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Exacerbates Cognitive Impairment and
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Abstract.
Background: The terrorist attacks on September 11, 2001, on the World Trade Center (WTC) led to intense fires and a
massive dense cloud of toxic gases and suspended pulverized debris. In the subsequent years, following the attack and
cleanup efforts, a cluster of chronic health conditions emerged among First Responders (FR) who were at Ground Zero
for prolonged periods and were repeatedly exposed to high levels of WTC particulate matter (WTCPM). Among those are
neurological complications which may increase the risk for the development of Alzheimer’s disease (AD) later in life.
Objective: We hypothesize that WTCPM dust exposure affects the immune cross-talking between the periphery and central
nervous systems that may induce brain permeability ultimately promoting AD-type phenotype.
Methods: 5XFAD and wild-type mice were intranasally administered with WTCPM dust collected at Ground Zero within
72 h after the attacks. Y-maze assay and novel object recognition behavioral tests were performed for working memory deficits
and learning and recognition memory, respectively. Transcriptomic analysis in the blood and hippocampus was performed
and confirmed by RT qPCR.
Results: Mice exposed to WTCPM dust exhibited a significant impairment in spatial and recognition short and long-term
memory. Furthermore, the transcriptomic analysis in the hippocampal formation and blood revealed significant changes in
genes related to immune-inflammatory responses, and blood-brain barrier disruption.
Conclusion: These studies suggest a putative peripheral-brain immune inflammatory cross-talking that may potentiate cog-
nitive decline, identifying for the first time key steps which may be therapeutically targetable in future studies in WTC
FR.
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INTRODUCTION

The terrorist attacks on September 11, 2001, led
the Twin Towers and Building 7 of the World Trade
Center (WTC) in New York City to collapse result-
ing in intense fires and a massive dense cloud of toxic
gases and suspended pulverized debris. Fires contin-
ued intermittently for 3 months after 9/11. During
the aftermath, approximately 73,000 individuals were
involved in the initial emergency response, rescue
efforts, and clean-up. The World Trade Center Health
Program (WTCHP) emerged after the catastrophe to
monitor and treat first responders, including firefight-
ers and emergency medical staff, general responders,
including volunteers, and survivors suffering from
9/11-derived health conditions [1].

Immediately after the collapse of the WTC build-
ings, clouds of pollutants and toxins persisted for
months including particles of different natures and
sizes. Samples of settled dust from Ground Zero
were collected during September 12-13, 2001 to
analyze its composition and anticipate the poten-
tial human health impact [2–4]. Several pollutants
including neurotoxins, asbestos, multiple chemical
elements, as well as organic compounds such as poly-
cyclic aromatic hydrocarbons (PAHs), and pesticides,
most of them carcinogenic, were described in the
WTCPM dust [5–8]. Many of these components have
been shown to initiate or propagate inflammatory
responses and may have deleterious effects on brain
function [9].

Clinical follow-up of the WTC First Responders
(FR) revealed epidemiological evidence suggesting
that people exposed to high levels of WTCPM
have seen their health negatively impacted, under-
lying an important public health burden. Initial
studies of the longitudinal effects of WTCPM
have largely investigated in relation to cardiovas-
cular [10, 11], respiratory disorders [12–14], and
cancer [15].

Nevertheless, as this cohort has begun to age, ques-
tions regarding the long-term effects of WTCPM
exposure and the resultant neurological complica-
tions have been posed. Initial studies have correlated
chronic exposure to WTCPM with neurologic and
psychiatric disorders [16]. Clouston et al. [17]
reported that chronic exposure to airborne dust and
smoke might have a detrimental effect on blood-brain
barrier (BBB) permeability; a pathologic feature
in various neurodegenerative diseases, including
Alzheimer’s disease and related dementias (ADRD)
[18, 19].

There is evidence suggesting that WTCPM-
exposed FR suffering from chronic posttraumatic
stress disorder (PTSD) are 3 times more likely
to develop mild cognitive impairment (MCI) than
the healthy population [20]. Furthermore, PTSD
symptoms in FR have been correlated with alter-
ation in neurodegeneration plasma-based biomarkers
including a higher amyloid-� (A�)1-42/A�1-40 ratio,
reduced soluble A�, high soluble tau protein,
and high neurofilament light compared to healthy
non-exposed to WTC dust individuals [21]. The com-
bination of PTSD and WTCPM dust inhalation has
been also associated with increased levels of systemic
pro-inflammatory and neuroinflammatory sequelae,
leading to accelerated aging processes and cogni-
tive decline [17]. Interestingly, FR acutely exposed
to high levels of dust, and carrying the APOE �4
allele (which confers susceptibility to AD) were
more prone to develop MCI and severe PTSD [20].
Hence, the evidence supports the hypothesis that FR
acutely exposed to WTCPM may be at higher risk of
age-associated neurodegenerative disorders, includ-
ing AD. However, there is a significant dearth of
research based on the molecular mechanisms of how
WTCPM affected these individuals.

In the present study, we show that acute exposure to
WTCPM may accelerate cognitive deterioration and
AD-type neuropathology in mice genetically mod-
ified to develop AD-type cognitive phenotype. In
addition, our transcriptomic studies strongly support
the evidence that acute exposure to WTCPM may
trigger generalized immune inflammatory cascades
which may underlie the collective pathophysiology
being experienced by FR following exposure to
WTCPM.

MATERIALS AND METHODS

Mouse model

Pathogen-free, female wild-type (WT) (C57BL/
6J) (Strain #000664) and transgenic 5XFAD
(B6.Cg-Tg(APPSwFlLon,PSEN1*M146L*L286V)
6799Vas/Mmjax) (Strain #034848-JAX), were
purchased from the Jackson Laboratory Animals
(Bar Harbor, ME, USA). All animals were housed
in a temperature-controlled (20 ± 2◦C) vivarium and
maintained on a 12/12 h light/dark cycle. Food and
water were available ad libitum. As the vast majority
of the FR exposed to the dust were around 30 years
of age, we decided to use the equivalent mouse
age being of 20–24 weeks [22]. All procedures
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were approved by the Institutional Animal Care and
Use Committee of the Icahn School of Medicine
at Mount Sinai. All animal experiments complied
with the ARRIVE guidelines and were carried out
in accordance with the U.K. Animals (Scientific
Procedures) Act, 1986 and associated guidelines,
EU Directive 2010/63/EU for animal experiments,
or the National Research Council’s Guide for the
Care and Use of Laboratory Animals.

WTC dust preparation and administration

WTCPM samples
WTCPM used in this study was provided by Dr.

Lung-Chi Chen, Professor at NYU Langone Health,
Department of Environmental Medicine, and repre-
sents the only existing material on-site at Ground
Zero, to which FR were repeatedly exposed in the
critical initial 72 h. Particle sampling, sizing, and
characterization have previously been described [2,
5–7]. The mass median aerodynamic diameter of
WTCPM <53 was found to be 23 �m, with size
distributions of 10–53 �m, 2.5-1 �m, or ≤2.5 �m
diameters comprising 42, 0.5, and 1.5% of the total
mass, respectively [3]. All WTC particle samples
(10–53 �m size range) were kept at room temper-
ature in airtight containers and away from potential
light exposure. WTC dust was weighted at the specific
concentration of 125 �g/50 �l/animal using sterile
water as a vehicle, just prior to use. Samples were
also sonicated for approximately 1 h before use.

WTCPM samples preparation and intranasal
instillation

WTCPM 10–53 �m preparation was previously
described by Hernandez et al. [23]. Briefly, WTCPM
10–53 �m was suspended in sterile water 1 h prior
to the administration and sonicated for 1 h. Mice
were anesthetized in a closed container containing
Isoflurane (1–3% in oxygen) (Butler Schein, Dublin,
OH). Once sedated to one breath per two seconds,
mice were manually placed in a supine position at an
approximately 45◦ angle, allowing for unobstructed
intranasal delivery of suspended particles or vehicle.
25 �l of dust or vehicle were carefully instilled into
each nostril for a total of 50 �l per mouse. All mice
were exposed to repeated intranasal (IN) instillation
of WTCPM 10–53 �m. For this, 125 �g/dose was
selected to achieve exposure burdens calculated to
reflect those faced by FR exposed to Ground Zero
air levels. The selected dosing amount of 125 �l,
frequency, and sacrifice time point, were derived

from Hernández et al. [23, 24]. According to those
studies, this dose was the most physiologically rele-
vant for our studies, and a higher dose of WTCPM
10–53 �m in C57BL/6J mice led to a ceiling effect
(possibly due to airway blockage) and increased
lethality with repeated dosing in a short period
of time.

The same authors described the human equiva-
lent dosing calculations that were acquired using
allometric body weight factors of 0.67 (BW0.67)
and 0.75 (BW0.75), considering the weight ratios
of 0.02–0.03 kg for mice and 50–70 kg for humans
and taking into account the FR intermediate expo-
sure to WTCPM 10–53 �m for an 8-h shift at
Ground Zero which is on the order of ≈50 mg/kg.
Across both genotypes (WT and 5XFAD) there
were three experimental groups: high (HE), low
(LE), and no (NE)-exposure group. HE mice
were exposed to 125 �g of WTCPM 10–53 �m
on three consecutive days for 3 weeks (with 4-
day recovery between each round of exposures = 9
total exposures × 125 �g = 1.125 mg; based on 100%
deposition efficiency due to IN instillation). LE mice
were exposed to 125 �g of WTC dust on just three
consecutive days in the first week, then the vehicle in
each subsequent week (3 total exposures = 375 �g).
NE mice received the vehicle in all nine exposures.
While this level is below the one routinely used in
other rodent studies, to reach a cumulative level of
exposure comparable to that experienced by WTC
FR, and to reduce the IN-induced death in mice, the
animals were dosed with 125 �g dust/instillation.

Behavioral studies

Y-maze Spontaneous Alternation test
On days 22-23-post first exposure (PFE), mice

were tested for working memory deficits using the Y-
maze spontaneous alternation assay. WT and 5XFAD
mice were placed at the start arm on a Y-shaped
maze and allowed to explore all three arms freely for
10 min. The frequency of alternation among the three
arms was recorded with a NIR camera and measured
with ANY-mazeTM tracking software (Stoelting Co.,
IL, USA. Version 5.1 Beta). Generally, mice have an
innate tendency to explore the environment they have
not recently visited. Spatial working short-term mem-
ory impairment in this assay is defined as behavior
wherein a mouse re-enters the same arm(s) repeat-
edly and thus does not remember which arms have
been explored.
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Novel Object Recognition test (NOR)
On days 29-30-PFE, learning and recognition

memory were assessed via novel object recognition
tests (NOR). This test was performed 7 days after
the Y-maze to allow the mice to rest. Each mouse
was placed in a square chamber and allowed to habit-
uate to the environment for 2 d (5 min/d) prior to
the cognitive assessment. On Day 3 (29 days-PFE),
mice were placed in the same enclosure with an
addition of two objects (a salt shaker and a toy
block) and given 10 min to investigate. The time
spent with both objects was recorded with a NIR
camera and measured with ANY-mazeTM tracking
software (Stoelting Co., IL, USA. Version 5.1 Beta).
Each mouse was then removed and returned to its
cage. After 1 h (short-term memory/ learning acquisi-
tion) or 24 h (longer-term memory/consolidation and
recall), the enclosure was prepared with a familiar
object from previous trials and a novel object. Each
mouse was again placed in the enclosure and allowed
to explore. Cognitively intact mice display an innate
tendency to spend a greater amount of time investi-
gating the novel object rather than the familiar one.
Thus, an animal that does not remember which object
it has been exposed to previously will spend simi-
lar amounts of time exploring both objects. Potential
learning and memory deficits are calculated using a
Preference Index as defined by the following formula:
[Time at novel object / (Time at novel object + Time
at familiar object)] x 100 (%).

Sample preparation

Blood collection
To monitor blood-associated changes due to the

WTC dust exposure, blood was collected at the end
of the experiment, 2 weeks post-last exposure in
female WT and 5XFAD mice, by retro-orbital sinus
collection. Animals were anesthetized in a closed
container containing Isoflurane (1–3% in oxygen)
(Butler Schein, Dublin, OH). Once sedated, they are
held by the back of the neck and the loose skin of the
head is tightened to allow for immobilization. Stan-
dard heparinized micro-hematocrit capillary tubes
are used. The tip of the capillary is placed at the
medial canthus of the eye under the nictitating mem-
brane. The sinus is punctured and blood enters the
tubing by capillary action. 200–250 �l (1% of the
animal’s body weight) of blood was collected into
tubes with K2EDTA (Cat#365974; BD Microtainer,
NJ, USA), and kept on ice for 15 min. Afterward,
samples were processed for transcriptomic analysis.

Brain collection
Brains were collected and rinsed in cold 1X PBS,

and microdissection for the isolation of the hip-
pocampus was performed. The hippocampus was
dissected and processed for transcriptomic analysis.
Total RNA was extracted from hippocampus tissue
using TRIzol (Cat#15596026; Invitrogen, MA, USA)
followed by RNeasy Mini Kit (Cat#74104; Qiagen,
MD, USA) according to the manufacturer’s instruc-
tions.

Enzyme-linked immunosorbent assay (ELISA)
To measure the levels of the two amyloid-� (A�)

peptides namely A�1-40 and A�1-42 in the prefrontal
cortex and hippocampus, ELISA was performed
using mouse A�40 (Cat#KMB3481; Invitrogen, MA,
USA) and mouse A�42 (Cat#KMB3441; Invitrogen,
MA, USA) ELISA kits following the manufac-
turer’s instructions. Briefly, frozen tissue samples
were weighted and homogenized in a cold buffer,
which consisted of 5 M guanidine-HCl/50 mM Tris
supplemented with an inhibitor cocktail containing
AEBSF (Cat#78431; Thermo Fisher, MA, USA). The
samples were incubated using an orbital shaker for 3 h
at room temperature and centrifuged at 16,000× g for
20 min. Subsequently, supernatants were collected
and diluted with standard diluent buffer to an appro-
priate concentration. Standards and samples were
incubated in A�1-40 or A�1-42 polyclonal antibody-
precoated 96-well plates. Plates were read at 450 nm
using a microplate reader (VarioskanTM Lux; Thermo
Fisher, MA, USA). Concentrations of A�1-40 and
A�1-42 in the prefrontal cortex or hippocampus
were calculated using the standard curves. The total
amount of protein from each sample was normalized
using the BCA assay (Cat#23225; Thermo Fisher,
MA, USA).

Transcriptomic analysis

Multiplexed gene expression in the hippocam-
pus and blood of WT and 5XFAD mice after
WTC dust exposure was conducted using the
Nanostring nCounter Mouse Neuropathology Panel
(XT-CSO-MNROP1-12) and Immunology Panel
(XT-CSO-MNROP1-12), respectively, in collabora-
tion with the Quantitative PCR CoRE at the Icahn
School of Medicine at Mount Sinai. Briefly, RNA was
extracted from hippocampus homogenate and blood
using a Direct-zol RNA Miniprep (Cat#R2051; Zymo
Research, CA, USA) according to the manufacturer’s
instructions.
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Transcriptional changes were analyzed using
nSolver (Version 4.0), with additional downstream
analyses performed using Ingenuity Pathway Analy-
sis (IPA; Qiagen, Inc.). Analysis of cell populations
by Nanostring cell score is calculated as the aver-
age log-scale expression of characteristic genes for
specific cell populations as identified by nSolver.

Gene expression validation by quantitative RT
qPCR

RNA obtained from mouse hippocampi was
reverse transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Cat#4368813, Thermo
Fisher, MA, USA) according to the manufacturer’s
instructions. 30–40 ng of RNA was used per reac-
tion and yielded 2-3 �g/�l of DNA. Gene expression
was measured in 3 replicates. The expression of
Nlrp3, Interferon-�, Il-1�, Il-10, Nfκ�, Il-6, Tnf-�,
Hmgb1, Il-18, GSDMD, Claudin-5, Vegf�, Itgam,
Thy-1, Cx3cr1, PSD95, Mapk3, MMP9, MSR1, MIP-
1�/CCL3 (Supplementary Table 1) was measured
by Real-Time Quantitative Reverse Transcription
PCR (RT qPCR) using Power SYBR Green PCR
Master Mix (Cat# 4367659, Thermo Fisher, MA,
USA) in an ABI PRISM 7900HT Sequence Detec-
tion System at the Icahn School of Medicine qPCR
CoRE. Graphs represent fold change in cDNA val-
ues with respect to non-exposed controls normalized
to hypoxanthine phosphoribosyltransferase (Hprt)
internal control using the 2–��Ct method.

Brain tissue analysis by inductively coupled
plasma-mass spectrometry (ICP-MS)

Brain hemispheres stored at –80◦C were thawed
and placed on watch glasses in a tissue culture
hood. The watch glasses were previously cleaned
with detergent, followed by 50% HCl (Cat#A466-1,
Fisher Scientific) and 50% HNO3 (Cat#A509P212,
Thermo Scientific), for 1 h at 80◦C. All brain sam-
ples were collected and homogenized using ceramic
tools (X-Acto), to avoid any metal contamination.
Two technical replicates were generated for each
brain. Tissue was transferred to 30 ml Teflon bottles
(Cat#02-923-30AA, Thermo Scientific), previously
cleaned as the watch glasses. Three groups were
created: control with no tissue, quality control, con-
taining 25–50 mg of oyster tissue as the standard
reference material (Cat#SRM 1566b, NIST), and
sample with brain tissue. Bottles were weighed using
an antistatic system (Zerostat –3 anti-static gun,

MiltyPro) to neutralize electrostatic charges. Subse-
quently, tissue was dried in a microwave (1600 W) at
40% power in 2 sessions × 1 h with a 30 min-pause in
between. Afterward, bottles were weighed to estimate
the percentage of dry material. For trace elemen-
tal analysis, tissue was digested with 2 ml of HNO3
(Cat#A467-1, Thermo Scientific), followed by 3 ml
of HCl (Cat#A466-1, Fisher Scientific), in a heat-
ing block (120◦C) for 2 h. As a final step, 1 ml of
H2O2 (Cat#P170-500, Fisher Scientific) was added,
and the bottle caps were replaced by a plastic cover,
to allow for liquid evaporation, at 120◦C. The con-
tent of the bottles was transferred to pre-cleaned 15 ml
polystyrene tissue culture tubes and brought to a final
volume of 10 ml with distilled H2O (10% final acid
content). The samples were analyzed at the Lamont-
Doherty Earth Observatory of Columbia University
(New York, USA) on a Thermo Element XR high-
resolution ICP-MS. The concentration of elements
was computed as ng per mg of wet brain tissue.

Statistical analysis

All values are expressed as the mean and stan-
dard error of the mean (S.E.M). One-way ANOVA
with Tukey’s posthoc was performed for overall com-
parisons. One-way ANOVA with Dunnett’s multiple
comparisons test was done to compare the control
group to the test groups. T-test analysis (two-tails,
equal variance) was used to compare two experi-
mental groups. Outliers (2 S.E.M. from the mean)
were removed from the analysis. Statistical analy-
sis was performed using GraphPad Prism (version
9.1.1). Significant differences were set to ∗p ≤ 0.05,
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001, ∗∗∗∗p < 0.0001.

RESULTS

WTC dust-exposed mice display spatial working
memory impairment

Previous studies have identified a heightened inci-
dence of cognitive dysfunction in WTC FR relative to
non-exposed individuals, with impairments noted in
reaction speed, processing speed, and memory [25].
We hypothesized that repeated exposure to WTCPM
may directly affect the CNS, leading to memory
dysfunction. To directly investigate the effects of
WTCPM, exposure in mice genetically modified to
develop AD-type phenotype and WT mice were
administered intranasally with the dust for 3 consec-
utive days (125 �g/50 �l/animal/dose) for 3 weeks
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Fig. 1. A) WTCPM exposure paradigm. WT and 5XFAD mice were assigned to three experimental groups: high (HE), low (LE), and no
(NE)-exposure group. HE mice were exposed to 125 �g of WTCPM 10–53 �m on three consecutive days for 3 weeks (with a 4-day recovery
between each round of exposures. LE mice were exposed to 125 �g of WTC dust on just three consecutive days in the first week, then
the vehicle in each subsequent week (3 total exposures = 375 �g). NE mice received the vehicle in all nine exposures. The following week
memory and learning performance were measured using Y-maze and Novel Object Recognition (NOR). The day after blood was collected and
animals were sacrificed for further analysis. B) Evaluation of spatial working memory measuring the frequency of alternation among the three
arms using the Y-maze spontaneous alternation assay on days 22-23 PFE. Both WT and 5XFAD mice exhibited dose-dependent decreases in
working memory after exposure to WTC dust, with only the HE group (mean ± S.E.M: WT: 30.35 ± 2.77; 5XFAD: 30.13 ± 2.40) displaying
significant impairment compared to those animals not exposed to the dust (NE) (mean ± S.E.M: WT: 40.74 ± 2.015; 5XFAD: 40.92 ± 2.40)
(NE versus LE: WT: ns, p = 0.2401; 5XFAD: ns, p = 0.3120; NE versus HE: WT: ∗p = 0.035; 5XFAD: ∗p = 0.033; LE versus HE: WT: ns,
p = 0.5076; 5XFAD: ns, p = 0.5037). C) Learning acquisition and memory consolidation and recall in 5XFAD and WT exposed to WTC
dust. Novel Object Recognition (NOR) task was performed 30-31 days PFE and preference Index measured. WT animals treated with low
(mean ± S.E.M: 40.20 ± 7.03) and high (mean ± S.E.M: 51.18 ± 5.49) dust exposure, did not show significant differences in exploratory
behavior onto the novel object compared to those non-exposed mice (mean ± S.E.M: 51.00 ± 5.11) (NE versus LE: ns, p = 0.9055; NE versus
HE: ns, p = 0.8796). On the contrary, 5XFAD animals exposed to high doses of dust (mean ± S.E.M: 36.00 ± 4.15), showed significantly more
preference to explore the familiar object rather than the novel when compared to no exposure mice, depicting underlying memory alteration,
putatively due to dust exposure (mean ± S.E.M: 52.67 ± 4.49) (NE versus LE: ns, p = 0.1715; NE versus HE: ∗p = 0.045). Long-term memory
consolidation examined 24hrs after the second session. WT animals did not show any difference in exploratory preference among the three
experimental groups (mean ± S.E.M: NE: 42.02 ± 6.35; LE: 36.27 ± 5.96; HE: 43.94 ± 6.03) (NE versus LE: ns, p = 0.7883; NE versus
HE: ns, p = 0.9748). However, a significant dose-related decrease in memory consolidation was observed in 5XFAD, depicting a cognitive
impairment and difficulty to recognize the familiar object (mean ± S.E.M: NE: 64.55 ± 11.92; LE: 53.67 ± 6.70; HE: 32.96 ± 4.98) (NE
versus LE: ns, p = 0.6022; NE versus HE: ∗p = 0.0233).

(Fig. 1A). After 2 weeks post-final exposure, the spa-
tial working memory was examined using the Y-maze
spontaneous alternation assay on days 22–23 post-
final exposure (Fig. 1B).

The frequency of alternation among the three
arms (in %) was evaluated. Both WT and 5XFAD

mice exhibited dose-dependent decreases in work-
ing memory after exposure to WTC dust, with only
the HE group (mean ± S.E.M: WT: 30.35 ± 2.77;
5XFAD: 30.13 ± 2.40) displaying significant impair-
ment compared to those NE animals to the
dust (mean ± S.E.M: WT: 40.74 ± 2.015; 5XFAD:
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40.92 ± 2.40) (NE versus LE: WT: ns, p = 0.2401;
5XFAD: ns, p = 0.3120; NE versus HE: WT:
∗p = 0.035; 5XFAD: ∗p = 0.033; LE versus HE: WT:
ns, p = 0.5076; 5XFAD: ns, p = 0.5037) (Fig. 1B).
These results provide support to the hypothesis that
repeated high dose of WTCPM dust exposure can be
directly linked to working memory deficits that might
persist for an extended period of time after the initial
exposure.

Next, we assessed if learning acquisition and
memory consolidation, and recall was affected by
exposure to WTCPM. At ∼30 days PFE, 5XFAD,
and WT mice were subjected to a Novel Object
Recognition (NOR) task. 24 h after habituation to
the apparatus, mice were presented with two iden-
tical objects to explore for 10 min, and after a 1-h
intersession interval, one of the two objects was
replaced by a novel and unfamiliar object. When
the cognitive abilities are intact, the animals tend
to explore the novel object due to innate motiva-
tion for novelty rather than familiarity, since they
remember the familiar object. WT animals treated
with low (mean ± S.E.M: 40.20 ± 7.03) and high
(mean ± S.E.M: 51.18 ± 5.49) dust exposure, did not
show significant differences in exploratory behavior
onto the novel object compared to those non-exposed
mice (mean ± S.E.M: 51.00 ± 5.11) (NE versus LE:
ns, p = 0.9055; NE versus HE: ns, p = 0.8796). On the
contrary, 5XFAD animals exposed to high doses of
dust (mean ± S.E.M: 36.00 ± 4.15), showed signifi-
cantly more preference to explore the familiar object
rather than the novel when compared to no expo-
sure mice, depicting underlying memory alteration,
putatively due to dust exposure (mean ± S.E.M:
52.67 ± 4.49) (NE versus LE: ns, p = 0.1715; NE ver-
sus HE: ∗p = 0.045).

Long-term memory consolidation was examined
24 h after the second session by replacing the
novel object with a second new object. WT ani-
mals did not show any difference in exploratory
preference among the three experimental groups
(mean ± S.E.M: NE: 42.02 ± 6.35; LE: 36.27 ± 5.96;
HE: 43.94 ± 6.03) (NE versus LE: ns, p = 0.7883;
NE versus HE: ns, p = 0.9748) (Fig. 1C). However, a
significant dose-related decrease in memory consoli-
dation was observed in 5XFAD, depicting a cognitive
impairment and difficulty to recognize the famil-
iar object (mean ± S.E.M: NE: 64.55 ± 11.92; LE:
53.67 ± 6.70; HE: 32.96 ± 4.98) (NE versus LE: ns,
p = 0.6022; NE versus HE: ∗p = 0.0233) (Fig. 1C).
These results provide support for our hypothesis that
repeated high-level WTC dust exposure may have

stronger effects on cognition, more specifically learn-
ing acquisition and memory consolidation, in animals
that are genetically determined to develop AD-type
A� pathology.

Aβ42/40 levels increase in the prefrontal cortex
following WTC dust exposure

Based on the evidence suggesting that cognitive
deterioration is worsened by acute WTCPM exposure
in mice genetically modified to develop AD-type phe-
notype we hypothesize that one potential mechanism
of cognitive deterioration could be a manifestation
of AD-A� neuropathology in the brain as in part
also observed in FR [21]. Based on this and the evi-
dence that AD-A� neuropathology has a key role
in the onset of AD- cognitive deterioration, we next
examined the effect of the WTCPM IN instillation of
WTCPM dust on the levels of A�1-42 and A�1-40, in
the prefrontal cortex and hippocampus of 6-7-month-
old WT and 5XFAD mice.

We found a statistically significant and selective
increase in the ratio A�42/40, and index of amyloid-
� protein precursor (A�PP) processing and AD-
amyloid neuropathology) in non-exposed 5XFAD
mice compared to non-exposed WT in the hip-
pocampus (mean ± S.E.M: WT – dust: 15.82 ± 2.46;
5XFAD – dust: 30.58 ± 1.67; ∗∗∗p = 0.0004). No
detectable changes in A�1-42/1-40 ratio was found
in the prefrontal cortex (mean ± S.E.M: WT –
dust: 20.10 ± 2.22; 5XFAD – dust: 39.67 ± 4.97; ns,
p = 0.073) (Fig. 2). Interestingly, animals exposed to
the dust (lowest dose) showed statistically signifi-
cant differences for A�1-42, A�1-40 ratio compared
to WT non-exposed only in the prefrontal cor-
tex (mean ± S.E.M: 5XFAD + dust: 41.95 ± 5.85;
WT– dust versus 5XFAD + dust: ∗p = 0.025). How-
ever, no effect of WTCPM dust exposure was
observed in the hippocampus compared to WT –
dust (mean ± S.E.M: 5XFAD + dust: 19.70 ± 1.25;
WT – dust versus 5XFAD + dust: ns, p = 0.286).
No differences were observed in 5XFAD non-
exposed and exposed to WTCPM dust in either
brain region (prefrontal cortex: ns, p = 0.948; hip-
pocampus: ns, p = 0.061) (Fig. 2). In addition,
5XFAD mice exposed to high levels of dust
did not show significant differences compared to
those exposed to low levels of dust (data not
shown).

The resulting data for the A�1-42/1-40 ratio reveals
the potential effect of the WTCPM exposure in
5XFAD mice, on the changes in A� levels being



786 R. Iban-Arias et al. / WTC Dust Exposure Impact Neuroinflammation

Fig. 2. ELISA analysis for A� levels in the prefrontal cortex and hippocampus, in 6-7-month-old WT and 5XFAD mice. Panels for A�1-42,
A�1-40, and the ratio of A�1-42/1-40 are shown for the prefrontal cortex and hippocampus. A statistically significant increase in the ratio
A�1-42, A�1-40 in non-exposed 5XFAD mice compared to non-exposed WT in the hippocampus (mean ± S.E.M: WT – dust: 15.82 ± 2.46;
5XFAD – dust: 30.58 ± 1.67; ∗∗∗p = 0.0004), but not in the prefrontal cortex (mean ± S.E.M: WT – dust: 20.10 ± 2.22; 5XFAD – dust:
39.67 ± 4.97; ns, p = 0.073). Animals exposed to the dust (lowest dose) showed statistically significant differences for A�1-42, A�1-40 ratio
compared to WT non-exposed only in the prefrontal cortex (mean ± S.E.M: 5XFAD + dust: 41.95 ± 5.85; WT – dust versus 5XFAD + dust:
∗p = 0.025). However, no effect of dust exposure was observed in the hippocampus compared to WT – dust (mean ± S.E.M: 5XFAD + dust:
19.70 ± 1.25; WT – dust versus 5XFAD + dust: ns, p = 0.286). No differences were observed in 5XFAD non-exposed and exposed to dust
in either brain region (prefrontal cortex: ns, p = 0.948; hippocampus: ns, p = 0.061).

differentially distributed in the prefrontal cortex and
hippocampal formation.

WTC dust elevates the levels of Chromium in the
mouse brain following exposure

Previous studies have investigated the composi-
tion of WTCPM [5–8]. Here, we hypothesized that
certain chemical elements in the WTCPM may accu-
mulate in the CNS, leading to cognitive decline and
exacerbation of AD-type A� neuropathology. In this
study, WTCPM was instilled via the nares at a dose
of 125 �g/50 �l for 3 consecutive days, repeated for
3 weeks, and examined via ICP-MS. After two weeks
post-last exposure, animals were sacrificed, and the
brains were collected for chemical elements analysis.
Only NE and high-exposed (HE) animals were used

for these studies. The ICP-MS analysis provided con-
centrations (ng/mg wet brain tissue) for 32 chemical
elements (Table 1).

Most of the chemical elements investigated in con-
nection with AD neurotoxicity include the essential
metals iron, copper, zinc, manganese, selenium, and
chromium, and the non-essential metals lead, mer-
cury, and aluminum [26, 27]. Among the 32 chemical
elements analyzed we found that the concentration
of chromium shows a statistically significant 20%
increase in the whole brain of 5XFAD mice exposed
to a high level of WTCPM compared to vehicle-
exposed 5XFAD controls (∗p = 0.02) (Table 1). No
significant detection of the chemical elements was
found in WT groups. We want to point out, that
the levels of metal detectability are complex due to
the variable efflux rates from the brain of many of
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Table 1
Concentration (ng/mg) of the 32 chemical elements measured by ICP-MS analysis in WT and 5XFAD Control (Non-Exposed) and Exposed

(High Exposure) to the WTC dust mouse brains

Elements WT 5XFAD
Control Dust p Control Dust p

Exposure Exposure

P 3828 ± 1032 5047 ± 650 0.34 3985 ± 110 3872 ± 45 0.36
S 2229 ± 486 2600 ± 253 0.51 2527 ± 209 2385 ± 78 0.54
Mg 221 ± 58 229 ± 29 0.91 181 ± 5 174 ± 1 0.17
Ca 189 ± 55 271 ± 177 0.67 230 ± 88 157 ± 43 0.47
Zn 96 ± 73 22 ± 3 0.33 20 ± 2 15.7 ± 0.3 0.05
Fe 30 ± 10 27 ± 3 0.78 22 ± 1 21.3 ± 0.6 0.50
Al 12 ± 6 7.9 ± 2.1 0.55 5.5 ± 1.1 4.7 ± 0.9 0.59
Cu 9.6 ± 3.6 7.4 ± 1.1 0.57 7.6 ± 1.5 5.04 ± 0.09 0.12
Rb 2.9 ± 0.9 4.0 ± 0.5 0.30 3.0 ± 0.1 2.99 ± 0.04 0.79
Se 2.5 ± 1.1 42.0 ± 40.8 0.36 12.4 ± 8.7 9.29 ± 8.15 0.80
Mn 1.6 ± 1.0 0.63 ± 0.07 0.37 0.57 ± 0.03 0.52 ± 0.01 0.17
Ni 1.1 ± 0.5 0.83 ± 0.16 0.61 0.84 ± 0.30 0.32 ± 0.04 0.12
Ba 0.7 ± 0.4 0.06 ± 0.01 0.18 0.06 ± 0.01 0.04 ± 0.00 0.08
As 0.6 ± 0.4 5.1 ± 4.9 0.38 3.62 ± 2.63 2.66 ± 2.30 0.79
Sr 0.5 ± 0.4 0.10 ± 0.04 0.35 0.10 ± 0.02 0.06 ± 0.01 0.16
Sn 0.27 ± 0.06 0.33 ± 0.10 0.63 0.17 ± 0.04 0.12 ± 0.02 0.24
Cd 0.16 ± 0.15 0.00 ± 0.00 0.32 0.01 ± 0.00 0.00 ± 0.00 0.13
Ti 0.15 ± 0.12 0.03 ± 0.00 0.35 0.04 ± 0.01 0.04 ± 0.01 0.69

Cr 0.10 ± 0.01 0.10 ± 0.01 0.43 0.09 ± 0.01 0.11 ± 0.00 0.02∗

Mo 0.08 ± 0.02 0.10 ± 0.02 0.50 0.06 ± 0.00 0.06 ± 0.00 0.78
Ag 0.07 ± 0.03 0.05 ± 0.02 0.62 0.08 ± 0.02 0.06 ± 0.00 0.11
Li 0.06 ± 0.01 0.05 ± 0.01 0.46 0.05 ± 0.01 0.04 ± 0.00 0.35
Pb 0.04 ± 0.01 0.05 ± 0.01 0.76 0.02 ± 0.01 0.03 ± 0.02 0.65
V 0.04 ± 0.03 0.01 ± 0.00 0.31 0.01 ± 0.00 0.00 ± 0.00 0.11
Co 0.04 ± 0.02 0.02 ± 0.00 0.40 0.02 ± 0.00 0.01 ± 0.00 0.47
Cs 0.03 ± 0.01 0.03 ± 0.01 0.89 0.05 ± 0.01 0.04 ± 0.00 0.42
U 0.02 ± 0.02 0.00 ± 0.00 0.31 0.00 ± 0.00 0.00 ± 0.00 0.49
Sb 0.01 ± 0.00 0.02 ± 0.01 0.49 0.01 ± 0.00 0.00 ± 0.00 0.82
Be 0.01 ± 0.00 0.01 ± 0.00 0.96 0.00 ± 0.00 0.00 ± 0.00 0.23
La 0.01 ± 0.01 0.00 ± 0.00 0.32 0.00 ± 0.00 0.00 ± 0.00 0.89
Tl 0.00 ± 0.00 0.00 ± 0.00 0.78 0.00 ± 0.00 0.00 ± 0.00 0.79
Bi 0.00 ± 0.00 0.00 ± 0.00 0.51 0.00 ± 0.00 0.00 ± 0.00 0.47

Mean ± S.E.M is shown for each chemical element. ∗Significant, after correction for multiple testing.

these chemical elements present in the WTCPM. Fur-
thermore, very low concentrations (parts per trillion,
PPT), dose, and time dependency exert a major role
in detection.

WTC dust affects the transcriptional phenotype
in the peripheral immune system

Exposure to WTCPM has multiple deleterious
effects on the function of the body, including inducing
inflammation. Indeed, exposure to WTCPM has been
shown to cause airway inflammation and endothelial
dysfunction in the cardiovascular system, with noted
increases in polymorphonuclear neutrophils in nasal
and bronchoalveolar lavage fluid [23].

Here, we analyzed the peripheral effects on the
transcription of immunologically related genes, fol-
lowing WTCPM HE in 5XFAD mice using a
Nanostring nCounter Mouse Immunology Transcrip-

tomic Panel (XT-CSO-MNROP1-12). A total of 22
genes were differentially expressed (21 upregulated,
1 downregulated) and are depicted in red in Fig. 3A.
Of note, we observed significant increases in the tran-
scription of immunologically related genes including
Tumor necrosis factor (Tnf), Tumor necrosis factor
receptor superfamily 1� (Tnfrsf1β), Chemokine (C-
C motif) ligand 3 (Ccl3; also known as macrophage
inflammatory protein 1-alpha), Macrophage scav-
enger receptor 1 (Msr1), and CCAAT-Enhancer
Binding Protein � (Cebpβ). In addition to differ-
ential gene expression, Cell Scores were calculated
in nCounter. A trending increase in neutrophils, the
granulocytes of the innate immune system, was also
noted in the peripheral blood of WTCPM-exposed
5XFAD mice, compared to 5XFAD mice exposed to
saline vehicle (Fig. 3B).

Finally, resultant effects on canonical cellular
pathways were assessed with IPA. Significant activa-
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Fig. 3. Transcriptomic analysis in the blood of WTCPM-exposed 5XFAD mice. Volcano plot depicting significantly differentially expressed
genes in 5XFAD mice exposed to WTCPM. Genes where p < 0.05 are depicted in red. The top 10 genes as identified by the absolute value of
log2fold change are labeled (A). Populations of neutrophils in 5XFAD mice exposed to WTCPM increase, as assessed by Log2(Cell Score) by
Nanostring nSolver (B). Ingenuity pathway analysis revealed significant activation of inflammatory-related pathways. Significant pathways
were characterized by p < 0.05, and –1.5 < Z < +1.5 (C). Differentially expressed genes found in top activated pathways (C). Claudin-5,
Hmgb1, Tnf-�, and Thy-1 genes are significantly upregulated in the blood of 5XFAD mice following exposure to WTCPM (D). For a,
∗p < 0.05, ∗∗p < 0.01 by Student’s t-test, with Welch’s correction.

tion was observed in pathways with an overarching
theme of inflammation and included the acute phase
response signaling, apoptosis signaling, and NF-κ�
signaling (Fig. 3C). Full gene lists indicating genes
and differential expression are included in Supple-
mentary Figure 1. Expression of some me of the
genes found of interest was analyzed by RTqPCR
studies, where Claudin-5, High mobility group box
1 (Hmgb1), TNF-�, and Thy-1 cell surface antigen
(Thy-1) were upregulated (Fig. 3D).

WTC dust exacerbates the neuroinflammatory
transcriptional profile in mouse brain

Based on our evidence and the clinical investiga-
tions suggesting that acute exposure to WTCPM may
trigger generalized immune inflammatory cascades
possibly underlying the collective pathophysiology
being experienced by FR following exposure to
WTCPM [21], we next explored transcriptional
changes in the brain.

To assess transcriptional changes in the brain, hip-
pocampal RNA from 5XFAD mice exposed to high
levels of WTCPM and 5XFAD vehicle controls were
analyzed with a Nanostring nCounter Mouse Neu-

ropathology Panel (XT-CSO-MNROP1-12), which
assesses the transcriptional activity of 770 genes
associated with neurodegeneration and neurodegen-
erative processes. Examination of the transcriptional
effects in the hippocampal formation of 5XFAD
mice exposed to WTC dust revealed a total of 133
upregulated and 61 downregulated genes, relative to
the vehicle-exposed group. Differentially regulated
genes (p < 0.05) are depicted in red in Fig. 4A. The 10
most differentially expressed genes, as identified by
the log2fold change, are depicted in red and labeled
in Fig. 4A.

Analysis of cell populations by Nanostring cell
score was calculated as the average log [1] scale
expression of characteristic genes for specific cell
populations, as identified by Nanostring. Levels of
astrocytes, endothelial cells, oligodendrocytes, and
microglia in the hippocampus of highly-exposed
5XFAD mice were seen to be significantly increased,
compared to the vehicle-treated group (Fig. 4B).

Next, using IPA for changes in canonical path-
ways (log2fold changes) we investigated the resultant
biological effects of the transcriptional differences
observed in response to WTCPM treatment. A sig-
nificance threshold of p < 0.05 was established a
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Fig. 4. Transcriptomic analysis in mouse brain. Volcano plot depicting significantly differentially expressed genes in the hippocampus of
5XFAD mice exposed to WTCPM. Genes where p < 0.05 are depicted in red. The top upregulated genes as identified by the absolute value
of log2fold change are labeled (A). Populations of astrocytes, endothelial cells, oligodendrocytes, and microglia significantly increase in the
hippocampus of 5XFAD mice exposed to WTCPM, as assessed by Log2(Cell Score) by Nanostring nSolver (B). Ingenuity pathway analysis
revealed significant activation of inflammatory-related pathways (C). Significant pathways were characterized by p < 0.05, and –1.5 < Z < +1.5.
Claudin-5, Mmp-9, PSD95, Thy-1, Il-1�, and Interferon-� genes are significantly upregulated in the hippocampus of 5XFAD mice following
exposure to WTCPM (D). For a, ∗p < 0.05, ∗∗p < 0.01 by Student’s t-test, with Welch’s correction.

priori to determine canonical pathway enrichment.
To quantify activation and repression of pathways,
a Z-score threshold of –1.5 > Z < 1.5 was chosen
a priori. The top 20 differentially activated path-
ways, as identified by the absolute value of the
Z-score, are depicted in Fig. 4C. Exposure to
WTC dusts evoked a variety of perturbations in
immune function, cell signaling, and homeostatic
functioning. Significant activation of immune-related
pathways, including Sphingosine-1-phosphate Sig-
naling, Leukocyte Extravasation Signaling, Integrin
Signaling, and CXCR4 Signaling were noted in

5XFAD HE mice, compared to the vehicle-treated
group. Significant changes in expression of genes
involved in the BBB integrity including Claudin-
5 (Cldn5), Vascular endothelial growth factor A
(Vegfa), integrin subunit alpha m (Itgam), Thy-1, C-
X3-C motif chemokine receptor 1 (Cx3cr1) were
found. Full gene lists indicating genes and dif-
ferential expression are included in Supplementary
Figure 2. Differential gene expression was validated
by RTqPCR confirming upregulation of Claudin-5,
MMP-9 (a matrix metalloproteinase), PSD95, Thy-1,
Il-1�, and Interferon-� (Fig. 4D).
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These effects are indicative of a peripherally
mounted innate immune response, which might syn-
ergistically propagate neuroinflammation. While we
did not examine the concentration of chemical ele-
ments in circulation, it is possible that the exposure
to WTCPM might have exerted peripheral immune
responses ultimately resulting in the disruption of
brain endothelial tight junction proteins leading to
a permissive vascular permeability for migration of
peripheral immune modulators to the brain.

DISCUSSION

Emerging evidence has highlighted the importance
of investigating the pathophysiology of brain func-
tion impairment due to the chronic inhalation of
WTCPM, as observed in FR over the years after
9/11. Previous reports have indicated the rise of men-
tal health issues such as depression or anxiety in
this population [28, 29]. Here, we investigated the
effects of IN exposure to WTC dust in WT and
5XFAD mice, on cognitive decline progression as
also the impact of the dust on the regulation of dif-
ferent genes in the peripheral immune and CNS.
Previous in vivo studies using WT 8-10-week-old
mice, treated either acutely with a single dose of
1 mg or a 10-exposures treatment of 63 �g/dose,
reported an increase in anxiety-like behavior [24].
In this study, we found that 5XFAD female mice
highly exposed to the WTCPM (125 �g/dose × 9
doses) developed a behavior phenotype defined by
loss of short- and long-term memory compared to
those non-exposed. Moreover, both WT and 5XFAD
animals also depicted cognitive decline in spatial
working short-term memory. Overall, 5XFAD mice
showed more susceptibility to the impact of WTCPM,
worsening and accelerating the cognitive decline pro-
cess. The results of these studies show that mice
genetically modified to develop AD-type cognitive
deterioration and neuropathology are in agreement
with the evidence suggesting that WTCPM exposure
is associated with a high risk to develop cognitive
deterioration in FR [19].

One of the hallmarks in the neuropathology of AD
is the aggregation and clearance A� [30]. Interest-
ingly, the WTCPM dust exposure in 5XFAD animals
increased the ratio A�1-42/1-40 selectively in the pre-
frontal cortex but not in the hippocampal formation.
The differential brain distribution of the A�1-42/1-40
ratio might occur since the prefrontal cortex is located
in the vicinity of the olfactory bulb, and this area

is first affected following intranasal instillation of
WTCPM. It is well described that the A�1-42 is
the most toxic fibrillogenic peptide and the main
component present in the AD A� plaques [31]. Fur-
thermore, a recent study suggests the correlation of
soluble A�1-42 with cognitive impairment rather than
amyloid plaques in familial and sporadic AD [32].
Nevertheless, further studies should be pursued to
investigate in depth the AD-A� pathology in those
FR exposed to the WTC dust.

After demonstrating the detrimental effect of
WTCPM exposure on cognition and A� levels in
our mouse model of WTCPM exposure, we next
examined whether different components of the dust,
previously characterized by several groups, were
present in the brain of those mice exposed to the
highest dose. Our ICP-MS data indicate an increased
presence of chromium in the brain tissue of WTCPM-
exposed mice. There is evidence suggesting that
chromium preferentially accumulates in the pitu-
itary gland in and cerebral cortex in rodent models
of neurotoxins exposure [33, 34]. This chemical
element could enter the brain through the olfac-
tory bulb, which is unprotected by the BBB [35].
For example, we note that a recent study reveals
that chromium exposure increases the risk of AD
[27]. Lastly, Hegazy et al. [36] reported that rodents
exposed intranasally to different concentrations of
chromium (0.125, 0.25, 0.5 mg Cr/kg/day) are neuro-
logically impaired including cognitive deterioration
and motor functions. Chromium is the most soluble
heavy metal, and its high solubility might be one rea-
son we specifically detected it our WTCPM animal
model.

Direct toxicity from WTCPM dust has been
demonstrated in vivo, mainly in the respiratory
and circulatory systems [11, 13]. In vitro, THP-
1 macrophages exposed to WTC dust elicited the
production of reactive nitrogen species and corre-
lated directly with cytotoxicity [23]. The same study
revealed significant polymorphonuclear neutrophil
infiltrate into the bronchoalveolar lavage fluid and an
increase of pro-inflammatory cytokines using mice
treated with WTC dust. These previously published
data alert of the potential toxicity and activation of the
peripheral immune system for its potential impact on
FR neuroinflammation as discussed below.

Based on this hypothesis, we further examined the
effect of acute exposure to high levels of WTCPM on
the peripheral immune system of 5XFAD animals.
Excitingly we found that among the 21 upregulated
genes in peripheral blood, there were several involved
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Fig. 5. Scheme of hypothesis. Macrophages, present in the peripheral system, encountering WTCPM, are possibly activated, releasing
pro-inflammatory cytokines, including IL-1�, and inducing a subsequent activation of neutrophils. Simultaneously, more signals arise when
neutrophils eject IL-1� autocrine release signaling, necessary for early neutrophil recruitment and forward migration from the bloodstream to
the BBB. Once the neutrophils reach the extracellular matrix, they produce MMP-9 which exerts a proteolytic activity degrading the different
components of the basement membrane, increasing the permeability, and facilitating the infiltration of cells, cytokines, and WTCPM. The
neurovascular unit formed by astrocytes, oligodendrocytes, microglia, and endothelial cells along with pericytes, neurons are compromised
due to the BBB loss of integrity and function. As a consequence of exposure to the dust, there is an amplification of the neutrophil inflammatory
response, by the recruitment of other immune cells such as monocytes and macrophages that will produce cytokines to further perpetuate
the pro-inflammatory cascade, leading to the activation of microglia, and ultimately to neuroinflammatory pathology in the brain.

in the immune inflammatory response including
Tnfrsf1β or Tnf-α. High levels of the Tnf-α gene
were confirmed by RT qPCR along with Claudin-5,
Hmgb1, and Thy-1.

We note that TNF-� has been shown to activate
NF-κ� signaling, leading to MMP-9 upregula-
tion [37, 38]. Luo et al. [39], demonstrated that
Cebpβ–upregulated in our studies—binds to the
promoter region of MMP-9. For example, MMPs,
including MMP-9, exert proteolytic activity capable
of degrading various components of the extracellular
matrix leading to BBB disruption after focal stroke in
rats [40]. MMP-9 is essential for neutrophil migration
to the vessels, where they degrade the extracellular
matrix, leading to BBB permeability [41]. This is
highly relevant to this study since FR may be at are
high risk for cerebrovascular disorders which is also
a risk factor for cognitive deterioration [42].

It has been reported that neutrophils, key regulators
of the innate immune system, mediate recruitment

activation and infiltration in the BBB by the release
of IL-1� from neutrophils or other immune cells like
macrophages [43]. This is consistent with the evi-
dence that WTCPM exposure in rodents promotes an
increase in polymorphonuclear neutrophils in nasal
and bronchoalveolar lavage fluid [23] in agreement
with the trend increase we found in the periphery in
our study. This evidence is consistent with a periph-
erally mounted innate immune response to WTCPM
dust exposure, which we hypothesize will synergis-
tically propagate neuroinflammation to the brain.

To better define the impact of WTCPM exposure on
the crosstalk between the peripheral immune system
and the CNS, we next examined the transcriptomic
profile in the hippocampus of 5XFAD mice follow-
ing exposure to WTC dust. We found, that in the
hippocampal formation of 5XFAD mice exposed to
WTCPM dust, Claudin-5 is the most highly upreg-
ulated gene. Claudin-5 serves an essential role in
the permeability of the BBB and is highly expressed
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in endothelial blood vessels in the brain [44]. It
has been reported decreased levels of claudin-5 in
the hippocampus of AD mice [45], therefore further
investigation would be crucial to determine whether
the increase of Claudin-5 expression in our study may
serve as a compensatory mechanism to protect BBB
integrity.

This study presents a few limitations. For exam-
ple, it is worth acknowledging that for these studies
only female animals were used. Even though the
risk to develop AD is more pronounced in females,
both genders should be taken into consideration to
ensure rigor and reproducibility to test the hypoth-
esis that exposure to WTCPM causes neurological
impairment.

It is well-known that there is a correlation between
inflammation and A�-tau pathology in AD [46].
Microglia are key in clearing A� fibrils, acting
as the first line of defense in the early stages of
AD [47]. However, when a sustained activation of
microglia occurs, they are overcome by A� load
and tau hyperphosphorylation in the brain, lead-
ing to the recruitment of peripheral macrophages,
in an attempt to phagocytose the A� plaques, the
release of pro-inflammatory cytokines, and even-
tually to neuroinflammation [48]. Hence, it is of
paramount importance that future studies examine
A� and tau neuropathology components to explore
possible correlations with cognitive decline and neu-
roinflammation to further understand the potential
impact of WTC dust in the progression of AD-like
neuropathology.

One other limitation is that the effects of WTCPM
were evaluated shortly after exposure in our studies
while the health consequences of FR were rendered
years after the initial exposure. The long-term con-
sequences of these initial alterations observed in our
studies should be extended accordingly.

In short, as a consequence of acute exposure
to the WTCPM dust, there is an amplification of
the macrophages-neutrophils-induced inflammatory
response, possibly through a mechanism involving
the recruitment of other immune cells such as mono-
cytes and macrophages that will continue to produce
cytokines to further perpetuate the pro-inflammatory
cascade in the periphery. We hypothesize this being
a pivotal mechanism through peripheral immune
inflammatory changes may feedforward a vicious
cycle of immune-inflammatory changes in the brain
ultimately leading to the activation of inflamma-
tory microglia and degenerative neuroinflammation
(Fig. 5).

Collectively our study provides valuable informa-
tion relevant to the health of the FR and opens a
new horizon for new layouts to understand the impact
that acute exposure to WTCPM has on the acceler-
ated onset of AD and other forms of dementia in FR
reaching old age.
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