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Introduction
Alzheimer’s disease (AD) is the most prevalent form of
dementia and affects around 1 in 8 individuals over the
age of 65 years [1]. AD results in progressive and irre-
versible neurological alterations which impact cognition,
quality of life, and lifespan [2]. Even in mild AD cases,
extensive damage has already occurred in the brain at the
time of diagnosis, where neuronal death causes changes in
overall structure and function, most notably within hippo-
campus and neocortical areas [1, 3]. The clinical hallmark
of AD is worsening of two or more cognitive domains,
commonly observed in episodic memory and executive
functions [4, 5]. Some of the earliest alterations that may
be predictive of conversion of mild cognitive impairment
(MCI) to AD are olfactory dysfunction [6] and impair-
ments in working and semantic memory [4], which is
comparable to reference memory in rodents [7].
The most common form of AD is sporadic AD, occur-

ring later in life than familial AD. While inherited genes,
like the apolipoprotein E ε4 allele, can predispose an in-
dividual to developing sporadic AD, genes are not the
sole contributors to AD risk [1, 8]. One of the proposed
risk factors for sporadic AD is air pollution exposure,
which is both ubiquitous and already well established as
a risk factor for other detrimental health outcomes,
namely elevated cardiovascular and pulmonary disease
morbidity and mortality [9, 10]. A growing body of epi-
demiological literature suggests that exposure to elevated
concentrations of air pollution is also associated with ad-
verse central nervous system (CNS) outcomes [11–13].
Studies that examine sources of pollution and its constit-
uents have found that elevated exposure to particulate
matter (PM) is associated with increased hospitalizations
for AD and dementia [11] and with diminished cognitive
function [14] and accelerated cognitive decline in the
elderly [15]. These findings implicate a role for PM ex-
posure in the progression of AD-related pathology and
associated cognitive decline.
Air pollution is a heterogeneous mixture of gaseous

and particulate components with high temporal and
spatial variability. This makes the identification of causal
neurotoxic constituents very difficult [16]. Despite this
uncertainty, the ultrafine particulate matter (UFP) frac-
tion of air pollution, consisting of particles ≤100 nm in

aerodynamic diameter, is thought to be of particular
concern. UFPs are more numerous in the ambient air
than larger-sized particles (comprising ~ 80% of all PM
by number) [17, 18], have a higher surface area to mass
ratio (providing a greater interface for reactivity) [19],
and deposit efficiently within all regions of the respira-
tory tract [20]. It has been observed with laboratory-
generated nanoparticles (< 100 nm) that smaller sized
particles have prolonged retention in the lung [21] and
have a higher potential for translocation across the lung-
blood barrier as compared to larger particles [22, 23].
Potential routes of UFP translocation into the CNS in-
clude direct retrograde translocation from the olfactory
mucosa along olfactory neurons [24–26] or via the
trigeminus [27, 28], which extends sensory neurons
throughout the nasal mucosa. UFP induced inflamma-
tion, systemically and/or within the brain, has been
shown to promote AD-related cognitive decline [29, 30]
and pathology [31–33]. This makes understanding the
possible effects of UFP exposure of growing importance,
especially as it has the potential to exacerbate the grow-
ing burden of AD upon society [34].
We hypothesized that exposure to concentrated ambi-

ent UFP air pollution can exacerbate AD-related cogni-
tive and memory phenotypes. To test this hypothesis, we
exposed male 3xTgAD and non-transgenic (NTg) mice
to UFPs using the Harvard ultrafine concentrated ambi-
ent particle system (HUCAPS) or filtered air (FA) begin-
ning at 12.5 months of age. This is an age during which
amyloid-β (Aβ) plaques, hyperphosphorylated-tau tangle
pathology, and cognitive alterations are present in male
3xTgAD mice [35, 36]. The 3xTgAD mice are a useful
model because they display both the pathological hall-
marks and neuroanatomical progression of early human
AD stages. Additionally, the male mice of the strain have
a well characterized behavioral progression in which
spatial learning deficits are reported to initiate at ~ 6
months of age as measured by Morris water maze test-
ing [37]. We performed a battery of behavioral assess-
ments over the course of the ensuing 6.5 months to
assess the effects of exposure on locomotor activity,
spatial learning and memory, short-term memory, food
motivation (progressive ratio schedule), and olfactory
discrimination (Table 1).

Table 1 Order of behavioral testing

Psychological domain Behavioral test Average testing agea

Locomotor activity Spontaneous locomotor activity (SLA) 14 months

Spatial memory Radial arm maze (RAM) 15.5 months

Short-term object recognition memory Novel object recognition (NOR) 17 months

Motivation Progressive ratio schedule (PR) 18 months

Olfaction Olfactory discrimination 19 months
aAverage age of the mice during the testing duration
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