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Traffic-related air pollution impact on mouse brain 1 

accelerates myelin and neuritic aging changes with 2 

specificity for CA1 neurons. 3 

 4 

Woodward NC1, Pakbin P2, Saffari A2, Shirmohammadi F2, Haghani A1, 5 

Sioutas C2, Cacciottolo M1, Morgan TE1, Finch CE1,3*. 6 

 7 

1 Leonard Davis School of Gerontology, 2 Viterbi School of Engineering, 3 8 

Dornsife College 9 

University of Southern California, 3715 McClintock Ave Los Angeles, California, 10 

USA 11 

*Corresponding author. Email cefinch@usc.edu.  12 

 13 

 14 

Abstract 170/170 words: 15 

 16 

Traffic-related air pollution (TRAP) is associated with lower cognition and 17 

reduced white matter volume in older adults, specifically for particulate matter 18 

<2.5 µm diameter (PM2.5). Rodents exposed to TRAP have shown microglial 19 

activation and neuronal atrophy. We further investigated age differences of TRAP 20 

exposure, with focus on hippocampus for neuritic atrophy, white matter 21 

degeneration, and microglial activation. Young and middle-aged mice (3 and 18 22 

month female C57BL/6J) were exposed to nanoscale-PM (nPM, <0.2 µm 23 

diameter). Young mice showed selective changes in the hippocampal CA1 24 

region, with neurite atrophy (-25%), decreased MBP (-50%), and increased Iba1 25 

(+50%), with dentate gyrus relatively unaffected. Exposure to nPM of young mice 26 

decreased GluA1 protein (-40%) and increased TNFa mRNA (10x). Older 27 

controls had age changes approximating nPM effects on young, with no 28 

response to nPM, suggesting an age ceiling effect. The CA1 selective 29 

vulnerability in young mice parallels CA1 vulnerability in Alzheimer’s disease. We 30 

propose that TRAP associated human cognitive and white matter changes 31 

involve hippocampal responses to nPM that begin at younger ages.  32 

 33 

Keywords: aging, white matter, air pollution, particulate matter, hippocampus, 34 

CA1 35 

 36 
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1. Introduction: 38 

 39 

Traffic-related air pollution (TRAP) is a ubiquitous environmental toxin, 40 

which is associated with poorer cognitive performance in older populations 41 

(Power et al., 2011, Ranft et al., 2009, Wellenius et al., 2012, Zeng et al., 2010). 42 

The lower cognitive functioning approximates a two-year advance of normal 43 

cognitive decline from aging (Ailshire et al., 2014a, Ailshire et al., 2014b, Weuve 44 

et al., 2012). Brain structural and cellular changes are less documented. Small 45 

decreases of white matter (WM) volume were detected by MRI in older U.S. 46 

women of the Women’s Health Initiative Memory Study (WHIMS) cohort who 47 

resided in zones of high level fine particulate matter (PM2.5), with dose exposure 48 

in proportion to quartile PM2.5 (Chen et al., 2015). Histochemical studies further 49 

showed WM microglial activation and blood brain barrier leakage in a small 50 

postmortem sample of young adults from a highly polluted Mexican city 51 

(Calderon et al., 2008, Calderon et al., 2011). In several rodent models, TRAP 52 

exposure activated microglia (Block et al., 2007, Block and Calderon, 2009, 53 

Cheng et al., 2016a). Effects of aging in animal models of TRAP have received 54 

limited study and show divergent age responses. Mumaw et al, 2016, reported 55 

increased cerebral cortex microglial reactivity with aging in male C57BL/6J mice 56 

(‘B6’) exposed to TRAP model in vivo.  57 

In view of the potential importance of white matter loss from TRAP 58 

exposure in the WHIMS cohort (Chen et al., 2015), we examined the impact of 59 

aging on responses to TRAP in white matter and microglia of the dorsal 60 

hippocampus in female mice. Neuronal responses were included, because PM2.5 61 

exposure of B6 male mice caused selective atrophy of hippocampal CA1 62 

pyramidal neurons (Fonken et al., 2011). The selectivity of CA1 neurons to TRAP 63 

is relevant to cognitive loss in association with PM2.5, because the CA1 pyramidal 64 

neurons are the most vulnerable to Alzheimer’s disease (AD) (Padurariu et al., 65 

2012, Serrano-Pozo et al., 2011).  66 

The present study addresses interactions of age and TRAP by chronically 67 

exposing young (3 month) and older (18 month) female B6 mice to nPM, a nano-68 

size subfraction of ambient PM2.5, which has greater cytotoxicity in vivo and in 69 

vitro than larger PM (Gillespie et al., 2013, Li et al., 2003). In neonatal neuron 70 

cultures nPM inhibited neurite outgrowth via TNFa and TNFR1, caused growth 71 

cone collapse (Cheng et al., 2016a). In hippocampal slice cultures nPM caused 72 

NMDA dependent neurotoxicity and nitrosylative stress, with both rescued by 73 

NMDA receptor antagonist AP5 (Morgan et al., 2011; Davis et al., 2013b). 74 

The age of 18 m at tissue collection demographically approximates a 75 

paramenopausal group a decade or more earlier than in the WHIMS cohort. This 76 

age also minimizes pathological confounds from tumors and other senescent 77 

organ pathology which emerge after 22-24 months (Finch et al. 1969; Finch and 78 

Foster, 1971) in association with exponential increasing mortality (Finch and 79 

Pike, 1996).  80 

 81 

 82 

 83 
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2.1 Methods: 84 

2.2 Animals and Ethics Statement: 85 

C57BL/6J female mice, 3 and 18 m were obtained from the NIA Aging 86 

Mouse Colony, n=9 per group. Protocols were approved by the University of 87 

Southern California Institutional Animal Care and Use Committee, and animals 88 

were maintained under standard conditions according to NIH guidelines.  89 

 90 

2.3 nPM Collection and Exposure: 91 

Ambient nanoscale particulate matter (nPM; particles with aerodynamic 92 

diameters less than 0.18 µm) were collected on a 8	× 10 inch-Zeflour PTFE 93 

filters (Pall Life Sciences, Ann Arbor, MI) by a High-Volume Ultrafine Particle 94 

(HVUP) Sampler (Misra et al., 2002) at 400 L/min flow rate at the Particle 95 

Instrumentation Unit (PIU) of USC within 150 m downwind of a major freeway (I-96 

110). These aerosols represent a mix of fresh ambient PM mostly from vehicular 97 

traffic on this freeway (Ning et al., 2007). Gravimetric mass (nPM mass 98 

concentration) was determined from pre- and post-weighing the filters under 99 

controlled temperature (22–24 ºC) and relative humidity (40–50%). The filter-100 

deposited dried nPM were eluted by sonication into deionized water, yielding 340 101 

µg/ml. Frozen stocks at      20 °C retain chemical stability for >30 days, including 102 

long-lived free radicals (Morgan et al., 2011, Li et al., 2003). Collected nPM has 103 

trace endotoxin levels (2.5 EU/mL, which equals approximately 0.3-0.6 ng/mL, by 104 

Limulus amoebocyte assay), equal to that eluted from filter collected ambient air. 105 

Endotoxin units at the concentration used for cell culture were 0.05-0.08 EU/mL, 106 

equivalent to sterile water. 107 

Total elemental composition of the nPM samples was quantified by 108 

digestion of a section of the filter-collected nPM using a microwave aided, sealed 109 

bomb, mixed acid digestion (nitric acid, hydrofluoric acid and hydrochloric acid). 110 

Digests were subsequently analyzed by high resolution inductively coupled 111 

plasma sector field mass spectrometry (SF-ICPMS) (Herner et al., 2006).  112 

Total nPM mass and number concentrations were 342 ± 49 µg/m3 and 1.4 113 

x 105 ± 9.7 x 103 particles/cm3, respectively. The size distribution of the 114 

reaerosolized nPM was comparable to typical ambient aerosols, e.g. on the 710 115 

Freeway (Ntziachristos et al., 2007). The chemical composition of ions (NH4
+, 116 

NO3
-, SO4

2-) and water soluble organic compounds (WSOC) was similar to 117 

ambient air at the collection site (Morgan et al., 2011). The reaersolized nPM was 118 

depleted in insoluble species, including black carbon and polycyclic aromatic 119 

hydrocarbons. Figure 2 displays the average concentrations of inorganic 120 

elements in the nPM samples. Nineteen elements were >10 ng/m3 (e.g., copper, 121 

Cu, 380 ng/m3), and 29 elements were between 1-10 ng/m3 (e.g., iron, Fe, 92.3 122 

ng/m3) (Figure 2A, B, respectively). The organic components of nPM are 123 

described in Morgan et al., 2011. 124 

Mice were exposed 5 h/day, 3 d/week, for 10 weeks (Fig.1). Collected 125 

nPM was reaerosolized, mixed with HEPA filtered air, and delivered at a constant 126 

concentration. Control mice were exposed to only HEPA filtered air. The re-127 

aerosolized nPM exposure stream was assayed for mass concentration by 128 

gravimetric analysis of filters parallel to the exposure stream before and after 129 
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each exposure. The number concentration of the inlet aerosol was monitored 130 

throughout the exposure period using a condensation particle counter (CPC, TSI 131 

Inc.). For the purpose of exposure, mice were transferred from home cages into 132 

sealed exposure chambers that allowed adequate ventilation and divided animals 133 

to minimize aggression, and returned to home cages immediately after exposure.  134 

 135 

2.4 Weight and Behavior:    136 

 Weight: Mice were weighed before and throughout exposure. Statistical 137 

significance of age and nPM exposure effects was evaluated by 2-way repeated 138 

measures ANOVA and Bonferroni post-hoc test, and one-way ANOVA with 139 

Tukey post-hoc test at the end of exposure. 140 

 Novel Object Recognition (NOR): Short and long term memory were 141 

assessed by the NOR test. Mice were tested on a three-day protocol, to assess 142 

short and long term memory, and exploratory behavior. On day 1, mice were 143 

individually acclimatized to a dimly-lit black Plexiglas cubic box (20 x 20 x 20cm) 144 

for 15 min.  After 24 h mice were returned to the box, and exposed to two 145 

identical novel objects (3.5 x 8 cm), which were affixed to the floor and placed 146 

symmetrically at 6 cm from the nearest walls. Mice were placed in a corner, 147 

facing the center and at equal distances from the two objects. Their start position 148 

was rotated and counterbalanced throughout the test. Exploration, defined as 149 

sniffing or touching of the two objects, was recorded; sitting on the object was not 150 

considered exploration. Ninety min. after the first trial, one object was replaced, 151 

and the procedure was repeated; 24 h later, the novel object was replaced with a 152 

second novel object, and the trial was repeated to assess long term memory. 153 

The novelty exploration index was calculated by time spent exploring the novel 154 

object, divided by time spent exploring the previous object. Statistical analysis for 155 

all tests used ANOVA, with Tukey’s post-hoc test.  156 

Spontaneous Alternation of Behavior (SAB): Working memory was 157 

assessed by the spontaneous alternation of behavior (SAB) test. The apparatus 158 

consisted of three equivalent arms (15 x 8 x 10 cm) made of black Plexiglas with 159 

equal angles between all arms. Mice were individually placed in one arm and 160 

allowed to freely explore for 10 min. The sequence and entries in each arm were 161 

recorded and percent alternation was determined from consecutive entries to the 162 

three different arms over the total number of transitions. 163 

 164 

2.5 Histochemistry: 165 

 Dorsal hippocampus and forceps major of the corpus callosum paired with 166 

hippocampal alveus were analyzed by sagittal sections, approximately 1.80 mm 167 

from midline (Mouse Brain Atlas, Franklin and Paxinos, 3rd edition) for analysis 168 

of subregions CA1 stratum oriens (25 mm2), CA1 stratum radiatum (45 mm2), DG 169 

molecular layer (90 mm2), and DG polymorphic layers (15 mm2).  170 

Immunofluorescence: Following cardiac saline perfusion, brain 171 

hemispheres were immersed in 4% paraformaldehyde overnight; cryoprotected 172 

in 30% sucrose; embedded in Optimal Cutting Temperature medium; and sliced 173 

sagittally in 18 µm thick sections on a cryostat. Sections were stored at -80 °C. 174 

Tissue sections were permeabilized with 1% NP-40 and blocked with 5% bovine 175 
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serum albumin. Primary antibodies to Iba1 (ionized calcium binding adaptor 176 

molecule 1 (1:500, 019-19741, Wako Pure Chemical Industries, AB839504) or 177 

MBP (myelin basic protein, 1:1000, ab40390, Abcam, AB1141521) were added 178 

overnight at 4 °C. Immunofluorescence was visualize d by Alex Fluor 488 and 594 179 

antibodies (1:400, goat, Molecular Probes).  180 

 Silver Stain: Slides were defrosted, incubated in 20% silver nitrate for 15 181 

min, followed by 20% silver nitrate for 15 min, before developing with a solution 182 

of formaldehyde, citric acid, nitric acid, and ammonium hydroxide (de Olmos et 183 

al., 1994). Slides were dehydrated and coverslipped with Permount.   184 

 Analysis: Using Image J, images were thresholded and quantified for total 185 

integrated density. Silver-stained images were analyzed to resolve cell bodies 186 

and processes. Results were normalized to the average of 3 m controls. 187 

Statistical analysis used ANOVA, with Tukey’s post-hoc test.  188 

 189 

2.6 Western Blots 190 

 Dorsal hippocampus of the contralateral hemisphere was microdissected 191 

and homogenized by a motor driven pestle on ice in 1x RIPA buffer (Millipore) 192 

supplemented with 1 mM PMSF, 1mM Na3VO2, 10 mM NaF, phosphatase 193 

inhibitor cocktail (Sigma), and Roche Complete Mini EDTA-free protease Inhibitor 194 

Cocktail Tablet (Roche). Homogenates were centrifuged 10,000 g x 10 min, and 195 

supernatants were analyzed by Western blot on Novex NuPAGE 4-12% Bis-Tris 196 

protein gels (Thermo Scientific). Membranes were washed with phosphate 197 

buffered saline with 0.05% tween-20, and blocked with 5% BSA for 1 hour at 198 

room temperature. Primary incubation was overnight at 4°C for glutamatergic 199 

receptor protein subunits GluA1 (Abcam), GluA2 (Millipore), NR2A (Millipore), 200 

NR2B (Millipore), and other synaptic proteins (Sigma) at 1:1,000 overnight, and 201 

followed by secondary antibodies (1:10,000) conjugated with IRDye 800 (mouse, 202 

LI-COR Biosciences) or IRDye 680 (rabbit, LI-COR Biosciences) for 1 hour. 203 

Protein bands were quantified by Qdyssey V3.0 software (LI-COR Biosciences). 204 

 205 

2.7 q-PCR 206 

 Hippocampal tissue was microdissected and homogenized by motor 207 

driven pestle in TriReagent (Sigma) and 1-bromo-3-chloropropane (Sigma). 208 

cDNA was reverse transcribed (Promega) for q-PCR with Taq Master Mix 209 

(Biopioneer). Primers used were TNFa (Forward: CGTCAGCCGATTTGCTATCT; 210 

Reverse: CGGACTCCGCAAAGTCTAAG), TNFR1 (Forward: 211 

TGCCTCTGGTTATCTTCCTA; Reverse: GGGGCTTAGTAACAATTCCT), and 212 

GAPDH (Forward: CCAATGTGTCCGTCGTGGATCT; Reverse: 213 

GTTGAAGTCGCAGGAGACAACC). Q-PCR was quantified by delta-delta-CT.  214 

  215 
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3. Results:  216 

 Female C57BL/6J mice of specified ages were exposed to 150 hours of 217 

nPM during 10 weeks. Mice were behaviorally tested before analysis of brains by 218 

histochemistry and for protein and RNA.  219 

 220 

3.1 Histochemistry 221 

 The dorsal hippocampus and corpus callosum, including the alveus, were 222 

examined for neuronal morphological changes, white matter myelin basic protein 223 

(MBP), and microglial activation. Figure 3 show illustrative images. Age 224 

differences are summarized in Table 1; nPM responses of the young, Table 2. 225 

The mouse age is shown at the beginning of the 10 week exposure.   226 

Neurites:  Silver staining of neurites showed effects of age and nPM, with 227 

no change in perikarya. Controls showed 25% decrease in CA1 neurite area with 228 

age (18 m vs 3 m), whereas dentate gyrus (DG) neurites did not show age 229 

change (Figure 4, ANOVA p<0.05). For nPM exposure, only the young mice  230 

responded, with 25% fewer neuritic processes in the CA1 stratum oriens and 231 

stratum radiatum (Figure 4A, B, ANOVA p<0.05). nPM had no effect on CA3 or 232 

DG neurite areas in either age group (Figure 4C, D). Perikaryal staining did not 233 

change with age or exposure in these regions (Supplementary Figure 1). 234 

White Matter: In controls, myelin basic protein (MBP) was decreased in 235 

older mice in CA1 stratum oriens (-50%), and the DG polymorphic layer (-45%) 236 

(Figure 5A, C, ANOVA p<0.05). For nPM exposure, only young mice responded, 237 

with 50% decreased MBP in the CA1 stratum oriens (Figure 5A, ANOVA p<0.05). 238 

Exposure did not alter polymorphic or molecular layers of the DG (Figure 5C, D), 239 

or corpus callosum (forceps major) and hippocampal alveus (Figure 5E). Older 240 

nPM exposed mice showed no further decrease in MBP.  241 

Microglial Activation: Iba1 immunostaining, a marker for microglial 242 

activation, showed +35% age increase in controls (Figure 6A, p<0.05, 2-tailed t-243 

test). nPM exposure increased Iba1 in young mice by +50% in CA1 stratum 244 

oriens (Figure 6A; ANOVA p<0.05), and by +50% in DG polymorphic layer 245 

(Figure 6C, ANOVA p<0.05). Exposure to nPM did not alter Iba1 in  CA1 stratum 246 

radiatum, DG molecular layer, corpus callosum and alveus (Figure 6B, D, E).  247 

 248 

3.2 Protein and RNA by Western Blot and q-PCR 249 

 Glutamatergic receptor protein subunits in whole hippocampal extracts 250 

showed selective changes by Western blots. We focused on AMPA receptors 251 

(GluA1 and GluA2), which were selectively vulnerable to nPM in young male 252 

mice whereas NMDA subunits were not affected (Morgan et al. 2011). In non-253 

exposed controls, GluA1 protein was decreased -50% by age alone (Figure 7A, 254 

ANOVA p<0.05). Only young mice responded to nPM with -50% decrease in 255 

GluA1.  Cortical GluA1 protein did not differ by age. Three other subunits did not 256 

differ by age or respond to nPM: GluR2, NR2A, NR2B (Figure 7B,C,D). No 257 

change was observed in phosphorylation of GluA1 at S845 or S831, or of NR2B 258 

at S1303 by age or nPM. 259 

TNFa mRNA responded to nPM with major 10-fold increase in young mice 260 

(Figure 7A). Older mice had highly variable TNFa which reduced significance of 261 
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possible age increase (Figure 7E, t-test p=0.002). TNFR1 mRNA showed no 262 

change by age or treatment (Figure 7F). 263 

 264 

3.3 Body Weight and Behavior 265 

Body weight: All groups lost weight during the first three weeks of 266 

exposure (Figure 8; p<0.01, 2-way ANOVA), presumably due to handling and 267 

noise stress. Young control and exposed mice, as well as older controls, 268 

regained their initial weight by the end of the 10-week exposure. In contrast, 269 

older mice did not recover weight loss during the exposure (Figure 8; one-way 270 

ANOVA, p<0.05), but by 4 weeks after exposure had regained the lost weight. 271 

Young mice, both nPM and control, which maintained weight throughout 272 

exposure, gained weight after conclusion of the exposure (Figure 8; two-way 273 

ANOVA, p<0.0001).  274 

Cognition and Activity: No memory deficits were observed for age or for 275 

nPM exposure by NOR (Figure 9B) or SAB (Figure 10B). However, nPM 276 

exposure did decrease exploratory activity in both tests. The novel object 277 

recognition (NOR) test for short- and long-term memory showed 30% less 278 

exploration for older mice exposed to nPM vs controls (Figure 9A; ANOVA 279 

p<0.01). In the spontaneous alternation of behavior (SAB) test for short-term 280 

memory, the total arm entries were decreased in both young and older mice, vs 281 

age matched controls (Figure 10A, two-way ANOVA, p<0.05). Individual weight 282 

loss was correlated with locomotor activity change for older exposed mice 283 

(Figure 11; r=0.51), with the heavier exploring more. 284 

 285 

4. Discussion 286 

Young female mice (3 m) given 10 weeks of intermittent exposure to nPM 287 

from ambient urban traffic emissions showed changes resembling baseline aging 288 

changes of hippocampal CA1 subregion-specific decrease of MBP in WM and 289 

atrophy of CA1 neurites, together with microglial activation. Young nPM exposed 290 

mice also showed decreased hippocampus GluA1 protein and increased TNFa 291 

mRNA.  292 

The reduction in myelin basic protein (MBP) is the first experimental 293 

evidence of WM alteration by air pollution exposure. These findings extend 294 

observed correlations of WM volume loss with ambient PM2.5 in older woman of 295 

the WHIMS cohort (Chen et al., 2016), which could be in part responsible for the 296 

decline in cognitive performance from TRAP exposure in older populations (Ranft 297 

et al., 2009, Wellenius et al., 2012, Zeng et al., 2010), approximating two-years 298 

of normal cognitive aging (Ailshire et al., 2014a, Ailshire et al., 2014b). This 299 

change could begin at young ages, evidenced from WM microglial activation in a 300 

small postmortem sample from a highly polluted Mexican city (Calderon et al., 301 

2008, Calderon et al., 2011). Future studies will analyze WM for MBP isoforms 302 

and other WM proteins, as well as fiber density. 303 

 304 

4.1 Aging and response to nPM  305 

Responses to nPM were diminished by aging. In young adult mice, the 306 

nPM exposure decreased MBP levels and neurites, and increased microglial 307 
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activation in the hippocampal CA1 subfields. The older controls (non-exposed, 18 308 

m.), had 25% lower CA1 neurite density and 50% less MBP, with a trend toward 309 

microglial activation. Older controls also showed decreased GluA1 and increased 310 

TNFa. However, the older mice did not respond to nPM with further atrophic 311 

brain changes. The diminished response of older mice to nPM were anticipated 312 

by the smaller kainate excitotoxic lesions of 20 and 24 m old aging male rats vs 3 313 

m (Kesslak et al., 1995). The mechanisms behind the age-ceiling effect of 314 

hippocampus to nPM could involve an age-related loss of glutamate receptors 315 

(Figure 7A; Magnussen and Cotman, 1993) and age-related insensitivity to 316 

excitotoxins in the CA1 (Kerr et al., 2002), reported for older male rats. Our 317 

results support this hypothesis, with baseline decreased GluA1 in older mice.  318 

These findings also extend findings that 18 m old male C57BL/6J mice did not 319 

respond to nPM with induction of phase II electrophile responses in cerebellum, 320 

lung, and liver (Zhang et al., 2012). 321 

Older mice showed nPM vulnerability in weight loss and behavioral 322 

activity. Older exposed mice lost more body weight during nPM exposure, and 323 

unlike the young and the older controls, did not recover weight until 1 month post 324 

exposure. Older nPM  exposed mice also had reduced exploration in the novel 325 

object recognition test (30% reduction). Both young and older exposed mice 326 

showed less alternations in the SAB test (20% reduction). Moreover, individual 327 

weight loss was correlated with locomotor activity change for older exposed 328 

mice, with heavier animals exploring more.  329 

The tests of short-term and long-term memory did not show effects of age 330 

or nPM. The novel object recognition (NOR) test measures declarative memory, 331 

but does not specifically resolve pattern completion. Memory tests that delineate 332 

between mechanisms of recall (Fanselow 1990; Matus-Amat et al., 2004) could 333 

be considered in future studies. Because the NOR is not directly hippocampal 334 

dependent, future studies could include contextual object recognition tests which 335 

are hippocampal dependent, e.g. Novel Object In Context (NOIC (Balderas et al., 336 

2008). A comprehensive brain regional analysis is needed to identify the 337 

vulnerability of neuronal pathways to ambient pollutants across the lifespan. This 338 

effort is justified by the global impact of air pollution on health and mortality, 339 

which the WHO ranks in top 20 leading risk factors for mortality (WHO 2009). 340 

 341 

4.2 Young mice nPM responses 342 

Contrary to the absence of nPM effects on memory, we found CA1-specifc 343 

neurite atrophy in young mice. The regional vulnerability of hippocampal neurons 344 

gives a precedent for further inquiry. The CA1 stratum oriens responded most to 345 

nPM exposure, with an 25% neurite atrophy, 50% reduction in MBP, and 50% 346 

increase in Iba1. The stratum radiatum showed changes only in neurites, while 347 

white matter and Iba1 remaining unchanged. These regions, though adjacent, 348 

differ in vascularization, cell population, and connectivity, which could explain the 349 

divergent responses to nPM. The stratum oriens is more densely vascularized 350 

than the stratum radiatum (Duvernoy et al., 2013, Grivas et al., 2003) and has 351 

different connectivity. For example, the entorhinal cortex projections to the 352 

stratum oriens are denser than to the stratum radiatum, while CA3 sends 353 
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projections to both strata, but with more projections to the radiatum, via the 354 

Schaffer collaterals (Figure 2E). The MBP and microglial changes in response to 355 

nPM were observed only in the stratum oriens, which predicts LTP impairments 356 

to nPM in the oriens.  357 

The selective atrophy of CA1 neurites in young C57BL/6J female mice in 358 

our study confirms the Golgi analysis of Fonken et al., 2011, for young male B6 359 

mice; in both studies the DG neurites were unchanged. The silver staining of 18 360 

um sections could not resolve dendritic spines or other neuronal subprocesses. 361 

The differential CA1 vulnerability to two models of TRAP exposure closely 362 

matches the CA1 vulnerability in AD, wherein the CA1 neurons undergo earlier 363 

and greater degeneration than the DG (Padurariu et al., 2012, Serrano-Pozo et 364 

al., 2011). This regional vulnerability has important implications for the cognitive 365 

consequences of TRAP exposure. The CA1 is integral in spatial memory (Tsien 366 

et al., 1996), consistent with the poorer performance on the Barnes maze of 367 

PM2.5 exposed mice (Fonken et al., 2011). The CA1 also mediates object 368 

recognition, specifically pattern completion recall, based on familiar cues, and is 369 

mediated by the CA3/CA1 pathway (Leal and Yassa, 2015).  370 

Effect of nPM on glutamate receptors in young mice was selective to 371 

GluA1 AMPA receptors, with no change in GluA2, or the NMDA receptors NR2A 372 

and NR2B. This selectivity was observed in male mice with the same nPM 373 

exposure (Morgan et al., 2011). Neonatal hippocampal slice experiments also 374 

show acute glutamatergic pathway responses to nPM: the greater CA1 375 

vulnerability and induction of NO and nitrosylation were attenuated by the NMDA 376 

receptor antagonist AP5 (Davis et al., 2013b). 377 

The neurite atrophy with decreased length could be TNFa dependent. In 378 

vitro nPM exposure reduced neurite outgrowth in a TNFa/TNFR1 dependent 379 

manner (Cheng et al., 2016a). Hippocampal TNFa mRNA was increased 10x in 380 

by nPM exposure in the present studies. In vitro blocking TNFa by siRNA or 381 

immunoneutralization was able to rescue neurite growth, as was blocking TNFR1 382 

by anti-TNFR1 peptide (Cheng et al., 2016a). We saw no change in TNFR1 383 

mRNA, corroborating findings on the olfactory neuroepithelium (Cheng et al., 384 

2016a). 385 

 386 

4.3 Exposure Composition 387 

The exposure concentrations used here are roughly equal in overall 388 

particle numbers to ambient on-road concentrations (Ntziachristos et al., 2007). 389 

The overall delivered dose over the 10-week exposure protocol is roughly 390 

equivalent to one year of human exposure to freeway levels of nPM. The nPM 391 

used here is generalizable to other cities, as it is mostly derived from automobile 392 

traffic. Despite the overall low levels of metals in ambient nPM, redox-active 393 

elements such as Cu, Cr, Fe, Mn and Ni have been attributed to adverse health 394 

outcomes (Molinelli et al., 2002; Oller 2002; Wise et al., 2002). Prior studies in 395 

the Los Angeles basin and elsewhere have indicated that these metals in the 396 

sub-micron size ranges are mostly emitted from motor vehicles, including tailpipe 397 

emissions, brake wear, tire wear, and re-suspended road dust, in addition to 398 

combustion products (Schauer et al., 2006; Saffari et al., 2013). 399 
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 400 

4.4 Potential Mechanisms 401 

The transport of nPM and other TRAP components into the brain is 402 

unresolved and includes at least two routes, ‘nose-to-brain’ and ‘lung-to-brain’. 403 

Other ultrafine PM (radiolabelled carbon and manganese) can be translocated to 404 

the brain from the olfactory neurons in the nasal epithelium into the olfactory 405 

bulb, but also to other brain regions (Oberdorster et al., 2004, Elder et al., 2006), 406 

We recently showed rapid inflammatory responses in the olfactory bulb to inhaled 407 

nPM (Cheng et al. 2016a).  Additionally, Mumaw et al., 2016, showed evidence 408 

for a lung-to-brain route in responses to ozone which did not involve TNFa or 409 

other cytokines. Nonetheless, TRAP exposure can increase blood TNFa in 410 

humans (Delfino et al., 2009) and mice (Li et al. 2013, van Eeden et al., 2001). 411 

Elucidating specific chemical mechanisms in responses to nPM and other TRAP 412 

components is complicated by their extreme chemical heterogeneity (Morgan et 413 

al., 2011; Liu et al., 2016). Besides direct ‘nose-to-brain’ passage of inhaled air 414 

particulates, radiolabeled ultrafine carbon PM rapidly reached the cerebellum at 415 

about the same time as the olfactory bulb (Oberdorster et al., 2004), suggesting 416 

other routes into the brain. The possibility of systemic effects of inhaled TRAP 417 

are consistent with the broad brain regional responses to TRAP inhalation, which 418 

include cerebellum (Cheng et al., 2016; Zhang et al., 2012) and other regions 419 

that are multiple synapses away from olfactory input.  420 

The cellular mechanisms of nPM induced neurodegeneration could be 421 

mediated by chronic microglial activation, which produces both extracellular 422 

reactive oxygen species and neurotoxic factors (Block et al., 2007, Mumaw et al., 423 

2016, Davis et al., 2013b). LPS based microglial activation shows neuronal loss 424 

in microglial rich brain regions (Qin et al., 2007), and causes reduced neuronal 425 

processes in the CA1 (Richwine et al., 2008). Exposure to nPM shows 426 

neuroinflammatory effects including induced inflammatory cytokines seen in the 427 

cerebral cortex (Morgan et al., 2011), and increased phase II response genes in 428 

the cerebellum (Zhang et al., 2012). nPM treatment of mixed glial cultures 429 

increased IL-1a and TNFa with dose dependence (Morgan et al., 2011). The 430 

current study extends these results of neuroinflammation in the CA1 and dentate 431 

gyrus, and subregional specificity of the nPM response.  432 

 433 

 434 

5. Conclusion: 435 

Shown here, nPM leads to hippocampal neurite atrophy and decreased 436 

white matter MBP. The regional specificity to the CA1 predicts a degradation of 437 

CA1 functions in human populations exposed to high levels of air pollution, which 438 

underlie accelerated cognitive impairments. Future imaging studies of WHIMS 439 

and other well defined cohorts may resolve earlier stages of neurodegenerative 440 

responses to TRAP and their relationship to AD risk. 441 
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Figure 1: Experimental exposure schedule, showing expanded alternate day 727 
intermittent exposure schedule for the initial week; ages of mice at beginning and 728 
end of experiment below the timeline.   729 
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 744 

 745 
Figure 2: Composition of reaersolized nPM used for exposures. Mass 746 
concentration, 342 ± 81 µg/m3; particle number concentration, 1.4×10 5 ± 9.7×10 3 747 
particles /cm3. Top inorganic elements are listed in ng/m3. A, Top 10 elements by 748 
concentration. B, Expanded scale for remaining elements with a concentration 749 
>1.0 ug/m3.  750 
 751 
 752 
 753 
 754 
 755 
 756 
 757 
 758 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 
 
 
 

 759 
Figure 3: Histochemistry illustrating regions and stains. A, Cresyl violet stain, 760 
corpus callosum (CC) and dorsal hippocampus: CA1 subfields stratum oriens 761 
(approximate area of analysis 25 mm2) and stratum radiatum (45 mm2), dentate 762 
gyrus (DG) subfields molecular layer (90 mm2) and polymorphic layer (15 mm2). 763 
Black box outlines the regions shown in other panels. B, Silver stain; C, Myelin 764 
basic protein; D, Iba1. Scale bar, 100 µm. 765 
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 785 
 786 
 787 
Figure 4: Hippocampus neurite area as total silver stained area per field (See 788 
Fig. 3).  789 
A, Stratum oriens of CA1. nPM exposure in 3m mice decreased processes by 790 
25% (p<0.05, ANOVA). 18m animals had equivalent decrease (p<0.05, ANOVA). 791 
No response to nPM in 18m mice. 792 
B, Stratum radiatum of CA1. nPM exposure decreased processes by 25% 793 
(p<0.05, ANOVA). No baseline age changes.  794 
C, Polymorphic layer of the DG. No change observed. D, Molecular layer of the 795 
DG. No change observed. E, Example of silver stained CA1 stratum radiatum 796 
neuron. Mean +/- SEM; N=9 per treatment. Scale bar 25 µm. 797 
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 802 
Figure 5: White matter immunohistochemistry for myelin basic protein in 803 
hippocampus and corpus callosum (See Fig. 3). A, Stratum oriens of CA1. nPM 804 
exposure in 3m mice decreased MBP by 50% (p<0.05, ANOVA). 18m animals 805 
had equivalent decrease (p<0.05, ANOVA). No response to nPM in 18m mice. 806 
B, Stratum radiatum of CA1. No change observed by age or nPM.  807 
C, Polymorphic layer of the dentate gyrus (DG). No response to nPM in 3m or 808 
18m mice. Baseline age change of 50% (p<0.05, ANOVA). D, Molecular layer of 809 
the DG. No change observed. E, Forceps major of the corpus callosum. No 810 
change observed. F, Example of MBP stained myelin in CA1 stratum radiatum. 811 
Mean +/- SEM; N=9 per treatment. Scale bar 10 µm. 812 
 813 
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 814 
Figure 6: Microglial activation, measured by Iba1 immunohistochemistry (IHC), 815 
in regions of the hippocampus and corpus callosum (See Fig. 3). A, Stratum 816 
oriens of CA1. nPM exposure in 3m mice increased Iba1 by 50% (p<0.05, 817 
ANOVA). Older control mice showed a trend toward decrease, with no change 818 
observed by ANOVA, but p<0.05 by two-tailed t-test. No response to nPM in 18m 819 
mice. B, Stratum radiatum of CA1. No changes observed. C, Polymorphic layer 820 
of the dentate gyrus (DG). nPM exposure in 3m mice increased Iba1 by 50% 821 
(p<0.05, ANOVA). No baseline age changes or response to nPM in 18m mice 822 
observed. D, Molecular layer of the DG. No changes observed. E, Microglial 823 
expression in the corpus callosum, no change. F, Example of Iba1-stained 824 
microglial cell from CA1 stratum radiatum. Mean +/- SEM; N=9 per treatment. 825 
Scale bar 10 µm. 826 
 827 
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 828 

Figure 7: Protein concentration of glutamate receptor subunits from hippocampal 829 
lysates. A, GluA1 protein was decreased 50% in the 3m mice by nPM exposure 830 
(p<0.05, ANOVA). Baseline age decrease of 50% was observed (p<0.05, 831 
ANOVA), with no effect of nPM in older mice. B, GluA2 protein showed no 832 
change by age or treatment. C, NR2A showed no change by age or treatment. D, 833 
NR2B showed no change. E, TNFa mRNA in the hippocampus, by q-PCR. nPM 834 
exposure increased TNFa mRNA in young mice by 10x (p<0.05, ANOVA). Non-835 
exposed controls showed a trend for age increase that was not significant (P = 836 
0.XX) because of individual variability. F, TNFR1 mRNA, no change by age or 837 
treatment. Dotted line separates protein and RNA results. Mean +/- SEM; N=9 838 
per treatment. 839 
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 840 
 841 
Figure 8: Body weight throughout exposure and 1 m post exposure. All groups 842 
showed initial weight loss (p<0.01, two-way ANOVA). All young mice and older 843 
controls recovered weight during the exposure, unlike older exposed mice; 844 
difference post exposure (p<0.05, one-way ANOVA). Older exposed mice 845 
recovered weight 1 m post exposure. Mean +/- SEM; N=9 per group. 846 
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 850 
Figure 9: Novel Object Recognition (NOR) test, activity and discrimination index. 851 
A, Total number of explorations during the initial test. Older nPM exposed mice 852 
had reduced exploratory activity (p<0.01, one-way ANOVA). 853 
B, Discrimination index (exploration of novel object divided by total exploration) 854 
for the 90-minute posttest (short-term memory). C, Discrimination index for the 855 
24-hour posttest (long-term memory). Mean +/- SEM; N=9 per treatment. 856 
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 872 
Figure 10: Spontaneous Alternation of Behavior (SAB) test. A, Total number of 873 
alternations between the three arms. Both ages showed effect of nPM (p<0.05, 874 
two-way ANOVA) B, Alternation of behavior (ratio of optimal arm choices). Mean 875 
+/- SEM; N=9 per treatment. 876 
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Figure 11: Correlations of body weight at the end of nPM exposure vs total 893 
number of explorations in the initial NOR test. Both ages showed effect of nPM 894 
(r=0.5076).   895 
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Table 1: Summary of age differences in control mice, not nPM exposed. 910 
 911 

Age Differences  
Region Neurites Myelin Microglial 

Activation 

CA1 
 

Oriens -25% -50% +35% 
Radiatum 0 0 0 

DG 
 

Polymorph 0 -45% 0 

Molecular 0 0 0 

Corpus Callosum NA 0 0 

Summary of age differences in control mice (Figures 4,5,6). 0, no change, “Inc” 912 
denotes an increase versus young control, “Dec”, a decrease versus young 913 
control, and NA, not measured.  914 
 915 
 916 
 917 
 918 
 919 
 920 
 921 
 922 

Treatment Differences  
Region Neurites Myelin Microglial 

Activation 

CA1 
 

Oriens -25% -45% +50% 

Radiatum -25% 0 0 

DG Polymorph 0 0 +50% 

Molecular 0 0 0 

Corpus Callosum NA 0 0 

Table 2: Summary of treatment differences in young animals. Values are versus 923 
young control air mice. 0 denotes no change, “Inc“ denotes increase, “Dec” 924 
shows a decrease, and NA means not measured. CA1- cornus ammonis 1, DG- 925 
dentate gyrus. 926 
 927 
 928 
 929 
 930 
 931 
 932 
 933 
 934 
 935 
 936 
 937 
 938 
 939 
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940 
 941 
 942 

Supplementary Figure 1: Neuronal perikarya, visualized by silver staining, in 943 
regions of the hippocampus and corpus callosum. No changes observed for any 944 
region. A) Stratum oriens of the cornus ammonis 1 (CA1). B) Stratum radiatum of 945 
the CA1. C) Polymorphic layer of the dentate gyrus (DG). D) Molecular layer of 946 
the DG.  947 
 948 
 949 
 950 
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• Age response to traffic-related air pollution exposure is investigated 

• Young mice show neurite and myelin loss in the CA1 resembling age changes  

• Older mice demonstrate an age-ceiling effect, and do not respond to exposure 




