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Abstract
Background
Air pollution, especially fine particulate matter (PM), can cause brain damage, cognitive decline, and an increased risk of neurodegenerative disease, especially alzheimer’s disease (AD). Typical pathological findings of amyloid and tau protein accumulation have been detected in the brain after exposure in animal studies. However, these observations were based on high levels of PM exposure, which were far from the WHO guidelines and those present in our environment. In addition, white matter involvement by air pollution has been less reported. Thus, this experiment was designed to simulate the true human world and to discuss the possible white matter pathology caused by air pollution.

Results
6 month-old female 3xTg-AD mice were divided into exposure and control groups and housed in the Taipei Air Pollutant Exposure System (TAPES) for 5 months. The mice were subjected to the Morris water maze test after exposure and were then sacrificed with brain dissection for further analyses. The mean mass concentration of PM2.5 during the exposure period was 13.85 μg/m3. After exposure, there was no difference in spatial learning function between the two groups, but there was significant decay of memory in the exposure group. Significantly decreased total brain volume and more neuronal death in the cerebral and entorhinal cortex and demyelination of the corpus callosum were noted by histopathological staining after exposure. However, there was no difference in the accumulation of amyloid or tau on immunohistochemistry staining. For the protein analysis, amyloid was detected at significantly higher levels in the cerebral cortex, with lower expression of myelin basic protein in the white matter. A diffuse tensor image study also revealed insults in multiple white matter tracts, including the optic tract.

Conclusions
In conclusion, this pilot study showed that even chronic exposure to low PM2.5 concentrations still caused brain damage, such as gross brain atrophy, cortical neuron damage, and multiple white matter tract damage. Typical amyloid cascade pathology did not appear prominently in the vulnerable brain region after exposure. These findings imply that multiple pathogenic pathways induce brain injury by air pollution, and the optic nerve may be another direct invasion route in addition to olfactory nerve.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12989-022-00485-8.
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Introduction
Air pollution, which describes substances that exist in the atmosphere that are harmful to living beings, has become a current and growing health problem in the modern industrial world. Air pollution has a complicated composition and can include particulate matter (PM), carbon monoxide, lead, nitrogen dioxide, ozone, and sulfur dioxide. Among them, small PM with a diameter less than 2.5 µm (PM2.5) is regarded as the most harmful [1]. The Global Burden of Diseases, Injuries, and Risk Factors Study 2015 (GBD 2015) estimated that PM2.5 was the fifth-ranking mortality risk factor and responsible for 7.6% of total global deaths [2]. The association of air pollution with damage in the respiratory or cardiovascular systems has been well documented in animal and epidemiological studies [3–8]. However, an increasing number of publications have also mentioned cognitive decline and dementia related to air pollution [9, 10].
PM exposure can result in brain damage, including decreased brain volume, cognitive decline, abnormal blood brain barrier, and brain neuronal inflammation; in addition, it can also increase the risk of Alzheimer's disease (AD), Parkinson's disease, and even ischemic cerebrovascular disease [11–13]. AD is the most common type of dementia and causes 60–70% of cases. In a meta-analysis and paper review, the overall odds ratio (OR) of air pollutants with AD was 1.32 (95% CI: 1.09–1.61), especially PM2.5 [12]. Air pollutants have also been listed as one of the major preventable factors in the 2020 report of the Lancet Commission [14].
The amyloid cascade theory has been postulated to explain the pathogenesis of AD. Extracellular senile plaques and intracellular neurofibrillary tangles accumulating from pathological amyloid β-peptide (Aβ) and hyperphosphorylated tau (P-tau) proteins are thought to be pathognomonic markers of this disease [15]. Elderly individuals with cognitive impairment exposed to higher concentrations of PM2.5 possessed more brain Aβ plaques, as revealed on fluorine 18 [18F]-labeled florbetapir PET scans [16]. The characteristic fluid markers of AD, decreased Aβ42 and increased P-tau protein levels in cerebrospinal fluid (CSF), were also reported in urbanites with high exposure to PM2.5 [11]. Accelerated amyloid plaque deposition and P-tau accumulation have been detected in the brains of animal models after exposure to concentrated air pollutants, especially in the hippocampal area [17–21]. The successive pathways of inflammation, oxidative stress, microglial activation, and even DNA damage are thought to cause this degenerative pathology [17, 19, 22–24].
White matter hyperintensities have traditionally been viewed as a marker of vascular disease, but they were also commonly found in AD pathology in a recent study [25]. However, there was no correlation with the topography of Aβ or tau accumulation, and this pathological change was thought to be attributed to the coexisting vascular processes or disruption of myelin by activated oligodendrocytes [26, 27]. White matter involvement by air pollution exposure has also been reported, but only in a few animal and human studies with high concentrations [28, 29]. However, the exact mechanism still needs to be clarified.
Numerous animal studies have revealed AD-related neurotoxicity in the gray and white matter areas of mouse brains under exposure to high concentrations of PM [17, 23, 30, 31]. However, in the real world, the PM2.5 concentration is generally not as high as those in most animal studies discussed above. When simulating the true condition, chronic exposure to ambient air pollution is the best model. In our previous study, AD transgenic mice exposed to ambient air pollution for 3 months only presented minimal AD-like pathology in some gray matter areas, especially the entorhinal cortex [32]. Therefore, we designed this animal study with a longer exposure time, investigated AD-associated pathology and related markers of intermediate pathogenic processes, and studied white matter insult with the diffusion tensor imaging technique of magnetic resonance imaging (DTI-MRI).
Method
Taipei air pollutant exposure system (TAPES)
A customized air pollutant exposure system was utilized in this study (see supplement). This system was set in the laboratory of the College of Public Health, National Taiwan University (Taipei, Taiwan). Environmental ambient air was directly introduced into the experimental chambers to mimic real-world conditions. The control group chamber was connected with a high-efficiency particulate air filter. We used 37 mm Teflon filters (Pall Corporation, Port Washington, New York, USA) and a DustTrak™ II Aerosol Monitor 8530 (TSI, Shoreview, Minnesota, USA) to periodically record the mass concentrations and particle size. The detailed design of the structures and materials of this real-world air pollution exposure system has been described in a previous publication [33]. Ion chromatography and inductively coupled plasma mass spectrometry were selected for further analysis of the components of PM2.5 [34, 35].
Animal and experimental protocols
Acclimated and inbred AD transgenic mice (3xTg-AD) were obtained from Prof. Chiu’s team. These mice were housed in individual ventilated cages with a 12-h light/dark cycle, constant temperature (22 ± 2 °C) and humidity (50 ± 5%), and access to diet (LabDiet® 5001; PMI® Nutrition International, Brentwood, MO, USA) and water ad libitum. All management was in accordance with the ethical rules of the Institutional Animal Care and Use Committee of the College of Medicine and the College of Public Health, National Taiwan University (Permit Number: 20160545).
Thirty-five six month-old female 3xTg-AD mice were divided into exposure (n = 18) and control groups (n = 17) and were exposed to ambient or filtered air for five months during the winter of 2018 to the spring of 2019. After exposure, the surviving mice (equal number in 2 groups) were subjected to the Morris water maze test and were then sacrificed after CO2 anesthetization. Half of the mice were pretreated with Bouin’s solution, and then the whole brain was dissected and stored in 10% formalin for brain magnetic resonance imaging and histochemistry staining. The other half of the mice were decapitated directly, and the dissected brain was stored at -80 °C for further protein analysis. The complete experimental protocol is shown in Fig. 1.[image: ]
Fig. 1Study protocol


Morris water maze (MWM)
This standard method to evaluate the spatial learning ability of mice or rats was performed in an animal laboratory setting according to the original design [36]. The maze (100 cm diameter pool) was filled with water to a depth of 30 cm and maintained at 24 ± 1 °C with a thermoregulator. A platform 1 cm below the water surface was placed in one quadrant of the maze, and 4 markers as cues were attached to the wall of each quadrant. In the first 4 days of the experiment (the acquisition trial), each mouse was trained to find the platform within 60 s from each quadrant of the maze three times. If the mouse failed, it was placed directly on the platform for an additional 10 s. On the fifth day (the probe trial), the mouse was forced to swim without platforms in the pool for 60 s. The escape latency and related parameters were recorded with an animal behavior/trajectory tracking analysis system (Noldus EthoVision 3.1, The Netherlands).
Magnetic resonance image (MRI)
Three mice in each group were selected for ex vivo MRI brain image analysis. Mice were anesthetized and perfused with Bouin’s solution to fix the brain tissue in advance. Whole brains were dissected and stored in 10% formalin. Brain image acquisition was performed on a 3 T MRI system (Achieva, Philips Health care, Best, Netherlands) with an ultrahigh-strength gradient coil of 675 mT/m in maximal intensity. Scheduled brain MRI scan sequencing was available for every sample, including high-resolution axial T2-weighted imaging (TR/TE = 4000/34, slice thickness = 0.5 mm, slice number = 35), for volumetric analysis of the region of interest [37]. Diffusion tensor imaging (DTI) was performed with the following parameters: TR = 2000 ms, TE = 37 ms, difference between diffusion gradient pair (Δ) = 20 ms, diffusion gradient pulse duration (δ) = 4.5 ms, diffusion gradient strength = 19.87 G/cm, and b-values = 1000 s/mm2. The image data had a slice thickness of 0.5 mm, a total slice number of 30, a field of view (fov) of 35 cm × 35 cm, and a matrix of 192 × 192. Data analysis was performed using ImageJ software [38]. The eigenvalues (λ1, λ2, and λ3) derived from the diffusion tensor were used to calculate the following DTI metrics: fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AxD), and radial diffusivity (RD) [39]. Regions of interest (ROIs) were selected in the optic tract, anterior commissure, corpus callosum, internal capsule, external capsule and fimbria according to the mouse brain atlas. The mean DTI metric of each tract was averaged using computer software.
Histopathological and immunohistochemistry staining
Five mice in each group were utilized for this analysis. The formalin-fixed brains embedded in paraffin wax were sectioned coronally at a thickness of 3–5 μm. Paraffin sections were rehydrated and stained with hematoxylin and eosin (H&E) and cresyl violet (Nissl stain) to determine the viability of neurons, and myelin structure was stained with Luxol fast blue (LFB). A well-trained assistant counted the viable neurons in the selected cortical regions, including the cerebral, entorhinal, piriform, and hippocampal CA1 areas (Fig. 2). The myelin density ratio was determined in the corpus callosum on serial coronary sections of LFB-stained slides between the exposure and control groups (Fig. 2). The analyses were performed with ImageJ software as previously reported [40].[image: ]
Fig. 2Counting of viable neuron cells and myelin density in selected regions of brain sections. The selected regions included the general cerebral cortex (1), the entorhinal cortex (2), the piriform cortex (3), and the hippocampus (4) with H&E staining and the corpus callosum (5) with LFB staining


For immunohistochemistry (IHC) staining, Aβ42, P-tau, caspase 3, microtubule-associated protein 1A/1B-light chain 3 (LC3) and malondialdehyde (MDA) antigen retrievals were performed in boiling citrate buffer (pH 6.0) and incubated for 20 min. Then, the sections were blocked with the following individual primary antibodies: Aβ42 (MOAB-2, NBP2-13,075; Novus Bio, USA) at 200X dilution, phosphorylated tau (GTX26864; GeneTec, USA) at 50X dilution, Caspase-3 (bs-0081R; Bioss, USA) at 500X dilution, LC-3 (MAP LC3α/β antibody G4, Santa Cruz, USA) at 300X dilution, and MDA (ab6463; Abcam, USA) at 200X dilution. Tissue sections were then counterstained with 3,3’-diaminobenzidine (DAB) and hematoxylin.
Western blot analysis
Another five fresh frozen mouse brains in each group were used for protein analysis. Each brain was divided into 3 parts: hippocampus, cerebral cortex and subcortical regions (defined as white matter region). Detailed western blot analysis protocols referenced previous studies with some modifications [41, 42]. Proteins were extracted from brain samples measured with a BCA Protein Assay Kit. Proteins were then electrophoresed with individual sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS–PAGE), transferred and blocked on polyvinylidene fluoride membranes. The processed membranes were incubated with the following different primary antibodies overnight at 4 °C: beta amyloid 1–42 antibody (Aβ42, ab201060; 1:1000), total-tau (t-tau, GTX112981; 1:1000) and phosphorylated-tau (P-tau, GTX24864; 1:1000), autophagosome marker (LC3B, LC2B (D11) XP@ Rabbit mAb, #3868; 1:1000), microphage and microglial marker (anti-CD11, ab133357; 1:1000), myelin basic protein (MBP, GTX100042; 1:1000), and beta actin (ab133357; 1:1000), purchased from GeneTex (Irvine, CA, USA), Abcam (Cambridge, UK), and Cell Signaling Technology (Danvers, MA, USA). After washing, the membranes were incubated with either anti-rabbit (1:10,000) or anti-mouse (1:10,000) horseradish peroxidase-labeled secondary antibodies purchased from GeneTex (Irvine, CA, USA). Enhanced chemiluminescence (ECL) was used for immunoreaction, and the imaging results were taken by the BioSpectrum 810 Imaging System (UVP, Upland, CA, USA). The protein expression levels were calculated using Image-Pro version 4 (Media Cybernetics, Inc., MD, USA).
Statistical analyses
All statistical analyses were performed with SPSS software package version 19.0 for Windows. Data are presented as the mean ± standard error (SE). Independent Student’s t-test and the Wilcoxon rank-sum test were used for group comparisons. The level of significance was set at P < 0.05.
Results

                           Concentration and chemical composition of PM
                           2.5
                        
The mean mass concentration of PM2.5 during the exposure period was 13.85 μg/m3 (range from 5.88 to 18.79), which was similar to the annual mean value of 13.0 μg/m3 reported by the Taipei city government in 2018. Among the chemical components of PM2.5, the most abundant water-soluble ions were SO42− (67.09%) and NH4+ (22.44%), whereas Ca, K, Na were the most common metal components (data not shown). It could be estimated that this ambient PM2.5 mostly came from traffic exhaust.
Animal mortality and the morris water maze
There were no significant differences in the mean body weights of the exposure and control groups from the baseline to the end point (26.9–30.9 g VS. 26.8–32.9 g). However, 8 transgenic mice in the exposure group and 3 in the control group died during the experimental period; the mortality rate was obviously higher in the PM2.5 exposure group (44.4 VS. 17.6%).
In the Morris water maze test, the learning process was noted in both groups in the acquisition period (between Days 1 and 3, P < 0.05, Student’s t-test; Fig. 3), but there was no significant difference between them. The exposure group showed no further learning effect on Day 4. There were also no differences in the mean swimming distance and velocity between the PM2.5 exposure and control groups (data not shown). In the probe stage, mice in the control group stayed in the target area for more time than those in the exposure group (46.77 ± 4.92% VS. 30.17 ± 1.40%, P < 0.05, Student T-test; Fig. 3).[image: ]
Fig. 3Morris water maze: acquisition and probe phase. Student T- test; *P < 0.05


Neuron viability and myelin density
The viability of neurons in each selected cortex area on H&E- and Nissl-stained sections was compared between the exposure and control groups (Fig. 2). There were significant levels of neuronal loss in the cerebral and entorhinal cortex areas but not in the piriform cortex or hippocampal CA1 regions of the exposed mice (Table 1). From the LFB staining, a significant decrease in myelin density was also observed in the corpus callosum of the exposure group compared with the control group (Fig. 4).Table 1Viable neuron cells in selected regions on brain sections with H&E staining


	Brain region@
	Control
	Exposure
	p value

	Cerebral cortex
	61.84 ± 9.35#
	46.24 ± 2.54
	0.02*

	Entorhinal cortex
	15.67 ± 2.56
	8.73 ± 3.92
	0.04*

	Piriform cortex
	10.11 ± 1.89
	8.44 ± 1.03
	0.40

	Hippocampus (CA1)
	147.17 ± 22.52
	124.19 ± 27.65
	0.22


@Selected brain regions were located in Fig. 2
#Mean ± SD; Wilcoxon rank-sum test, *P < 0.05


[image: ]
Fig. 4Myelin morphology and density ratio in the corpus callosum. The white dotted lines define the margin of the corpus callosum. Wilcoxon rank sum test, *P < 0.05


Magnetic resonance imaging
Total brain volume and specific regions of interest were located, and the volume was calculated using ImageJ software. There was significantly decreased total brain volume in the exposure group compared with the control group, but no difference was noted in the corpus callosum (Table 2). Some specific areas, such as the piriform cortex, entorhinal cortex and CA1 of the hippocampus, were also located on specific MRI sections. We did not find a significant difference between the exposure and control groups (data not shown).Table 2Calculated volumes of brain areas from the MRI study


	Area/(mm3)
	Control
	Exposure
	p value

	Total cerebrum
	490.24 ± 13.93#
	462.15 ± 5.69
	0.03*

	Corpus callosum
	11.42 ± 0.69
	10.51 ± 1.04
	0.28


#Mean ± SD; Wilcoxon rank-sum test, *P < 0.05



Diffusion tensor imaging (DTI) technology in magnetic resonance imaging (MRI) has been widely used for the in vivo assessment of white matter integrity. In normal white matter, axons are regularly aligned and well myelinated; the random diffusion of water molecules is restricted to a predominant orientation [43]. Fractional anisotropy (FA) presents this preference and is used to assess tract integrity but without specificity of pathology [44]. Mean diffusivity (MD) is an inverse measure of membrane density and is sensitive to changes in cellularity, edema and necrosis. Intact white matter tissue should have high FA and low MD. To evaluate the pathological characteristics, axial diffusivity (AxD) reveals the rate of water diffusion along the longitudinal axis and is associated with axonal degeneration [45, 46]. Radial diffusivity (RD) demonstrates the rate of water diffusion along the perpendicular axes and has been linked to demyelination or dysmyelination [45, 47].
For the DTI analysis, the selected regions of interest (ROIs) are shown in Fig. 5a. The mean FA scales were significantly decreased in most selected tracts of the exposure group, except the internal and external capsules; however, significant differences in MD and RD measurements were only observed in the optic tract (Fig. 5b). Obviously decreased AxD values were also noted in the corpus callosum of the exposure group compared with those in the control group (Fig. 5b).[image: ]
Fig. 5a Selected regions of interest (ROIs) in the MRI study. 1: corpus callosum, 2: anterior commissure, 3: external capsule, 4: internal capsule, 5: fimbria, 6: optic tract, 7: olfactory tract. b. DTI scalars in different tracts (ROIs) of mouse brains. Abbreviations of the DTI scalars: AxD = Axial Diffusivity, FA = Fractional Anisotropy, MD = Mean Diffusivity, and RD = Radial Diffusivity; Abbreviations of the ROIs: AC = anterior commissure, CC = corpus callosum, EC = external capsule, FI = fimbria, IC = internal capsule, OlT = olfactory tract, OpT = optic tract. Wilcoxon rank-sum test, *P < 0.05


Immunohistochemistry staining
We counted the numbers of amyloid plaques and the proportion of cells with positive target staining in selected areas on different cortex parts of the transgenic mouse brain. The same coronal section was chosen to reveal the hippocampal CA1 and external cortex areas in each mouse as shown in Fig. 2, and analysed with 400 times magnification under light microscope. There was a slight increase in extracellular amyloid plaques in the hippocampus and the ratio of neurons with intracellular amyloid in other parts of the cortex of the exposed mouse brain, but the difference was not significant compared with the control group (Fig. 6a, b, c & d; Addittional file 1: Table S1). This tendency was also observed in neurons with P-tau pathology in the hippocampus of exposed mice but not in other cortical parts (Fig. 6e & f). There were also no differences in the expression of caspase-3, LC-3 and MDA between the two groups.
[image: ]
Fig. 6Immunohistochemistry staining of amyloid plaque, intracellular amyloid and P-tau in the hippocampus of mice


Subfigures c & d are enlarged images from the close tangles in subfigures a & b to reveal the dense amyloid plaques (black triangles) and the intracellular diffuse amyloid (thin arrows); subfigures e & f are enlarged images from the dotted tangles in subfigures a & b (similar position with different staining) to reveal the intracellular P-tau (white arrows).
Protein analysis
The amounts of target proteins were compared separately in the cerebral cortex and white matter regions between the 2 groups. In the cortex part, the expression of Aβ42 oligomer was increased significantly in the whole cerebral cortex, but not in the hippocampus, of the exposure group as compared with the control group (P < 0.05); but with only a trend and without a significant difference appearing in P-tau, the other pathological target protein of Alzheimer disease, between the two groups (Fig. 7). In the white matter part, the MBP level was also significantly decreased in the white matter of the exposure group (P < 0.05; Fig. 8), as indicated by the myelin damage revealed by LFB staining. There was also no significant difference in the expression levels of the Aβ42 oligomer, P-tau or CD11b.[image: ]
Fig. 7Protein expression in the cortex of mouse brains. The ratio of expression of Aβ oligomer and P-tau in the cortex and hippocampus between the exposure and control groups; Wilcoxon rank-sum test, *P < 0.05

[image: ]
Fig. 8Protein expression in the white matter of mouse brains. The ratios of expression of MBP, Aβ oligomer, P-tau and CD11b in the white matter between the exposure and control groups; Wilcoxon rank-sum test, *P < 0.05


Discussion
PM2.5, due to the small size of particles that can penetrate deeply into the respiratory tract and trigger various health problems, is widely considered to be the most harmful agent among the components of air pollutants [48]. In addition to the well-known respiratory and cardiovascular diseases, PM2.5 also causes brain insults, including a variety of neurodegenerative diseases, especially AD [49]. PM2.5 invades the brain directly via the olfactory nerve and can also destroy the integrity of the blood–brain barrier (BBB) via the systemic circulation [50, 51]. Peripheral systemic inflammatory materials cross the BBB and easily reach the brain, and microglia are also activated to induce neuroinflammation [49, 52]. More proinflammatory cytokines, such as IL-1β and TNF-α, are released and then cause the degeneration of neurons and axons [53]. In addition, PM2.5 could enter the gastrointestinal (GI) tract directly and indirectly to cause imbalances in the intestinal microecology. The malfunctional gut-brain axis has been shown to have strong relationships with the development or exacerbation of many neurodegenerative diseases (Fig. 9, solid line) [54–56]. Epigenetic effects of PM2.5 have also been reported, such as direct genomic damage by reactive oxidation or changes in DNA methylation in disease-related genes [49, 57–59].[image: ]
Fig. 9Model of the pathway and mechanism of brain damage due to exposure to PM2.5. Ambient PM2.5 particles in air pollution enter the human body mostly from the airway. They could penetrate deeply into the lung, irritate and corrode the alveolar wall. PM2.5 also enters the gastro-intestinal tract. Inflammation damage and oxidative stress are aroused in both pathways and toxic agents, such as cytokines are released into the systemic circulation. PM2.5 and related toxic agents would invade and damage the central nervous system (brain) via the systemic circulation, olfactory tract, direct gun-brain axis, and even the optic tract. Solid line presents the proved pathways and dotted line means the suggested new one


Except for the general routes of PM2.5 neurotoxicity described above, the exact pathological mechanism associated with dementia and AD still needs further clarification. From epidemiological studies, most results revealed a negative association of cognition with PM2.5 concentration [60–62]. In this study, with chronic exposure to low-dose PM2.5, there was no significant difference in spatial learning function, but memory easily decayed after exposure, as shown by the Morris water maze test. Previous similar animal studies with prominent memory insult might be dose-dependent [63, 64]. Relatively low-dosage exposure, similar to the experimental design of the ambient atmosphere environment in this study, only induced minimal cognitive or behavioral changes. A similar finding was also reported in our previous study with a rodent model [18].
Therefore, certain brain damage and body insult still existed after chronic exposure to ambient air pollution. Even though there was no significant reduction in body weight gain during the 5 month period, the mortality rate of exposed mice was 2.5 times higher than that of the control mice. The same tendency was also shown in our previous study [32]. From the brain MRI measurements, the total brain volume of exposed mice was significantly decreased compared with that of the control group, but this difference was not detected in different brain cortical regions, including the hippocampus. Under microscopic examination, neuronal loss was more obvious in the general cerebral and entorhinal cortex areas and was not observed in the hippocampal area. For the sparing of the hippocampus in volumetric atrophy and neuron loss, these findings could explain the negative result of spatial learning dysfunction in the water maze and may also imply that the minimal brain insult caused by a low dose of PM2.5 was not directly due to Alzheimer’s-related pathology.
This phenomenon was also supported by the measurements of the pathognomonic markers of AD. From the IHC staining results, there were only tendencies of increase in extracellular plaques or intracellular amyloid and P-tau in the cortex after exposure. Western blot analysis showed a significant increase in Aβ42 production in the cerebral cortex of the exposed mouse brain. This result seemed to conflict with previous similar animal studies, which reported elevated levels of Aβ and P-tau pathology in the brain after exposure [17, 24, 65]. However, most studies designed exposure to higher levels of PM (ranging from 65.7 to 468.0 μg/m3), representing several times the human exposure in the real world [17, 23, 53]. Therefore, we postulated the possibility that chronic exposure to ambient air pollution with a mean PM2.5 concentration of 13.85 μg/m3 in this 3xTg-AD mouse model was able to increase the production of toxic amyloid and P-tau but was not severe enough to induce subsequent and typical cascade damage in Alzheimer’s disease, as reported previously. However, aging effects and longer exposure durations were not validated in this experiment.
Many neuroimaging studies have reported associations between exposure to air pollution and total brain volume reduction in children and elderly individuals; however, these results were variable when studies focused on gray matter, especially subcortical brain structure volumes (i.e., hippocampus, amygdala, and basal ganglia) [60, 66, 67]. In contrast, more consistent patterns of air pollution-related reduction in total and different associated areas (i.e., frontal, parietal, temporal and corpus callosum) of white matter volumes were reported [60, 66–68]. Recently, white matter demyelination was also reported in a mouse model with PM2.5 exposure and was thought to be induced by promoting neuroinflammation or impairing myelin repair [69]. From the results of our study, decreased myelination of the corpus callosum and reduced MBP expression in the white matter of mice exposed to PM2.5 also support this point of view. However, there was no significantly increased expression of CD11b at the same time. White matter damage by microglia-induced neuroinflammation may not be the main and only cause.
From the DTI measurements in this study, impaired integrity of white matter tracts was observed in most selected tracts of exposed mice, except for the internal and external capsules, which have also been less reported in AD pathology. However, damage to the axonal membrane was only observed in the optic tract. This ambient air pollution may not have caused severe damage to the white matter, a finding that also corresponded with the other pathological findings mentioned above. Most interestingly, the optic tract has seldom been reported to be affected by air pollution. In one animal experiment, infant mice exposed to environmental tobacco smoking showed decreased myelination of the optic nerve fiber [70]. Our study also proved demyelinating damage in the optic tract (increased RD value). Therefore, in addition to the well-known direct pathway of air pollutants into the brain via the olfactory nerve, the optic nerve and tract system may be another alternative route. Unfortunately, the tissues of eyeball and optic nerves were not preserved for further prove. Activation of microglia and macrophages to cause neuroinflammation is thought to play a major role in pollutant-related white matter lesions. However, the marker of neuroinflammation (CD11b) was not significantly elevated in subcortical white matter regions after exposure. Iba-1, another common microglia-related marker, was found with upregulated expression only in cerebral cortex after ambient exposure of 3 months in our previous study [32]. There was also suspected axonal damage in the corpus callosum from DTS study. Both of these findings suggest that it is not just a unique pathological mechanism that is involved in white matter insult by air pollution; and the PM2.5 neurotoxicity may be different in different brain regions. Further studies may be needed to clarify these results, especially to include complete inflammatory surveys and also vascular factors.
There were some shortcomings in this study design. First, the mortality rate of AD transgenic mice with longer exposure times was very high, and the sample size was not sufficient, especially to study gray and white matter together at the same time. Second, we tried to investigate the possible mechanism of neurotoxicity induced by air pollution as much as possible and could not see through the interactive pathway. Third, the 6 month-old transgenic mice coincided with middle age in humans. Previous epidemiological studies on air pollution-induced neurotoxicity have mostly been reported in children and elderly individuals. Therefore, younger or elderly mice may be better choices in this model.
Conclusion
In conclusion, this pilot study investigated the white matter insult of AD transgenic mice with chronic ambient air pollution. The PM2.5 concentration during the 5 months of exposure mostly did not exceed the WHO criteria. However, it still caused some brain damage, such as gross brain atrophy, cortical neuron damage and multiple white tract damage, even at this lower toxic concentration. After exposure, the typical amyloid cascade pathology did not appear prominently in the vulnerable brain region, and memory function was also not severely affected. Except the cortical neuron lose, white matter damage was also noted in several subcortical regions, including optic tract. These results imply that multiple pathogenic pathways induce brain injury by air pollution, and the optic nerve is possibly another direct route of air pollution invasion in addition to the olfactory nerve (Fig. 9, dotted line).
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