study: to document by 1 μm toluidine
blue thick sections and EM the integrity of the prefrontal white
matter in healthy young dogs resident in MC (n: 9) and in a cohort
of MC children and teens (n: 26) autopsy prefrontal samples ver-
sus clean air controls (6 dogs and 8 children). Stored brain samples
from seemingly healthy children dying suddenly in accidental
deaths not involving the cranial cavity and undergoing forensic
autopsies were the source of the frontal samples.

Our results identify abnormalities at the endothelial junctional
complexes, microbleeds, perivascular lipid accumulation, abnor-
mal cerebrovascular basement membranes, and the presence of
ultrafine particles in mitochondria, basement membranes, axons
and dendrites. Our study suggests that the integrity of the NVU in
the prefrontal white matter is compromised in highly exposed
young urbanites and short and long-term brain health con-
sequences are expected.
2. Procedure

2.1. Study cities and air quality

Children's cohorts were selected from the Mexico City Me-
tropolitan Area (MCMA) and control locations consisting of small
cities in Mexico (Zacatlán and Huachinango, Puebla; Zitácuaro,
Michoacán; Puerto Escondido, Oaxaca). The control cities have
o75,000 inhabitants and because of their small size their levels
for the main criteria air pollutants (ozone, particulate matter,
sulfur dioxide, nitrogen oxides and carbon monoxide) are lower
than the current US EPA standards (Alonso et al., 2007).

Mexico City Metropolitan Area is an example of extreme urban
growth and accompanying environmental pollution (Bravo-Alvar-
ez and Torres-Jardón, 2002; Molina et al., 2010; Retama et al.,
2015). The metropolitan area of over 2000 km2 lies in an elevated
basin 2200 m above sea level surrounded on three sides by
mountain ridges. MCMA's nearly 24 million inhabitants, over
50,000 industries, and 5.5 million vehicles consume more than 50
million liters of petroleum fuels per day, producing an estimated
annual emission of 2.3 million tons of particulate and gaseous air
pollutants. MCMA motor vehicles produce abundant amounts of
primary fine particulate matter (PM2.5). The high altitude and
tropical climate where the MCMA is settled facilitate ozone pro-
duction all year and contribute to the formation of PM2.5. Children
from MCMA were residents in the northern-industrialized and
southern-residential zones. Northern children have been exposed
to higher concentrations of volatile and toxic organic compounds,



Table 1
Summary of results comparing Mexico City with low air pollution control dogs'.

Controls n:6 Mexico City n:9 p value

Age in years 3.2370.81
years

3.1170.67 years 0.95

Gender 3F/3M 5F/4M NA
White matter percentage da-
maged area*

0.7770.46 19.4372.69 0.002

* Measured in a 60 μm2 area/16 areas from 4 slides 2R/2L.
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PM10, and PM2.5 including high levels of its constituents: organic
and elemental carbon, nitro- and polycyclic aromatic hydro-
carbons and metals (Zn, Cu, Pb, Ti, Mn, Sn, V, and Ba), while
southern children have been exposed continuously to significant
and prolonged concentrations of ozone, secondary aerosols ( −NO3)
and particulate matter associated with lipopolysaccharide PM-LPS.

2.2. Subjects

The work described in this research was conducted in ac-
cordance with the Code of Ethics involving animal research and
the Institutional Animal Care and Use Committees. The frontal dog
samples used in this work were obtained previously from two
independent studies involving the use of Nimesulides in mixed
beagle dogs and a metal study (Calderón-Garcidueñas et al., 2002,
2003, 2008b, 2009a). Procedures used were in accordance with
the guidelines of the Use and Care of Laboratory Animals (NIH Pub
No. 86-23). The autopsy frontal samples were obtained from for-
ensic cases with no identifiable personal data, not meeting the
regulatory definition of human subject research.

2.2.1. Animal facility young dogs
Previously harvested dog frontal tissues for EM were used for

this study. Two cohorts, one from MC and a control cohort of
mixed beagles were whelped and housed in an outdoor–indoor
kennel; husbandry was in compliance with the American Asso-
ciation of Laboratory Animal Certification Standards. Dogs were
under daily veterinarian observation during their entire life, and at
no time there was any evidence of respiratory, cardiovascular,
gastrointestinal or neurological diseases. Dogs had all applicable
vaccines and were treated with anti-helmintics regularly. Dogs
from both cohorts had the same diets. Dogs were sacrificed with
an overdose of sodium pentobarbital. Tissue blocks were archived
in phosphate-buffered saline 0.1 M pH 7.5 with sodium azide at
4 °C prior to processing for EM. We selected to use frontal white
matter tissue optimally fixed for electron microscopy from 15 dogs
(3.1770.74 years). The 9 Mexico City selected dogs age 3.1170.67
years were in the non-treated Mexico City group exposed 24/7 to
the Southwest MC atmosphere from birth. Six control dogs aver-
age age 3.2370.81 years were also studied (Table 1).

2.2.2. Light microscopy in dog samples
Frontal samples were post-fixed in 1% osmium tetraoxide and

embedded in Epon. Semi-thin sections (0.5–1 μm) were cut and
stained with toluidine blue for light microscopic examination.
Thirty blocks from the right (n: 15) and left (n: 15) prefrontal
white matter were cut and examined in each dog. Each toluidine
blue 1μm section (30 slides in each dog) was examined under a
microscope Carl Zeiss Axioskop 2 Plus equipped with a AxioVision
REL 4.8 imaging system. For the measurement of abnormal neu-
ropil areas we selected a square of 60 μm2 and 16 areas of neuropil
were reviewed and measured in 4 randomly selected toluidine
blue 1 μm section slides (2R/2L) in each dog. One EM researcher
was in charge of the measurement of the abnormal neuropil areas
and the percentage of white matter damage was recorded in each
dog, within each cohort, MC versus controls. This researcher in
charge of the measurement of all slides was blind to the identifi-
cation of the dog. A board-certified pathologist (LCG) without ac-
cess to the identification codes reviewed the sections and the re-
presentative pictures.

2.2.3. Examination of dogs' frontal white matter samples by Trans-
mission Electron Microscopy (TEM)

We selected the EM areas from the semi-thin sections stained
with toluidine blue. Ultra-thin sections (60–90 nm) were cut and
collected on slot grids previously covered with Formvar
membrane. Sections were stained with uranyl acetate and lead
citrate, and examined with a JEM-1011 (Japan) microscope. Each
electron micrograph was evaluated separately, then compared by
group. We captured ultrastructural blood vessel images including
sites of TJ's complexes, cerebrovascular basement membranes and
the neuropil components. An average of 30 consecutive blood
vessels and adjacent neuropil from each animal were documented.
One EM researcher examined the TJs structures at magnifications
between 12,000� and 100,000� , took representative pictures
and recorded normal and abnormal endothelial TJ structures from
capillaries based on the following characteristics: observation of
the endothelial junction undulated trajectory in a plane parallel to
the basement membrane and exhibiting structurally closed and
intact TJs as elegantly described by Muir and Peter (1962) and
Castejón (2012, 2014), open inter-endothelial junctions, and loss of
integrity and disruption of TJs.

We also noted astrocyte end feet detachment from the base-
ment membranes, caveolar EC activity, the characteristics of the
basement membranes, and microvascular endothelial cell damage
including irregularity of the endothelial cell luminal surface, mi-
cro-villi like protusions, and bleb-like structures. The comparison
between the results of the evaluation of 40 endothelial cell to
endothelial cell TJs in each of the 15 animals, including 6 controls
was assessed for significance with a chi square test.
2.2.4. Examination of children and teens prefrontal white matter
samples by light and Transmission Electron Microscopy (TEM)

In the process of selecting the frontal samples we examined the
entire autopsy in each subject and ruled out the presence of pa-
thological processes other than the lesions associated to the sud-
den accidental death. The striking difference between dog and
human frontal EM samples was the optimal preservation of tissues
in dogs v humans given the time between death and autopsy.
Given that the neuropil was not optimally preserved for EM in
humans, the quantification of abnormal neuropil areas was not
done. Frontal samples were post-fixed in 1% osmium tetraoxide
and embedded in Epon. Semi-thin sections (0.5–1 μm) were cut
and stained with toluidine blue for light microscopic examination.
Thirty blocks from the right (n: 15) and left (n: 15) prefrontal
white matter were cut and examined in each child.
2.2.5. Statistical analysis
Statistical analyses were carried out using Excel and R (https://

www.r-project.org/). All data are expressed as mean7SD. We
carried out statistical tests for intergroup differences after ad-
justing age. We used linear regression technique to accomplish
this. Next, we tested for the significance of differences between
the measurements of tight junction abnormalities in the control
and Mexico City group by using the Chi-square test.

https://www.r-project.org/
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Fig. 2. Box plot for 24-h PM2.5 concentrations at representative site of Mexico City
Metropolitan Area: Xalostoc industrial and high traffic (NE area) from 1997 to 2014.
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3. Results

3.1. Air quality data

Mexico City residents are exposed year-round to particulate
matter (PM) concentrations above United States National Air
Ambient Quality Standards (NAAQS). For this work we focused on
inhalable PM, broadly defined by the diameter of the aerodynamic
particles, and classified into coarse particles (o10 to 42.5 μm;
PM10), fine particles (o2.5 μm, PM2.5) and ultrafine PM
(UFPMo100 nm). In spite of the efforts by the authorities to
control PM air pollution, fine particles are still a health problem in
MC because their levels have not shown a reduction trend in the
last 10 years. Both, the PM2.5 annual air quality standard of 12 mg/
m3 and the 24-h standard of 35 mg/m3 have been historically ex-
ceeded across the metropolitan area (Fig. 1). The highest con-
centrations occur in the NE sector (Xalostoc) where industrial and
traffic activities are prevalent, and decrease towards the SW re-
sidential area (Pedregal).

As Fig. 2 shows, North-East MC teenagers older than 15 years
old were conceived and born when PM2.5 average 24-hr levels
were 2 to 3 times the current NAAQS. It should be noticed, every
resident in MC has been exposed to PM2.5 concentrations above
the respective NAAQS regardless of their place of residency within
the city. Chemical PM composition studies in Mexico City have
shown that the proportion of the different component PM species
has not change significantly along the years (Bravo-Alvarez and
Torres-Jardón, 2002; Vega et al., 2010; Molina et al., 2010; Retama
et al., 2015). Fig. 3 shows the chemical composition of coarse
(PM10–PM2.5) and fine (PM2.5 and PM1) particles in a re-
presentative site of MC.

In general, PM10 in MCMA is dominated by the fine
fraction. The PM2.5/PM10 ratio variations and the PM chemical
composition are dependent on the site location and on the
season. The PM2.5/PM10 ratio shows relatively lower values
at the E and NE sectors relative to the SW sites. Typically, the
coarse PM is strongly dominated by geological material
Pedregal (Southwest)
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Fig. 1. Box plot for 24-h PM2.5 concentrations at representative siteof Mexico City
Metropolitan Area: Pedregal (residential SW area) from 1997 to 2014. The dashed
lines inside the box are the annual average and the continuous line the 24-h
median. The PM2.5 annual mean NAAQS concentration value is represented by the
dashed blue line and the PM2.5 24-h average NAAQS level is shown with the red
continuous line. PM 2.5 data were not available in MCMA until 2004, thus the PM2.5

trends were approximated using a correlation equation of the PM2.5/PM10 ratio for
the period 2004–2011 and PM10 data measured at each site of the period 1997–
2003. PM10 and PM2.5 data were obtained from the Secretaria del Medio Ambiente
del Distrito Federal (http://www.aire.df.gob.mx). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
(SiO2þ −CO2
3þAl2O3þCaþFeþMgþK) from dust resuspension and

its proportion diminishes as the particle decreases in size. In
contrast, and of key importance for the brain effects, organic and
carbonaceous aerosols are the dominant species in the PM fine
fraction. Particle emissions from gasoline and Liquefied Petroleum
Gas Combustion (LPG) are dominated by organic carbonaceous
aerosols (OC), while in diesel particles black carbon (BC) is the key
component. OC species include large alkanes, alkanoic acids,
benzoic acids, benzaldehydes, phenols, alkanals, etc. (Seinfeld and
Pandis, 1998). Contrary to expected, BC concentrations in PM2.5

have not shown a decrease through the years (Retama et al., 2015).
BC is associated with polycyclic aromatic compounds (PAHs). PAHs
are semivolatile species formed through the fusion of two or more
benzene rings by a pyrolitic process during the incomplete com-
bustion of carbonaceous fuels such as gasoline and diesel vehicle
exhaust gases. Most of PAHs in MCMA are present in the fine
fraction (PM2.5) contributing with 75–85% of the total mass. In
general, low molecular PAHs have a higher ratio than high mole-
cular PAHs in PM2.5 (Mugica et al., 2010). On the other hand,
secondary inorganic aerosols typically comprise around 20% in all
PM10 fractions. They are dominated by ammonium sulfate showing
the highest levels at the Pedregal southwest area.

Trace metals in fine particles comprises around the 50% of the
PM10. The most abundant metals in PM2.5 are Zn, Cu, Pb, Ti, Sn, Ba,
Mn, Sb, V, Se, As, Ni, Cd, and Cr in that order (Querol et al., 2008).
Zn, Cu, Ba, Pb, Pb and Cd are tracers of road traffic, while V and Ni
are tracers of industrial emissions. MC children in this study have
been exposed to significant concentrations of PM2.5 during their
entire life, including the prenatal period. The high concentrations
of PM2.5 coincide with the time children play outdoors and/or stay
in schools with broken windows and doors and are in close
proximity to high traffic and fixed sources of pollution (Villarreal-
Calderón et al., 2002). Children are also exposed to ozone con-
centrations above the USA standards (Calderón-Garcidueñas et al.,
2015d). All other criteria pollutants for MCMA, including nitrogen
dioxide, sulfur dioxide and lead have been at or below the current
EPA standards (Secretaría del Medio Ambiente del Distrito Federal:
http://www.aire.df.gob.mx). Control children have been lifelong
residents in low pollution cities with all criteria air pollutants
below the US EPA NAAQS standards (Calderón-Garcidueñas et al.,
2012a).

3.2. Quantification of the abnormal neuropil prefrontal areas in dogs'

http://www.aire.df.gob.mx
http://www.aire.df.gob.mx


Fig. 3. Average mass and composition of PM coarse (PM10–PM2.5), PM2.5 and PM1 at the Instituto Mexicano del Petróleo site (northern Mexico City) during March 2006
(based upon a compilation of Molina et al. (2010), Querol et al. (2008) and Aiken et al., 2009).

Table 2
Summary of controls and Mexico City children and teens selected for light and
electron microscopy prefrontal samples.

Controls age Controls gender Controls Apoe

8.2 1 34
17 1 33
13 1 33
7.8 0 33
16 1 34
14 1 33
15 1 33
10 0 33
12.6273.5 years 6M/2F 2 Apoe 3/4
MC age MC gender MC apoe
15 1 44
13 0 34
15 1 44
18 1 44
17 1 33
11 1 33
16 1 33
2 1 33
17 1 33
17 1 33
12 1 33
3 1 33
17 1 33
17 1 33
11 0 33
14 1 33
14 0 33
1 1 33
7 0 33
13 1 33
15 1 33
14 0 33
13 0 33
11 0 33
15 0 33
16 1 33
12.6774.9 years 18M/8F 4 Apoe4

Table 3
Summary of TJs observations in endothelial capillary prefrontal dogs' vessels. Re-
sults yielded a χ2 statistic¼21.96, degrees of freedom¼1, χ2 o0.0001.

Control dogs n:6 Mexico city dogs n:9

40 TJs observations in each dog 40 TJs observations in each dog
240 TJ 360 TJ
225 normal 288 normal
15 abnormal 72 abnormal
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samples

Measurement of abnormal neuropil areas showed a significant
difference between control and Mexico City dogs matched by age,
p¼0.002 (Table 1).

3.3. Light microscopy and electron microscopic dogs' and children
results

There was no statistical difference in the selected control ver-
sus MC dogs' ages (p¼0.95) Table 1 and control versus MC chil-
dren (p¼0.93) (Table 2). Children carrying an APOE 4 allele were
representative of the population at large (17.6%).The white matter
pathology results in Mexico City dogs, children and teens versus
controls were divided in 4 sections: (1) one micron toluidine blue
light microscopy of blood vessels including capillary, postcapillary
venules and arterioles (2) Endothelial ultrastructural pathology,
including tight junctions (TJs), pericyte and smooth muscle cell
morphology and cerebrovascular basement membranes, (3) Oligo-
dendroglia, axonal, and dendritic electron microscopy and (4) Lo-
calization of nanosize particles.

3.3.1. Light microscopy morphological assessment using toluidine
blue staining in dog's frontal white matter

Control samples of frontal white matter exhibited normal blood
vessels ranging from arterioles, capillaries and venules. Virchow–

Robin (VR) spaces were unremarkable and free of mononuclear
cells, red blood cells (RBC) or lipid droplets. The neuropil was
unremarkable and in particular the myelinated axons varied in
size, they were uniformly distributed and intact (Fig. 4A). In con-
trast, Mexico City dogs exhibit expanded VR spaces with mono-
nuclear cells characterized by large nuclei with increased chro-
matin condensation (Fig. 4B). We observed patchy pallor of the
neuropil with zones where the myelinated axons were scanty and
alternated with clusters of small myelinated fibers (Fig. 4C), along
extensive areas of rarefaction of the neuropil around blood vessels
(Fig.4D*). Large perivascular cells with the morphology of macro-
phages and clusters of lipid droplets were prominent around blood
vessels (Fig. 4E and F). Distributed throughout the frontal white
matter, small blood vessels exhibit hyperplastic endothelial cells
reducing their lumen (Fig. 4G). In the transition between the
subcortical white and the gray matter, abnormal small vessels
were also present with RBC occupying the perivascular space
(Fig. 4H). Remarkably, neuronal bodies in the transition area ex-
hibited vacuolated cytoplasm.

3.3.2. Light microscopy morphological assessment using toluidine
blue staining in children's frontal white matter

Control children exhibited unremarkable blood vessels,



Fig. 4. Light microscopy assessment using toluidine blue staining in dog's frontal white matter. Unremarkable white matter is characteristic of control dogs (A). Virchow–

Robin (VR) spaces are free of mononuclear cells, red blood cells or lipid droplets. The neuropil is unremarkable and the myelinated axons (A) vary in size, they are uniformly
distributed and they are intact. In contrast, Mexico City dogs exhibit expanded VR spaces with mononuclear cells characterized by large nuclei with increased chromatin
condensation (B, arrowheads). Scattered through the neuropil, cells with large nuclei and increased chromatin condensation are present (B short arrows). Patchy pallor of the
neuropil with zones where the myelinated axons are scanty and alternate with clusters of small myelinated fibers (C square) and cells showing prominent chromatin
condensation (C arrowheads) are common in MC dogs. Small arterioles show thick walls and expanded VR spaces (long arrows). In D we observed extensive areas of
rarefaction of the neuropil around blood vessels (*). Large perivascular cells have the morphology of macrophages (arrowheads), while clusters of lipid droplets are pro-
minent around blood vessels (long arrows). In E, a close up of a typical blood vessel in a young dog showing large accumulation of lipids (arrowheads). F shows a
postcapillary venule with perivascular lipid accumulation (arrowheads). Distributed throughout the frontal white matter, small blood vessels (G) exhibit hyperplastic
endothelial cells (arrowheads) reducing their lumen (L). Mononuclear cells are seen attached to the hyperplastic endothelium (long arrow). In the transition between the
subcortical white and gray matter (H), abnormal small vessels are also present with RBC occupying the perivascular space (arrowheads). Remarkably, neuronal bodies in the
transition area have vacuolated cytoplasm (short arrows).
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Virchow–Robin (VR) spaces and neuropil (Fig. 5A). MC children
showed significant expansion of the VR spaces and clusters of
perivascular lipids (Fig. 5B and C). Scattered small tortuous blood
vessels showed mononuclear cells in the expanded perivascular
spaces and leaking of lipid material affected small capillaries
(Fig. 5D and E). A few of the blood vessels architecture was com-
pletely lost (Fig. 5F). Axonal abnormalities were present and a few
large axons show intraaxonal vacuolation and curled membrane
fragments. Hyperplastic endothelial cells were common (Fig. 5G).
In the transition between the subcortical white and the gray
Fig. 5. Light microscopy assessment using toluidine blue staining in children's frontal wh
(VR) spaces and neuropil. MC children show lipid material accumulation around blood v
lipids (C, short arrows). Scattered small tortuous blood vessels show mononuclear cells (
intraaxonal vacuolation (short arrows) and curled membrane fragments (long arrows). L
architecture is completely lost (F). Scattered unidentified cells show clumping of the chro
the transition between the subcortical white and gray matter, abnormal small vessels are
matter, abnormal small vessels were present with amorphous
material occupying the intra and perivascular spaces (Fig. 5H).

3.3.3. Electron microscopy of dogs' blood vessels and neuropil
Mexico City dogs exhibited abnormal small blood vessels with

irregular endothelial basement membranes, RBC in the widened
perivascular spaces along with clusters of lipid material and cell
fragments (Fig. 6A and B). Early formation of lipofuscin was a
common finding in pericytes of o2y old dogs, while capillaries
showed irregular luminal endothelial cell surfaces with microvilli-
ite matter. Control children (A) exhibit unremarkable blood vessels, Virchow–Robin
essels (B*) and a significant expansion of the VR space and clusters of perivascular
D, arrowheads) in the expanded perivascular spaces (*). A few large axons (A) show
eaking of lipid material also affects small capillaries (E*). A few of the blood vessels
matin (short arrows).Hyperplastic endothelial cells are also seen (G, arrowheads). In
present with amorphous material occupying the intra and perivascular spaces (H*).



Fig. 6. Electron microscopy of dogs' blood vessels. An abnormal small blood vessel (A) with irregular endothelial basement membranes (arrowheads) and an apparently
intact perivascular glial sheath (short arrows) shows clusters of lipid material (*). RBC are seen in the perivascular space. B shows a capillary vessel with a wide perivascular
space (*) occupied by cell fragments (short arrows). Note the significant rarefaction of the neuropil on the right side of the picture (square). Early formation of lipofuscin is
seen in pericytes of o3y old dogs (C short arrow). Capillaries show irregular luminal endothelial cell (EC) surface with microvilli-like protrusions (long arrow) and a large
perivascular space with abundant cellular debri (*). A close up of the lipofuscin formation can be seen in D. A lipofuscin granule (Lf) with dense osmiophilic content, and one
mitochondria with abnormal cristae (D, short arrow) lie in the adjacent cytoplasm. In E, a small vessel shows a thick and irregular basement membrane (arrowheads).
Scattered capillaries show cells in the position of pericytes and smooth muscle cells with semicircular or circular thickening of vascular walls containing large amounts of
amorphous material (F*) and smaller areas with amyloid-like fibrils (short arrows). The endothelial cell shows microvilli-like protrusions (long arrow) and there is a white
blood cell (WBC) and one RBC occupying the vessel lumen (L). G shows helical twist amyloid fibers with a 35–50 A repeat (short arrow). A blood vessel with a prominent
endothelial cell nucleus (EC) protruding in the lumen is seen in H along with RBC.A smooth muscle cell (SMC) cytoplasm display multiple mitochondria (short arrows). An
unidentified perivascular structure shows a vacuolated background (*) with cellular fragments (short arrows). A capillary with an attached white blood cell (WBC) occupies
the lumen of the vessel (I).
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like protrusions (Fig. 6C and D). Thick and irregular basement
membranes were a common finding (Fig. 6E). Scattered capillaries
showed cells in the position of pericytes and smooth muscle cells
with semicircular or circular thickening of vascular walls con-
taining large amounts of amorphous material and smaller areas
with amyloid-like fibrils (Fig. 6F and G). Endothelial cells showed
microvilli-like protrusions, prominent endothelial cell nuclei pro-
truding in the lumen and attached white blood cells (WBC) oc-
cupying the lumen of the vessels (Figs. 6H and I).

White matter arterioles displayed layers of smooth muscle cells
(Fig. 7A and B). Tight junctions between endothelial cells were
mostly unremarkable in Mexico City dogs (Fig. 7C). A significant
number of prefrontal white matter capillaries in highly exposed
dogs were characterized by wide VR spaces and the patchy ab-
sence of astrocytic perivascular endfeet (Fig. 7D). Mononuclear
cells commonly occupied the VR space and projected cytoplasmic
processes towards the capillary wall while patchy areas of neuropil
were characterized by the absence of axons and cellular profiles.
Unremarkable tight junctions alternated with the presence of os-
miophilic granular material obliterating the cleft of the TJs and
focal lack of integrity of the TJs (Fig. 7F and G). In contrast, control
animals displayed unremarkable TJs (Fig. 7H). Quantification of the
abnormal tight junction in prefrontal endothelial cells yielded a
significant difference between control and Mexico City dogs, χ2

statistic¼21.96, degrees of freedom¼1, χ2o0.0001 (Table 3).

3.3.4. Electron microscopy of children' blood vessels and neuropil
The typical prefrontal findings in Mexico City children in-

cluded: small blood vessels with accumulation of lipofuscin in
pericytes and undulating irregularly thickened EC basement
membranes (Fig. 8A, B, and C). Striking isolated arteriolar white
matter changes were observed in Mexico City children (Fig. 8D).



Fig. 7. Electron microscopy of dogs' blood vessels. White matter arterioles display layers of smooth muscle cells (SMC) (A). Endothelial cells (short arrows) and RBC are seen.
In a close-up (B), the typical components of a smooth cell cytoplasm are present, bundles of microfilaments (short arrows), elastic microfibrils (arrowheads), dense bodies
and mitochondria (long arrows). A close-up of a tight junction between two endothelial cells (EC) is seen in C (arrowheads). A significant number of prefrontal white matter
capillaries (D) in MC dogs are characterized by wide VR spaces and the patchy absence of astrocytic perivascular endfeet (arrowheads). Mononuclear cells (short arrows)
occupy the VR space and project cytoplasmic processes towards the capillary wall (long arrows). Patchy areas of neuropil (*) are characterized by the absence of axons and
cellular profiles. E is a higher power of the square in D to focus on tight junctions in endothelial cells. A series of tight junctions (short arrows) between endothelial cells
define the limits between cells. A RBC is seen in the lumen of the capillary. A higher power of the TJ's (F) illustrates the clear lining of the cleft (white arrowheads) alternating
with the presence of osmiophilic granular material obliterating the cleft of the TJs (short arrows). A portion of the RBC is seen in the lumen of the capillary. Higher
magnification (150,000� ) shows a TJs intact segment (G arrowhead) and the lack of integrity of the TJ's (short arrows). In H a TJs (arrowheads) is intact in a control animal
(RBC in lumen).
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Changes included irregular and thick basement membranes and
endothelial cells with large lysosomal bodies (Fig. 8E). Inter-
spersed scant pyknotic nuclei were identified in relation with
smooth muscle cells. Hyperplastic endothelium associated with a
reduction of the lumen, marked thickening of the endothelial
basement membranes and extensive perivascular areas of cell
debri, vacuolization of the neuropil and abnormal large axons
were common findings in MC samples, but not in controls (Fig. 8F).
Irregular basement membrane varied in thickness between
0.8 and 2 μm (Fig. 8G and H). Occasionally, we observed the ap-
parent penetration of a mononuclear luminal cell through the
endothelium (Fig. 8I and J) and a poor focal definition of the BM
endothelial cell (Fig. 8K).

Nanosize particles could be seen in the endothelial cell cyto-
plasm close to the basement membranes and abundant caveolar
activity was present in endothelial cells of MC children (Fig. 8L)
and strikingly absent in controls. Nanosize PM was seen in RBC,
endothelial cell mitochondria, basement membranes and abnor-
mal mitochondria (Fig. 9A–E). Common observations between RBC
and the endothelial cell cytoplasm was the presence of linear ac-
cumulation of nanosize particles (Fig. 9G and H).
4. Discussion

Vascular and perivascular damage in the prefrontal white
matter is a major feature of young Mexico City residents exposed
to concentrations of fine particulate matter and ozone above the
current USA standards. Major findings including abnormal TJs in
endothelial cells, leaking of capillaries, abnormal cerebrovascular
basement membranes, and patchy absence of the perivascular glial
sheet are likely compromising the integrity of the neurovascular
unit. Tight junctions, a critical component of the NVU were ab-
normal in MC compared to control dogs, and white matter peri-
vascular damage was significantly worse in MC healthy dogs.

The potential consequences of this evolving neurovascular unit
pathology in urban children and dogs are highly relevant and pi-
votal to the pathogenesis of vascular-based neurodegenerative
disorders like Alzheimer's disease (Zlokovic, 2008; Lo and Rosen-
berg, 2009; Wardlaw et al., 2013; Winkler et al., 2014; Garwood
et al., 2014; Weinl et al., 2015; Elahy et al., 2015; Qosa et al., 2015;
Keaney and Campbell, 2015; Tietz and Engelhardt, 2015).

Dysfunction of the NVU in childhood can ultimately lead to
devastating short and long term consequences including dysre-
gulation of cerebral blood flow, focal vascular insufficiency, innate
immunity dysregulation, neuroinflammation, microstructural al-
tered properties of major fiber tracts and regional volumes of
white matter, alterations in ABC efflux transporters expression
and/or activity, failure of elimination of interstitial fluid fromwhite
matter, vascular deposition of amyloid-β and failure in the flow
along pericapillary basement membranes to supply nutrients to
the neuropil and equally important, to drain out waste products
and soluble metabolites (Weller et al., 2009, 2015; Lo and Rosen-
berg, 2009; Mathiisen et al., 2010; Hawkes et al., 2014; Keaney and
Campbell, 2015; Qosa et al., 2015; Tietz and Engelhardt, 2015;
Brickman et al., 2015; Sweeney et al., 2015). The crosstalk between
TJ and adherens junctions to maintain barrier integrity is likely to
be disrupted, altering CNS homeostasis (Tietz and Engelhardt,
2015; Weinl et al., 2015; Keaney and Campbell, 2015).

There are numerous studies recognizing cerebrovascular



Fig. 8. Electron microscopy of children' prefrontal white matter. A prefrontal white matter small blood vessel (A) exhibits a typical finding in MC children: accumulation of
lipofuscin (arrowheads) in pericytes. Extensive accumulation of lipofuscin (Lf) is a major finding in perivascular cells (B). A pericyte is present (arrowheads), along with a RBC
occupying the entire vessel lumen. In C, an olidendroglial cell (OLIGO) is seen adjacent to a small blood vessel with an undulating basement membrane (arrowheads).
Striking arteriolar white matter changes are observed in MC teens (D). An arteriole exhibits an irregular and thick basement membrane (short arrows) between the
endothelial cells (EC) and the tunica media layer with numerous smooth muscle cells (SMC). A higher power (E) shows EC with large lysosomal bodies (arrowheads),
irregular and thick basement membrane (short arrows) and the concentric rings of smooth muscle cells (SMC). Interspersed scant pyknotic nuclei are identified in relation
with smooth muscle cells (long arrows). A smaller arteriole (F) shows a hyperplastic endothelium (EC) with a reduction of the lumen (L), marked thickening of the
endothelial basement membranes (arrowheads) and extensive perivascular areas of cell debri, vacuolization of the neuropil (VAC) and abnormal large axons (A). In G, EC's
are resting on an irregular basement membrane (arrowheads). Variations in the thickness of the basement membrane are significant (H, arrowheads).In the same vessel,
another feature includes the apparent penetration of a mononuclear luminal cell (MC) through the endothelium (I). The nucleus elongates and indents the basement
membrane (short arrow). Notice the close apposition of the mononuclear and the endothelial cell (I, long arrows and J). Four punctate junction structures are seen between
the endothelial and the mononuclear cell (short arrows). A close-up of the basement membrane on the abluminal side of the EC shows a poor definition of the BM limits (K
arrowheads). The endothelial cell shows a large lysosomal body(*). In L a 22 nm particle (short arrow) is seen in the endothelial cell cytoplasm close to the basement
membrane. There are abundant pinocytic vesicles in the EC cytoplasm (long arrows).

L. Calderón-Garcidueñas et al. / Environmental Research 146 (2016) 404–417412
contributions to neurodegenerative diseases with both neurovas-
cular and neurometabolic uncoupling playing a role in age-related
neuropathologies in close association with cognitive decline
(Brickman et al., 2015; Lourenco et al., 2015; Haight et al., 2015; Lai
et al., 2015).The statement by Lo and Rosenberg (2009) that sick
vessels may generally lead to sick neurons is of great concern in a
developing brain. In the complex scenario of lifetime multiple air
pollutant exposures, both the ones we usually measure and the
ones we do not, we have plenty of evidence that particulate matter
in the nanosize range can induce endothelial damage (Ucciferri
et al., 2014; Alinovi et al., 2015; Bayat et al., 2015; Spigoni et al.,
2015; Meng et al., 2015). Nanoparticle exposure is associated to
systemic immune responses (Thompson et al., 2014) and en-
dothelial heterogeneity in response to exogenous stimuli, particle
potency and composition, sources and the particle content of
metals and endotoxin are key in the evaluation of endothelial
damage and inflammatory responses and the severity of oxidative
stress (Karthikeyan et al., 2013; Alinovi et al., 2015). Metals are a
key component of particles and Mexico City children have high
concentrations in the frontal cortex of manganese, nickel and
chromium parallel to high expression of COX2, IL1β and TGF-β1
indicating neuroinflammation (Calderón-Garcidueñas et al., 2012a,
2013a, 2013b). IL1β, a major microglial pro-inflammatory cytokine
has proven to be an early marker of air pollution exposure in MC
children's brains (Calderón-Garcidueñas et al., 2008a), and its role
in BBB disruption through downregulation of Sonic hedgehog
(SHH) in astrocytes along increased production of pro-in-
flammatory chemokines including CCL2, CCL20 and CXCL2 are
critical for BBB disruption and neuroinflammation (Wang et al.,
2014). Up-regulation of TGF-β1 is a common finding in frontal



Fig. 9. Localization of nanosize particles in the white matter. A illustrates nanosize particles in the RBC, an endothelial cell mitochondria (M) and the basement membrane
(arrowheads). Particles in the range of 20–38 nm are seen in abnormal mitochondria (M) with a few cristae (arrowheads) or no cristae (*) (B). An intact mitochondria
displaying a couple of particles (short arrows) is seenwithin a myelinated axon (C). In contrast, a poorly preserved dendrite (arrowheads) displays a larger particle measuring
40 nm (long arrow). In an adjacent area (D), a poorly preserved unmyelinated axon (arrowheads) shows a mitochondria with no particles. Poorly preserved unmyelinated
axons show mitochondria with intact cristae and one single particle 30 nm in diameter (E, short arrow). A degenerating myelinated axon with remnants of myelin (ar-
rowheads) shows one single nanosize particle (short arrow) (F). A common observation between RBC and the endothelial cell cytoplasm is the presence of linear accu-
mulation of nanosize particles (short arrows) (G and H). In H, a common finding in MC subjects: significant caveolar EC activity (long arrows).
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cortex of MC children (Calderón-Garcidueñas et al., 2012a) and
chronic production of TGF-β1 in transgenic mice has been asso-
ciated with AD-like microvascular degeneration (Wyss-Coray et al.,
2000).

Both endothelial cell injury and dysfunction are considered
early events in air pollution-associated effects and the major
marker of endothelial dysfunction: endothelin-1 is quickly pro-
duced in response to the combination of particulate matter and
ozone (Thomson et al., 2005; Calderón-Garcidueñas et al., 2007;
2008c; Finch and Conklin, 2015). Endothelin-1 is a 21 amino acid
peptide with potent vasoconstrictor properties. Vasoconstriction is
a potential contributor to cerebral hemodynamic impairment in
urban children that can be included in the context of systemic
inflammation, vasospasm and induction of focal ischemia (Ei-
senhut, 2014; Murray et al., 2014; Lei et al., 2015; Nguemeni et al.,
2015). ET-1 overexpressing astrocytic cells showed amyloid se-
cretion after a hypoxic/ischemia insult, suggesting astrocytic ET-1
contributes to dementia associated with ischemic stroke (Hung
et al., 2015).

Since the major factor determining the impact of neural anti-
bodies is the integrity of the blood–brain-barrier (Diamond et al.,
2014; Levin et al., 2010), the autoimmune TJs and neural compo-
nents seen in MC children potentially add to the ongoing neuro-
vascular unit damage. Complicating the white matter damage
scenario is the issue of impaired drainage of interstitial fluid (La-
man and Weller, 2013; Weller et al., 2015). MC children have white
matter abnormalities on magnetic resonance imaging (MRI) in-
cluding white matter hyperintensities (WMH) and visible peri-
vascular spaces (PVS) (Calderón-Garcidueñas et al., 2011b, 2012b)
and although there is very effective lymphatic drainage for fluid
and solutes along restricted pathways in the basement mem-
branes of cerebral capillaries and arteries in young individuals we
fully expect lymphatic drainage of the brain is impaired in MC
subjects particularly in Apolipoprotein ε4 carriers (Weller et al.,
2015). Weller et al., strongly suggest that deposition of proteins in
the lymphatic drainage pathways in the walls of cerebral arteries
relates to vascular pathology, including cerebral amyloid angio-
pathy and protein elimination failure angiopathy. In addition, the
presence of abnormal proteins, including Aβ in the walls of ca-
pillaries and arteries in Mexico City teens and young adults (Cal-
derón-Garcidueñas et al., 2012a, 2013a) may suggests that Aβ is
deposited in the pathways by which interstitial fluid drains from
the brain as described with great detail by Hawkes et al. (2014).
The contribution of the neuropil pathology including the peri-
vascular axonal and dendritic findings cannot be ignored given the
strong evidence of the key role of cerebral small vessel vasculo-
pathy to the pathogenesis of Alzheimer's disease (Edwards et al.,
2015) and the work of Maillard et al., (2011) showing that WMHs
and their penumbra vary in severity and together span a con-
tinuous spectrum of white matter injury that worsens with time.
Promjunyakul et al., (2015) measured cerebral blood flow (CBF)
surrounding WMHs to identify’‘WM at risk’. They concluded CBF
penumbra involves surrounding WMHs, which is associated with
future WMH expansion. Prefrontal WMH's are seen in approxi-
mately 50% of seemingly healthy Mexico City children and young
dogs (Calderón-Garcidueñas et al., 2008b), so the issue is a serious
one, potentially affecting around 4 million children in MC alone.

The unfortunate combination of white matter hyperintensities,
amyloid β and factors playing a role in modifying cerebral auto-
regulation in Mexico City children account for vascular risk factors
for the development of AD (Calderón-Garcidueñas et al., 2012b,
2013a, 2015a).The white matter damage we are describing in this
work could be directly related to two important findings in Mexico
City children: (1) The presence of predominantly frontal white
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matter hyperintensities (WMH) in MC children and their re-
lationship with the complex modulation of cytokines and che-
mokines and cognitive correlates (Calderón-Garcidueñas et al.,
2012b). (2) The statistically significant reduction of the NAA/Cr
ratio in the right frontal white matter and decrements on atten-
tion, short-term memory, and below-average scores in Verbal and
Full Scale IQ (410 points) in APOE 4 v APOE 3 children (Calderón-
Garcidueñas et al., 2015b). Interestingly, young dogs with frontal
WMH expand their lesions with time in a strong association with
arteriolar pathology (Calderón-Garcidueñas et al., 2008b).The is-
sue of WMH in MC children is very important because white
matter microstructure alterations in childhood will result in
changes in fluid intelligence later in life (Ritchie et al., 2015). In
fact, we are seeing fluid intelligence/working memory changes in
elementary school children, teens and in young college students
(Calderón-Garcidueñas et al., 2008b, 2015b and unpublished work
on progress with Dr. Randall Engle at Georgia Tech). Moreover,
WMH relate to cognitive and functional impairment (Prins and
Scheltens, 2015).

At the core of the matter is the complex interaction between
abnormal tight junctions, BBB dysfunction, small vessel cere-
brovascular disease, abnormal cerebrovascular basement mem-
branes, altered cerebral autoregulation, high production of ET-1,
nanoparticles damaging endothelial cells, autoimmunity to tight
junction and neural proteins, neuroinflammation and lifestyle and
vascular risk factors at play in Mexican youth. Of particular con-
cern is childhood obesity and overweight problems with poor
diets and high consumption of high fructose sodas. We are ob-
serving 11 year old normal weight MC children with 12 h fasting
hyperleptinemia related to PM2.5 exposures, altered appetite-reg-
ulating peptides, and increases in ET-1 (Calderón-Garcidueñas
et al., 2015e). These changes could signal the future trajectory of
urban children towards the development of insulin resistance,
obesity, type II diabetes, addiction-like behavior, cognitive im-
pairment and Alzheimer's disease. Maternal obesity is also in the
picture, since the risk for AD will be associated with sustained
high-fat diet during gestation and lactation periods, as shown in a
mouse model (Hawkes, 2015). Using a mouse model of maternal
obesity, Hawkes et al. found that exposure to a high-fat diet in the
fetus and the early neonatal period induced changes in multiple
components of the neurovascular unit, including a down-regula-
tion in collagen IV, fibronectin and apolipoprotein E, an up-reg-
ulation in markers of astrocytes and perivascular macrophages and
altered blood vessel morphology in the brains of adult mice. In-
terestingly, sustained high-fat diet over the entire lifespan resulted
in additional decreases in levels of pericytes and impaired peri-
vascular clearance of Aβ from the brain. These results are very
relevant to human populations and support a critical role for early
dietary influence on the brain vasculature across the lifespan, with
consequences for the developing brain and later cerebrovascular
and neurodegenerative diseases (Hawkes, 2015).

Two other potential consequences of the NVU pathology are
worth commenting in the scenario of children living in polluted
environments. The first one is nicely discussed by Licht and Keshet
(2015) and pertains to the key issue relating blood vessels to stem
cell niches in the brain. The sub-ventricular zone and the hippo-
campus are the two major neurogenic niches and stem cells are
physically associated with blood vessels. Thus, our expectations
will include an alteration of the NVU components in these two
target areas in highly exposed children. Parenthetically, MC chil-
dren of the same age as the children in this study show significant
low NAA/Cr hippocampal ratios, but not yet robust markers of
hippocampal inflammation (IL1β and COX2) (Calderón-Garcidue-
ñas et al., 2008a, 2015c).The second issue has been discussed by
several authors including Sweeney et al., and Poggessi et al., 2015
and deals with a pressing need: if indeed the NVU pathology is one
key factor in the development of AD then early identification of
NVU cell-specific responses including endothelial dysfunction
circulating biomarkers ought to be explored in highly exposed
children. In this regard, the use of non-invasive techniques to
study the NVU integrity are a must, since we are dealing with
clinically healthy children. Arterial spin labeling (ASL) a non-in-
vasive MRI technique to measure cerebral blood flow (CBF) could
be a useful tool (Grade et al., 2015), while diffusion tensor imaging
focusing on diffusivity measures could be used to assess white
matter integrity (Nir et al., 2013) along with characterizing major
global WM network properties (Fischer et al., 2015). Cerebrospinal
fluid markers of NVU dysfunction are critical to study in exposed
paediatric populations and a useful source of CSF samples are
those labeled as normal in the course of exploratory studies, i.e.,
work-up for CNS leukaemia involvement (Calderón-Garcidueñas
et al., 2015a). Sweeney et al. (2015) have a table depicting CSF
markers of BBB breakdown, vascular cells and astrocytes that can
be applicable to children's samples from low versus highly pol-
luted places.

4.1. Limitations, perspectives, and future directions

We acknowledge our main limitations include the relatively
small group of dogs with optimal EM samples, the lack of optimal
preservation of human frontal tissues due to the time between the
death of the subjects and the processing of samples, the need to
quantitate at a molecular level the mRNA and protein levels of the
integral TJs proteins and the flow cytometry analysis of endothelial
TJs proteins, inflammatory cytokines and adhesion molecules
(Elahy et al., 2015).

Taken together, findings summarized in this work lend strong
support to the notion that key components of the neurovascular
unit are compromised in highly exposed Mexico City children and
young dogs. Advancing from the state of ‘guilt by association’ in
terms of air pollution components and their specific role on the
brain impact we are describing, to identification of specific factors
altering the NVU is exposed children are critical research areas.
Preceding this paramount undertaking, however, further char-
acterization of the biomarkers of neurovascular dysfunction might
prove instrumental. Future research needs to address fundamental
questions: how early are the white matter changes in the overall
MC pediatric population? Are we able to pick up the differences
between MC and controls in terms of DTI diffusivity? How early?
Are APOE4 carriers different from APOE 3 from early childhood in
terms of NVU damage markers? What is the impact of the lifestyle
factors in the developing of NVU dysfunction? Are overweight and
obese children at higher risk? Or perhaps normal weight children
with hyperleptinemia are at high risk as well?

Independently of issues concerning the impact of air pollutants
and what specific air pollutants are responsible within the com-
plexity of the atmospheric chemistry and the microenvironments
of each subject, there is a pronounced need to identify molecular,
structural and functional phenotypes of children and teens asso-
ciated with cognition deficits and neurodegenerative features be-
cause intervention to protect them is a must. Reliable neurovas-
cular dysfunction biomarkers are essential for early detection of
subjects at risk and intervention and to evaluate the effectiveness
of early neuroprotection (Sweeney et al., 2015).

In the broad sense, current knowledge should allow us the
opportunity to intervene in young urban populations, especially
because we have enough evidence that multidimensional inter-
ventions are useful and because we cannot ignore the 138% in-
creased risk of AD per increase of 4.34 μg/m3 in PM2.5 in the Jung
et al. (2015) work suggesting long-term exposure to O3 and PM2.5

is associated with increased the AD risk.
Everybody talks about the enormous health, family, social, and
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economic burden of Alzheimer's disease, why then ignore the fact
that air pollution is likely playing a key role, along with lifestyle
and genetic factors and that children's detrimental brain effects
have potential serious consequences in the short and long term.
There is no support for preventive research. Why?
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