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Neuropathology changed by 3- and ")
6-months low-level PM s inhalation
exposure in spontaneously hypertensive rats
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Abstract

Background: Epidemiological evidence has linked fine particulate mattes RMneurodegenerative diseases;
however, the toxicological evidence remains unclear. The objective of this study was to investigate the effects of
PM son neuropathophysiology in a hypertensive animal model. We examined behavioral alterations (Morris water
maze), lipid peroxidation (malondialdehyde (MDA)), tau and autophagy expressions, neuron death, and caspase-3
levels after 3 and 6 months of whole-body exposure to urbagpdfMspontaneously hypertensive (SH) rats.

Results:SH rats were exposed to S-, K-, Si-, and Fe-dominase@P8/6 + 2.5 and 10.8 + 3./m* for 3 and 6

months, respectively. We observed no significant alterations in the escape latency, distance moved, mean area
crossing, mean time spent, or mean swimming velocity aftgsBkposure. Notably, levels of MDA had significantly
increased in the olfactory bulb, hippocampus, and cortex after 6 months,geRpbsureff < 0.05). We observed that
3 months of exposure to PMcaused significantly higher expressions of t-tau and p-tau in the olfactonpluthob)
but not in other brain regions. Beclin 1 was overexpressed in the hippocampus with 3 monthssekpdéure, but
significantly decreased in the cortex with 6 months exposure tosM&uron numbers had decreased with caspase-3
activation in the cerebellum, hippocampus, and cortex after 6 months.ofdéXdosure.

Conclusions:Chronic exposure to low-level Phtould accelerate the development of neurodegenerative
pathologies in subjects with hypertension.
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Background decreases in cognition function3]. Other results from
Particulate air pollution has been linked to initiation of the Nurse$ Health Study Cognitive Cohort in the US
neurodegenerative diseases (NGD49) P]. Results from showed that exposure to coarse (with an aerodynamic
an aging study cohort indicated that exposure to traffic- diameter of 2.5 ~10 m) (PM,5_10) and fine (PM 5 par-
related pollution and black carbon was associated withticulate matter size fractions was associated with cogni-
tive declines fl]. Exposure to traffic-related air pollution
was associated with an increased risk of Parkinsodis-
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development of NGDs; however, the underlying patho- olfactory deficits are associated with early evidence of
physiology remains unclear. AD pretangled subcortical and cortical hyperphosphory-

Neuroinflammation is a critical mechanism in the de- lated tau.
velopment of NGDs. Our previous study indicated that Cardiovascular diseases and metabolic syndrome are
oxidative stress and inflammation with short-term mem- recognized as risk factors for the development of NGDs
ory deficiencies occurred after 3 and 6 months of expos-[24, 25]. A previous study showed that exposure to
ure to traffic-related PM (<1 m in aerodynamic traffic-related air pollution impaired the braiis micro-
diameter) in Sprague-Dawley rat§]} Consistently, alter- vascular integrity in a high-fat diet animal model2f].
ations in motor activity, spatial learning, and memory However, a paucity of evidence is available for neurotox-
and emotional behaviors due to exposure to diesel ex-city caused by PMs in hypertensive animals. We hy-
haust particles (DEPs) were observed in vivB-10]. pothesized that patient with hypertension is population-
Acute exposure to DEPs at high concentrations (250 ~ at-risk for development of neurodegenerative disease by
300 g/m®) induced oxidative stress and neuroinflamma- chronic exposure of PMs The objective of the present
tion [8]. Costa and colleague indicated that neurogenesistudy was to investigate the effects of BMon neuro-
injury in the hippocampus by DEPs was associated withpathophysiology in a hypertensive animal model. We ex-
activation of microglia. In vivo results provided evidence amined behavioral alterations, lipid peroxidation, tau
that DEPs caused oxidative stress, inflammation, and celand autophagy expressions, neuronal death, and caspase-
death in human neuroblastoma cells, which could be as-3 levels after chronic pulmonary exposure in spontan-
sociated with regulating tau and autophagy expressiongously hypertensive (SH) rats.
in the brain [11]. Physiological changes, inflammation,
oxidative stress, and an unfolded protein response oc-
curred after PM, 5 exposure, the responses of which dif- Results
fered with different size fractions of Pis[12]. Characterization of urban PM s

Deposition of insoluble proteins in cells of the neuro- The experimental design is shown in Fig. SH rats were
muscular system was characterized in NGDs. Clinicallygxposed to either 3 or 6 months of urban Pj during
tau protein accumulation is considered a biomarker of the study period. PM s mass concentrations were 8.6 +
NGDs in clinical diagnoses1[3, 14]. Overexpression of 2.5 and 10.8+3.8g/m® g/m® for the 3- and 6-month
tau can cause its hyperphosphorylation], which leads €xposure periods, respectively. Meteorological conditions
to tau aggregation and the appearance of smaller proteoand gaseous pollution were referenced from the nearby
lytic fragments [L6]. Regulation of autophagy has a EPA Guting air quality monitoring station during the
cleansing role in removing tau accumulations from cells, study period (Table $). The average temperature was
which is believed to be an important function in main- 20.2+5.0°C and relative humidity was 80.8% + 9.6%.
taining the brairis health [L6]. Previous studies observed Levels of NQ, SO, and O; exposed to the rats (HEPA
that PM, s caused dysfunction in removing damaged and PM; s groups) were 21.6+6.3, 2.6+1.1, and 26.3+
proteins by autophagy7, 18]. Also, DEPs induced neu- 10.7 ppb, respectively. We then determined elements of
roinflammation, oxidative stress, and neurodegenerativePMzs for the first 3months and the subsequent 3
related tau overexpression and regulation by autophagymonths of exposure (Fig2). We observed that elements
in human IMR-32 neuroblastoma cellsifl]. Autophagy in the first 3 months and subsequent 3 months of expos-
dysfunction can lead to the initiation of NGDs such as ure respectively accounted for 19.29 and 18.12% of the
Alzheimers disease (AD)19]. However, chronic effects total PM; s Consistently, S, K, Si, and Fe were dominant
of PM, s on tau and autophagy expressions in the brainin the both first 3months and subsequent 3 months of
remain unclear. PMzs

During inhalation, PM is able to deposit in the upper
airway such as head and nasal regions of humag€].[
For example, ultrafine particles (UFP; 100nm) is MWM
mainly deposited by diffusion which makes it more likely Figure 3 shows the acquisition phase (days 1~4) and
to deposit on the olfactory epithelium. Additionally, UFP probe trial (day 5) using the MWM to respectively
could translocate to brain via the olfactory epithelium examine spatial learning and memory ability. There were
[21, 22]. One study indicated significant hyperpho- no significant differences in the escape latency or dis-
sphorylated tau neurofibrillary tangles, vascular amyloid,tance moved between the control and exposure groups.
neuronal amyloid accumulation, alpha-synuclein aggre-For the probe trial, there were no significant differences
gates, and neurites in the olfactory bulbs after exposuren the mean area crossing, mean time spent, or mean
to high levels of PM sin 179 residents living in Metro- swimming velocity between the control and exposure
politan Mexico City [23]. Increasing reports suggest that groups.
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Fig. 1 Overview of the experimental design for investigating the effects of fine particulate matier PRMwith an aerodynamic diameter of 4
2.5 m) on neurotoxicity in spontaneously hypertensive (SH) rats. The whole bodies of 8-week-old SH rats in the high-efficiency particylate air
(HEPA) and PMgroups were exposed to urban R¥for 3 and 6 months. In the 6-month group, a Morris water maze (MWM) was used tg

to PMy s Rats were euthanized after 3 or 6 months of exposure for biochemical analyses. The 6-month group was histologically examined.
Additionally, urban P)Mwas collected onto Teflon filters for metal analyses

J

MDA exposure to PM s caused significant expressions of t-tau
Figure 4 shows MDA levels in the olfactory bulb, cerebel- and p-tau in the olfactory bulb compared to the control
lum, hippocampus, and cortex after 3 and 6 months of ex-(p <0.05). However, there were no significant alterations
posure. There was no significant difference of MDA in t-tau or p-tau in the cerebellum, hippocampus, or cor-
between the control group and the group with 3 months of tex after PM, 5 exposure. Consistently, we observed no
exposure. However, MDA levels were significantly higher insignificant difference in t-tau in the cerebellum, hippo-
the olfactory bulb, hippocampus, and cortex after 6 months campus, or cortex of the rat brain after 6 months of P

of exposure compared to the control group & 0.05). exposure based on IHC observations (Fid).S

Tau expressions Beclin 1 expression

Figure5 shows expressions of t-tau and p-tau in the olfac- Figure 6 shows expressions of beclin 1 in the olfactory
tory bulb, cerebellum, hippocampus, and cortex after 3bulb, cerebellum, hippocampus, and cortex after 3 and 6
and 6 months of exposure. We observed that 3 months ofmonths of exposure. We observed that 3 months of

Fig. 2 Characterization of elements in particulate matter with an aerodynamic diameter ofw @54 o for an initial 3 months of exposure

first 3-month and subsequent 3-month PAsamples

J

observe behavioral changes in SH rats after 3 months of exposure. After the MWM, rats were followed up for a subsequent 3 months of exposure

and a subsequent 3 months of exposure using energy dispersive x-ray fluorescence (ED-XRF) spectrometry. S, K, Si, and Fe were dominant in the
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Fig. 3 Morris water maze for examining spatial learning (acquisition phase, days 1 ~4) and memory ability (probe trial, day 5) in SH rats after 3
months of exposure to particulate matter with an aerodynamic diameter of ¥2(PM 5 exposure group). There were no significant
differences in the mean escape latency, mean distance moved, mean area crossing, mean time spent, or mean swimming velocity between the
control (high-efficiency particulate air; HEPA) and exposure groupsg (PM

\

exposure to PM 5 caused significant expression of beclin hippocampus, and cortex after 6 months of exposure.
1 in the hippocampus compared to the controp& 0.05), First, the neuron number decreased in the hippocampus
whereas 6 months of exposure to PM caused a signifi- after 6 months of PM 5 exposure (arrow). We further ob-

cant decrease in beclin 1 expression in the cortex com-served that neuron signals were also reduced in the cere-

pared to the control £ <0.05). bellum, hippocampus, and cortex after 6 months of BM
exposure compared to the control (green color). Next,
Neuron loss and caspase-3 activation caspase-3 signals were activated in the cerebellum, hippo-

Figure7 shows levels of neuron loss and caspase-3 activazampus, and cortex by Pl exposure compared to the
tion based on Nissl staining and IHC in the cerebellum, control. However, we observed that few neuron cells were

Fig. 4 Levels of malondialdehyde (MDA) in the olfactory bulb, cerebellum, hippocampus, and cortex after 3 and 6 months of exposure {o
particulate matter with an aerodynamic diameter of < 205(PM g exposure group). Levels of MDA had significantly increased in the olfactory
bulb, hippocampus, and cortex after 6 months oh,Bbkposure compared to the control (high-efficiency particulate air; HERA).05
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Fig. 5 Expressions of total (t)-tau and phosphorylapgdgu in the olfactory bulb, cerebellum, hippocampus, and cortex after 3 and 6 months of
exposure to particulate matter with an aerodynamic diameter of <@.8°M 5 exposure group). Three months of exposure tg £dused
significant expressions of t-tau and p-tau in the olfactory bulb compared to the control (high-efficiency particulate afrp<BFS).

co-localized with caspase-3 activation based on mergegathological changes were observed in the three regions
images in the three brain regions. Results showed thabf the brain after this exposure.
caspase-3 was mainly activated in non-neuron cells.

Discussion

NGDs have been linked to air pollution based on epi-
Histology demiological evidence. Hypertension is also recognized
Figure $ shows results of brain histology in the cerebel- as a risk factor for NGDs 27, 28§]. In the present study,
lum, hippocampus, and cortex after 6 months of expos-we observed that pulmonary inflammatory infiltration
ure to the HEPA control and PMs No significant occurred after 3- and 6-months of exposure to PM

Fig. 6 Expressions of beclin 1 in the olfactory bulb, cerebellum, hippocampus, and cortex after 3 and 6 months of exposure to particulate matter
with an aerodynamic diameter of < 2.tn (PM 5 exposure group). Three months of exposure tg &kposure group) caused significant
expression of beclin 1 in the hippocampus compared to the control (high-efficiency particulate air; HEPA), whereas 6 months of expgstre of PM
significantly decreased the expression of beclin 1 in the cortex compared to the coptd.05

J
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months of exposure to particulate matter with an aerodynamic diameter of ¥2(®M 5 exposure group). For Nissl staining, the neuron
number had significantly decreased in the hippocampus after 6 months of é&dosure (arrow). Neuron signals were also reduced in the
cerebellum, hippocampus, and cortex after 6 months of f&Mposure compared to the high-efficiency particulate air (HEPA) control. Caspase-3
signals were significantly activated in the cerebellum, hippocampus, and cortex bgxplkure compared to the control (HEPA). DAPI, blug;
neurons, green; caspase-3, red. The scale bar for Nissl staimis 288 images for DAPI, neuron and caspase-3 were taken at
10x magnification

and/or HEPA without significant alterations in body and (4) neuron loss and caspase-3 activation were in-
weight (Figs. 8 and S3). Subpleural alveolar infiltration duced by 6 months of exposure to PjM,. Therefore,
of mononuclear cells was observed in the lungs after 3-PM, 5 could accelerate the development of neurodegen-
and 6-months exposure of HEPA and/or Pp% (Fig. S2). erative pathologies in hypertension subjects.

The observation suggests that the rats exposed to gas- Air pollution may be a risk factor for NGDs. The US
eous pollution and/or PN 5 had adverse effects of histo- Environmental Protection Agency (EPA) estimates that
logical changes of the lungs after exposure. The resultsnore than 100 million people live in areas that exceed
could support the insignificant difference in certain bio- the recommended US EPA air quality levels (Office of
chemical results observed between BM and HEPA Air Quality Planning and Standards and United States,
groups in this study. However, it is still unclear that EPA, Air Quality Trends Analysis Group). Notably,
neurotoxicity is occurred by PM s or gaseous pollutants. chronic exposure to traffic-related PM was reported to
In the present study, neurotoxicity was investigated afterincrease the risk of NGDs in the US2P] and Canada
chronic inhalation of urban PM s and/or gaseous pollu- [30]. In Taiwan, a similar association was identified
tion (HEPA) in SH rats. Four major findings are re- based on data analyzed from a national population-
ported in the present study: (1) lipid peroxidation based cohort study 31]. They showed that 10 years of
occurred in the olfactory bulb, hippocampus, and cortex exposure to PM 5 and ozone were associated with an in-
after 6 months of exposure to PMs (2) tau proteins creased incidence of AD. To study possible underlying
(total and phosphorylated) were upregulated in the ol- mechanisms in the brain after PMs exposure, a traffic-
factory bulb by 3 months of exposure to Ppk (3) alter- dominated urban region in Taipei, Taiwan was selected
ations in beclin 1 expression were observed in thefor the experimental site in the present study. The
hippocampus and cerebellum due to PM exposure; temperature, RH, NOx, SQ and O; were referenced

Fig. 7 Neuron loss and activation of caspase-3 expression based on Nissl staining and IHC in the cerebellum, hippocampus, and cortgx after 6
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data V\{ere obtained using Image-_Pro vers. 4 (Medla Cy SH rats between HEPA (control) and PM2.5 (exposure) groups after|6-
bernetics, Inc., MD, USA) for Windows. All data were | months exposureFigure S4.IHC images of total Tau (t-Tau) in the cefe-

adjusted to the control (multiples of change of the bellum, hippocampus, and cortex of SH rats after 6 months of expospre
control) to HEPA (control) and PM2.5 (exposure). Scar barns b@ure S5.

' Chronic effects (6-months exposure) of PM2.5 on the histological changes
of cerebellum, hippocampus, and cortex in SH rats. Scale bam200
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