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Introduction: Air pollution is a significant contributor to adverse health outcomes in humans 

around the world. Particulate matter has been linked to numerous cardiovascular, pulmonary and 

neurological diseases and associated with increased systemic inflammation and direct cellular 

toxicity. Earlier studies have suggested three potential routes of entry for particulate matter into 

the central nervous system: systemic circulation and active transport into cells; leaky capillaries 

compromising the blood-brain barrier allowing for infiltration of the parenchyma or translocation 

along the olfactory system. Newer imaging technologies have been developed to allow for direct, 

non-destructive molecular identification of compounds through excitation of the molecular 

chemical bond vibrational energies, with minimal preparation. The use of Raman microscopy of 

multiple varieties, in particular, is quickly expanding throughout the biological sciences. We 

sought to identify the carbon core material of ultrafine particulate matter in the CNS of mouse 

and human subjects with known or estimated exposures to diesel exhaust or air pollution, 



 

respectively, using Raman microscopic techniques. Methods: Three groups of tissues were 

examined. First, mouse alveolar macrophages were exposed to increasing concentrations of 

diesel exhaust particles (DEP) and imaged with stimulated Raman scattering (SRS) microscopy. 

Second, a small group of naïve and experimental mice perinatally exposed to diesel exhaust (DE) 

were sacrificed and their brain tissues directly imaged with SRS along the olfactory bulb, corpus 

callosum and frontal lobes to identify areas of potential DEP deposition. Third, human brain 

biopsies from subjects participating in the Adult Changes in Thought (ACT) study were obtained 

and also imaged with SRS along the olfactory, cerebellar and frontal lobe tissues for signs of 

black carbon particulate matter to be quantified and compared to estimated individual air 

pollution exposures. Results: The macrophage study readily identified the DEP and image 

analysis suggested a dose-dependent response to the uptake of DEP by the macrophages in a 

positive, linear fashion, though also with a wide variation in material uptake and extracellular 

particulate matter seen at most inoculating concentrations. Imaging of the mouse CNS tissues 

was successful at identifying several large structural features of the parenchyma as well as 

cellular elements such as red blood cells remaining in the larger blood vessels, as well as likely 

glial and neuronal cells. Particulate matter was not positively identified between the naïve and 

DE exposed subjects, however. Imaging of the human brain tissues was complicated by 

inadequate tissue thickness and the use of a paraffin based embedding media, which created a 

complex background spectral and fluorescence response. Identification of cellular and 

parenchymal structures was difficult and no particulate matter was found or distinguished from 

the background signal intensity. Discussion: SRS is a useful technique to identify the unique 

molecular response of DEP from surrounding biological material. The dose response relationship 

established with in vitro exposure of DEP to alveolar macrophages provides a basis for future, 



 

more established studies to build upon. There are numerous potential technical and biological 

reasons for not being able to identify particles in the mouse CNS tissues, including inadequate 

resolution of the microscope system, inappropriate specimen preparation or sampling error 

versus the particulate matter not reaching the deeper tissues of the brain or otherwise being 

cleared over time. There are numerous similar reasons for being unable to identify the particles 

in the human biopsy samples, the most likely of which is the inadequate specimen preparation 

for the SRS microscope. Further study is required to fully determine the potential efficacy of 

SRS in the process of identifying particulate matter within the CNS and potential correlation to 

inflammatory induction or similar responses.  
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Chapter 1. INTRODUCTION  

Air pollution (AP) is a leading cause of global morbidity and mortality, contributing to 

adverse effects in the nervous, respiratory, and circulatory systems throughout all stages of life.(1-

10) The global burden of disease estimates ranked Ambient PM2.5 as the 5th most mortality risk 

factor in 2015, contributing to 4.2 million deaths, representing a 20% increase from 1990.(1) AP 

consists of a complex and dynamic mixture of gases and particles arising from the combustion of 

most all fuels.(9, 11) Many of the individual components affect human health through biochemical 

and genetic processes at all stages of life, from fetal development through old age.(2, 6, 12-18) 

Extensive research continues to be performed to better characterize and understand the precise 

nature of these effects in an effort towards developing better treatments of these diseases and 

preventative techniques to reduce the overall disease burden on society. 

Exposure to particulate matter, specifically particles with aerodynamic diameter less than 

2.5µm (PM2.5), has been associated with developing Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) due to neurotoxicity associated with neuroinflammation and increased oxidative 

stress from the presence of the particles as well as the adsorbed components of AP.(18-21)  

Summaries of exposure routes and mechanisms of toxicity are presented in Figures 1.1 and 1.2.(22, 

23)  

Of greatest interest are the ultrafine particles (< 0.1 µm diameter) as they may be able to 

translocate across the respiratory epithelium, and other barriers, to be distributed throughout the 

body via the circulatory system. Recently, several experimental studies suggest ultrafine particles 

may enter the brain through translocation via the olfactory bulb, in addition to crossing the blood-

brain barrier via the circulatory system.(20, 24-30) The exact mechanism of such transport along 



 

the olfactory tract remains to be discovered as well as the regions of the brain most likely to receive 

such particles once they cross into the central nervous system.  

Air pollution has been an area of intense study by numerous stakeholders, including 

environmental scientists, regulatory agencies, and public health officials. As increased concern 

developed over the environmental and health impacts AP contributed to, regulatory agencies began 

to aggressively collect data on local atmospheric conditions and concentrations of the primary 

constituents of AP, mainly particulate matter (PM), oxides of nitrogen (NOx) and Sulfur (SOx), 

Carbon Monoxide (CO), Ozone (O3) and trace metals. Starting in 1978 in the Puget Sound region, 

a wide range of regulatory and scientific instrumentation were placed seeking to better understand 

the patterns of AP as well as establishing and enforcing new air quality standards. As technologies 

increased and improved over the years, more, and less expensive, monitors were developed, 

allowing for better understanding of exposures the local populations were experiencing at a 

neighborhood level.(31-33) This data has since been utilized to develop models of individual 

exposures to AP based upon their addresses over several time periods. Efforts are now turning to 

methods of quantifying personal exposures through the use of a biomarker(s) so as to determine a 

given exposure’s risks and characterize a broader dose response curve.(34, 35) 

Over the last 10 years, newer methods of imaging have been developed allowing for the 

visualization of cellular molecular transport and metabolic processes using live cells, in addition 

to three-dimensional imaging of larger organelles and molecular constructs. These techniques 

utilize pulsed lasers and a series of diffraction or transmission offsets to induce refraction or 

fluorescence patterns dependent upon the molecular bonds and atomic structures present in the 

specimens with which they interact. RAMAN microscopy is one of these techniques becoming 

more rapidly utilized to investigate structure and metabolic processes within biological tissues.(36) 



 

A subset of RAMAN imaging, stimulated Raman scattering (SRS), has become the forerunner for 

such investigations due to considerably faster imaging speed and increasingly finer 

resolutions.(37-46)  These imaging techniques provide the ability to acquire large amounts of data 

over relatively short acquisition times when compared to traditional RAMAN microscopy. SRS 

microscopy uses coherent near-infrared laser beam(s) to detect characteristic molecular vibrations 

from the sample constituents allowing for the localization of specific molecules within the field of 

view, quantification of molecules of interest and development of a three-dimensional image to 

better understand the molecular interactions.    

Understanding of the mobility of black carbon and other ultrafine particles throughout the 

body is potentially a valuable research tool if their accumulation in tissues of interest correlates to 

measured and/or estimated exposures. Earlier studies have detected inflammatory markers in CSF 

which correlated loosely with estimated AP exposures, but such markers are very non-specific and 

of limited use in a clinical setting. Furthermore, little is known about whether tissues are 

specifically impacted through particulate uptake or changes in the local environments as part of 

the immune response to the presence of such particles.   

This pilot project was performed to investigate the questions of whether ultrafine particulate 

matter enters the central nervous system in a direct fashion and, if so, where it may aggregate. 

Additionally, we were seeking to establish whether a correlation existed between the amounts of 

particulate matter identified in CNS tissues and the estimated individual exposures. This 

investigation utilized a subset of subjects from a large prospective cohort study of aging and brain 

health.(47) Earlier projects have established models to estimate chronic exposure to particulate 

matter on an individual level(48) and we are looking to build upon those efforts through non-



 

destructive microscopic analysis of the molecular elements present within specific regions of the 

brain.  

Investigators have recently developed predictive spatio-temporal models to estimate the 

individual long-term (40 years) average exposures of ambient pollution from residential 

addresses.(48-50) These models have been validated and correlate well with measured air pollution 

throughout the Puget Sound region from 1978 to the present, yielding a cross-validated R2 (R2cv) 

of 0.87 and root mean square error (RMSE) of 1.29 µg/m3 at the regulatory monitoring sites and 

R2cv = 0.78, RMSE = 0.89 µg/m3 at the low cost measurement sites. This model ultimately allowed 

for prediction of long-term average PM2.5 exposure at participant homes between 1978-2018 and 

individualized exposure averaging periods.(48) 



 

 
Figure 1.1. Summary of AP effects on Human health, specifically along the pulmonary and 

cardiovascular systems. AP gases and particulates interact with biological systems along 

numerous pathways, though primarily through induction of inflammation and subsequent cellular 

damage. Figure from Münzel et al and used per the creative commons license 

(creativecommons.org/licenses/by/4.0/) (23). 



 

 

 
Figure 1.2. Illustration of the routes AP has been shown and/or theorized to impact neural tissues 

and contribute to the development of disease. The interactions are a complex series of events and 

compounds involved, but generally considered in four major groups: 1) Systemic inflammation; 

2) Particulate Matter; 3) Adsorbed compounds; 4) Ozone. No single pathway to CNS damage 

has been definitively identified but believed to be better represented through a synergistic 

interaction of the pathways above. Figure adapted from Block et al. (22) 

 



 

Chapter 2. METHODS 

2.1 STUDY POPULATION AND SUBJECT SELECTION: 

The Adult Changes in Thought (ACT) is a prospective, longitudinal, observational cohort 

study conducted in King County, Washington, consisting of a random sampling of individuals 65 

years old and over who received medical care through a local health maintenance organization.(47, 

51) Subjects are evaluated for onset of dementia and other degenerative diseases of cognition and 

included autopsy as an outcome for more in depth investigations. At the time of the start of our 

study, over 800 subjects had been autopsied and several secondary studies performed to investigate 

histological changes within the central nervous system (CNS) and potential relationships to a wide 

range of environmental exposures. The ACT-Air Pollution Study (ACT-AP) used existing ambient 

air pollution monitoring data and data from new, low-cost sensors to estimate individual level 

exposure to air pollution (including ultrafine particulate matter) at residential home addresses. To 

optimize our ability to identify pollutant particles in the brain, we selected those subjects having 

the highest estimated individual exposure over the 10 years prior to death.(48) Biopsy specimens 

were obtained from 11 subjects, specifically from the olfactory bulb (4 subjects), frontal lobe and 

cerebellum (11 subjects).  

2.2 SAMPLE	COLLECTION	AND	PREPARATION:		

2.2.1 Human	brain	tissue	

The brain biopsy tissue was harvested as part of the protocol autopsy and fixed with formalin 

for 2 weeks, then measured, photographed and examined for gross changes. Specimen blocks were 

then embedded in agar, cut to 4mm slabs using a meat slicer and further inspected through gross 

observation and image analysis. The slabs were then cutdown, placed in embedding cassettes and 



 

processed using a standard automated paraffin embedding system. Microscopic specimens were 

sectioned from the cassette blocks after being chilled for 2 hours with ammonium hydroxide, cut 

on a microtome to 5 µm, floated onto a 40 - 45 °F waterbath and then mounted onto positively 

charged slides.  The sections were left unstained, cover-slipped and sealed to maintain hydration 

of the tissue. 

2.2.2 Diesel Soot  

Diesel soot is a heterogeneous mixture of approximately 61% aciniform elemental carbon, 

30% solvent organic fraction (SOF)/organic carbon, 8% sulfate and other chemicals and 1% 

metals.(52-54) Particulate matter from Diesel exhaust (DEP) was obtained from previous 

experiments which created controlled diesel exhaust atmospheres and filtered them through PTFE 

filter paper for additional testing using a 2002 model year turbocharged direct-injection 5.9-L 

Cummins, Inc. (Columbus, IN), B-series diesel engine (model 6BT5.9G6).(55) Material was 

stored in a sterile container for further study. Approximately 1 gram of particulate matter was 

provided for use and placed directly on a coverslip for imaging. Additional soot was used to 

generate several solutions of a known concentration in culture media and creation of a series of 

positive control specimens.  

2.2.3 Murine Alveolar macrophage uptake of soot. 

RAW 264.7 murine alveolar macrophage cells were grown on glass slides then exposed to 

concentrations of 0, 0.025, 0.05, 0.1, 0.25, 0.5, 1, and 2 ug DEP/mL culture media in culture media 

for 24 hrs. Cells were washed with PBS for 5 mins twice, then fixed for 15 minutes with 4% 

paraformaldehyde, washed again in PBS, cover-slipped and sealed with nail polish.  



 

2.2.4 Murine brain tissue 

Brain tissue was obtained from eight mice used in a parallel project to serve as additional 

positive and negative imaging controls, consisting of four naïve (wild type FA) and four diesel 

exhaust atmosphere (DE) exposed, 6 month old mice. The DE mice were exposed perinatally from 

gestation through postnatal day 21 to 300 µg/m3 diesel particulate matter, 6 hours per day for 5 

days per week. The mice were euthanized according to our institutional IACUC guidelines and the 

cranium incised. CNS tissues were fixed with a 4% formalin solution administered through 

cannulation of the circulatory system prior to removal from the cranium. Once harvested, the 

tissues were washed in PBS and then stored in sealed tubes containing PBS at 40° Fahrenheit.  

The brains were sectioned by hand, first dividing the hemispheres along the midline using a 

disposable microtome sectioning blade. The left hemisphere was returned to the PBS storage for 

future use in another experiment. The right hemispheres were next serially sectioned in the sagittal 

plane using a commercially available stainless steel mouse brain matrix with 0.5 mm cutting guides 

and a new disposable microtome blade. Sectioning began from the lateral/temporal lobe and 

progressed medially, yielding 6 to 7 sections per subject. The sagittal plane was chosen so as to 

optimize the visibility of the olfactory bulb and tract tissue. Sections were secured on glass 

microscope slides, wetted with PBS, and coverslips applied. The slides remained in sealed petri 

dishes at 40°F until imaged.  

 



 

Figure 2.1. Mouse brain preparation. A) Freshly harvested and fixed. B) Using a commercial 

brain matrix for orientation and C) initial midline sectioning. D) Representative sagittal sections. 

2.3 IMAGING PROTOCOL FOR BLACK CARBON DETECTION IN THE CENTRAL NERVOUS 

SYSTEM 

2.3.1 Microscopy 

This pilot study utilized a hyperspectral stimulated Raman scattering (hsSRS) microscope 

(Insight DS+ from Spectra-Physics) described in other publications.(38, 56, 57) The system uses 

a femtosecond dual beam laser system at an 80 MHz repetition rate: a tunable beam (pump), which 

ranges from 680 to 1300 nm, and a fixed beam (Stokes) at 1040 nm. The respective beams are 

chirped by a grating-based pulse stretcher. The laser is focused onto the samples through a 25X 

Olympus water immersion objective (Olympus, XLPN25XWMP2) with 1.05 NA, providing an 

average power of 30mW each. Backscattered light from the sample is collected by the excitation 

objective and reflected by a polarizing beam splitter (PBS). A quarter waveplate was placed 

between the PBS and the objective to produce circularly polarized light to be focused on the 

photodiode. Images are generated via Raster scanning of the laser focus over the sample, consisting 

of 512x512 pixels with an 8 µs/pixel dwell time (frame rate 0.5 frame/s). The backscatter and SRS 

signal filtering is performed through use of either a 600 nm short pass (macrophages) or 550/80 

nm (CNS tissues) bandpass filter between the objective and photodiode. The hyperspectral SRS 

signal was detected using a lock-in amplifier. Overall, image resolution was ~ 0.5 µm and spectral 

resolution ~ 12 cm-1. Stage control and image acquisition was controlled via a graphical user 

interface coded in Matlab.  See Figure 2.2 for a graphical representation of the system as described 

in Figueroa et al. 2019.(56) Data was saved with relative intensities in arbitrary units (a.u.) over 

the wavenumber region of 2800 to 3100 cm-1  (C-H stretching). A single human sample was also 



 

looked at in the fingerprint region of 1500 – 1700 cm-1 to attempt chemical isolation of the 

background and carbon particulates following modification of the microscope to shift the available 

RAMAN spectra.  

 

Figure 2.2. Diagram from Figueroa et al 2019. Schematic of the hsSRS microscope based on a 

femtosecond dual beam laser system. Abbreviations: QWP, quarter waveplate; EOM, electro-

optical modulator; HWP, half waveplate; PBS, polarizing beam splitter; DM, dichroic mirror; 

SPF, short–pass filter; PD, photodiode.(55). 

2.3.1.1 Diesel soot and murine DEP exposed macrophage  

Each specimen was imaged using a larger Raster pattern of 20 frames, using a 600nm short 

pass filter and covering a field of view of 270 x 270 µm2 for each frame. Three frames were also 

imaged in the z-direction to investigate the 3-dimensional structure of the cells and particulate 

location. Images were saved into TIFF files containing the interleaved SRS and fluorescent images.  



 

2.3.1.2     Mouse brain imaging 

Samples were imaged in a similar Raster pattern of 8x8, 14x14, 16x16 out to 66x22 frames, 

covering a field of view of 180 x 180 µm2 to scan as much of the tissue as possible and optimize 

the search area for particulate matter. This imaging also allowed for fine tuning of the imaging 

parameters to be used for the human specimens.  

2.3.2 Human subject imaging 

Using the imaging parameters identified from the mouse brain imaging, the human sections 

were then imaged, starting with sections identified as originating from the olfactory bulb, followed 

by sections from the frontal lobe and cerebellar blocks. These were similarly taken in a step-wise 

Raster pattern.  

2.3.3 Image analysis 

2.3.3.1 Software: 

Images were manipulated and processed using FIJI/ImageJ, an open-source image processing 

software package initially developed by the NIH. The standard installation package for FIJI were 

used for the primary image processing and analysis.  

2.3.3.2 Image preparation  

The SRS and fluorescence channel were deinterleaved for all images investigated and processed 

separately. For specimens imaged across multiple fields of view in a sequential tiled fashion, reconstruction 

of the scanned surface was performed by stitching of the image tiles using the Grid/collection stitching 

plug-in described by Preibisch et al 2009.(58) Images to be subjected to thresholding analysis were 

converted to 8-bit TIFF format and saved in separate files from the original raw data. 

2.3.3.3 Alveolar Macrophage analysis 

Two to three frames from the 20 taken for each DEP exposure concentration were selected at 

random and used to identify a dose-response relationship between exposure and macrophage 



 

uptake of particulates. The individual cells were identified in each SRS frame and the 

corresponding particulates in the fluorescence frames. Area measurements of DEP relative to the 

macrophage cells were obtained and correlation calculated.  

The SRS images were optimized in brightness and contrast levels to identify cell edges and 

other structures using the automatic adjustment available in FIJI. Threshold processing was then 

performed to identify the cell body edges and allow for measurements to be taken. Thresholding 

utilized the mean pixel algorithm,(59) followed by pixel smoothing and conversion of the images 

to a binary format. Individual cells were identified using the Analyze particles function, selecting 

areas of 50-550 µm2 as the anticipated size range of the macrophages based upon available 

literature reports for murine alveolar cells.(60, 61) Measurements were obtained for the area and 

saved to a .csv file. The image ROIs were color coded green for later overlay with the DEP 

identified image. 

The fluorescence images were used to identify DEP through a similar thresholding process. 

Previous studies using two photon femtosecond pulsed laser at 810nm illumination have 

established carbon black particles produce a broad band white light (WL) stretching over the entire 

visible light spectrum at high intensity.(35, 62, 63) Images of the pure diesel soot images revealed 

heterogeneous particles with high intensity fluorescent signals within them and this became the 

primary area of interest for the particulate analysis.  

Thresholding of the particulate fluorescence was performed with the Otsu algorithm,(64) 

followed by pixel smoothing and saving as a binary image. Particulate area was measured using 

the Analyze Particles command, selecting between 1-900 µm2 as we anticipated there would be 

wide variability in the size distribution of the particulate aggregates present within the cells.  



 

Measurement data was saved to a .csv file and ROIs used to generate a red color-coded overlay for 

localization within the identified cells in the earlier step.  

The overlays were used to match the measured cell and particulate areas to determine the 

percent area of the cell occupied by the DEP. Cells and particulates without a counterpart were not 

included in the calculations. Similarly, paired measurements where the particulate area was larger 

than the corresponding cell area were considered to reflect cellular destruction and disregarded in 

the percent cellular area calculations. The individual percent cellular areas of DEP were plotted 

versus their respective DEP exposure concentrations and correlation calculations performed. The 

average percent cell area of DEP was also determined for each frame and a scatter plot of these 

versus the exposure DEP concentration generated. A linear trend line and Pearson’s correlation 

coefficient was calculated. 

2.3.3.4 Mouse brain analysis 

Image tiles were deinterleaved and stitched together as previously described. The SRS 

channel tiled image was then thresholded and intensity detection performed with a focus along the 

olfactory bulb and tract for the naïve and DE subjects. Control and DE images were compared to 

identify areas for potential particulate matter isolation.  

2.3.3.5 Human CNS tissue analysis 

Image tiles were deinterleaved and stitched together as previously described. Image contrast 

and brightness of the SRS images were further optimized to distinguish between suspected BC 

aggregates and the surrounding embedding medium. Secondary images of one of the biopsy slides 

of an olfactory bulb region were also taken in the fingerprint region to better characterize the 

chemical RAMAN spectra to attempt to isolate a BC signal from the background.  



 

Tissue concentration of particulate matter would be determined by random sampling along 

the identified tissue structures of 10 circular ROIs with a diameter of 20 µm. Areas with WL 

saturation would be measured and to determine whether the particulates were intra or extracellular. 

If several regions of the brain tissues were identified as containing particulate matter, separate 

average areas of particulates were determined, and approximate concentration estimated for each 

region based upon relative area occupied.  

2.4 AMBIENT AIR POLLUTION EXPOSURE MODELING  

Estimated individual exposure to ambient PM2.5 and NO2 at the residential home address was 

determined previously using a novel spatio-temporal modeling system based upon extensive 

regulatory and low-cost sensor data obtained throughout the Puget Sound as previously 

described.(48) Published model data focused on the 10 year period prior to death and autopsy. This 

data was initially used to select the subjects from the ACT study with the highest estimated ambient 

exposures to facilitate the identification of BC in the CNS tissues.  

2.5 STATISTICS:  

2.5.1 Descriptive statistics and Pearson’s correlation coefficient calculation for diesel soot 

controls 

Macrophage uptake data consisted of quantification of the number of cells per ROI/frame, the 

corresponding area of each cell, major and minor axis lengths, and the mean pixel intensity ± 

standard deviation. Primary analysis was undertaken to establish a dose response relationship 

between the DE incubation solution concentrations and macrophage uptake of DEP. The mean 

cellular area was calculated from five frames sampled at each concentration. Particulate area was 

measured in five randomly selected cells for each frame, ignoring signal elements falling outside 

or on the continuous edge of the sample cells. The ratio of DEP area relative to the cellular area 



 

was calculated and the mean ± standard deviation were calculated for the cell areas, particulate 

areas and relative percent area. A scatter plot of the area ratio versus the DEP concentration were 

created and overlapping linear correlation line with 95% CI using R Studio. Pearson’s correlation 

coefficient was calculated for the correlation between the concentration of incubated DE and ratio 

of DEP area to cellular area.  

2.5.2 Descriptive statistics and Linear regression model for human subject data 

Images were scanned via intensity thresholding and relative area of potential particulate 

matter marked and calculated. The location of the particulate matter (intracellular versus 

interstitial) would determine additional quantitative analysis. If particulate matter was found to 

aggregate or be intracellular, the relative cellular area would be calculated for 5-10 ROIs and basic 

descriptive statistics determined.  

Quantified particulate matter from brain biopsy data would then be compared to available 

individual air pollution exposure estimates at the residential home address and rough fit using 

Pearson’s correlation coefficient.  

 



Chapter 3. RESULTS 

3.1 DIESEL SOOT AND ALVEOLAR MACROPHAGES 

A linear dose-response relationship was identified between macrophage uptake of DEP and 

the incubation exposure concentration of DEP. (Figure 3.1) With increasing DEP concentration, 

there was a positive trend in the mean area of DEP associated with identified cells, relative to the 

individual cell areas. It was also noted that the total number of cells within the sampled section 

determined to contain DEP increased with the increasing inoculation concentrations (data not 

shown). Cellular structures, particularly the plasma membrane and nuclei, were less identifiable 

with increased concentration. The amount of DEP not associated with cells was highly variable 

with a trending increase at higher concentrations.  

The sampled data points were analyzed in R Studio. A Pearson’s correlation test was 

performed using the raw data as seen in Figure 3.1, with an overlying regression line and 95% 

confidence interval. The box plot better illustrates the variability in cell data as well as the 

increasing trend in means. Table 3.1 provides the mean cell areas and ratio of DEP area to cell area 

for each concentration of DEP used in the exposure testing.  



 

Table 3.1: Alveolar Macrophage uptake of DEP following incubation over 24 hours at increasing 

concentrations of DEP. There appears to be a transition point around 0.2 µg/mL where the 

macrophages take up DEP more readily as well as an upper limit of material the cells are able to 

engulf before succumbing to the toxicity of the DEP. 

 

 

 

 

 

 

 

 

DEP incubation concentration 
(µg/mL media) 

DEP cells/total cells 
(%) 

Mean DEP/cell 
area % (SD) 

Cell area mean 
um2 (SD) 

0 0 0 (0) 320.1 (210.4) 
0.025 79/305 (26) 2.6 (4.6) 490.9 (252.5) 
0.05 58/215 (27) 1.4 (1.8) 485.4 (263.5) 
0.1 45/196 (23) 9.4 (15.4) 266.5 (169.8) 
0.25 99/127 (78) 18.1 (12.3) 247.9 (220.0) 
0.5 121/159 (76) 16.5 (14.6) 264.3 (169.6) 
1 74/133 (56) 18.1 (15.7) 183.6 (145.1) 
2 274/278 (99) 40.1 (24.8) 487.5 (589.1) 



 

 

 

Figure 3.1. Individual and averaged data points for particulate uptake by the macrophages 

expressed as the relative area of DEP to the area of the cells containing DEP. There was 

significant variation in DEP uptake among the sampled cells at each DEP concentration both in 

terms of the total number of cells identified with DEP uptake and total particulate uptake. 

Overall, exposure to increasing concentrations of DEP were associated with increasing 

macrophage uptake of DEP, as indicated by a linear, positive correlation (R=0.63, p value < 

2.2e-16).  

 



 

Figure 3.2. Representative image thresholding procedure for cellular and particulate 

identification and area measurements. Unexposed macrophage cells (left) and 0.1 ug DEP/ml 

media (far right). Cell outlines were more readily identified without exposure to DEP. Green 

areas correspond to macrophage cell areas as determined through threshold and edge analysis of 

the SRS images. Red areas correspond to DEP matter as determined through signal intensity 

thresholding of the fluorescence channel. The underlying gray scale image is from the SRS 

channel used as the base for cell identification and measurement.  

 

3.2 MOUSE CNS TISSUE IMAGING 

Comparison of 3 pairs of the naïve and diesel exhaust exposed mouse specimens did not 

identify regions of potential particulate collection, though several larger structures and cells were 

identifiable. Image scan collection was complicated by the non-parallel cut tissue surfaces 

“falling” out of the focal plane as the target was moved. There were occasional data collection 

errors leading to “lost” tiles within the sequences complicating reconstructing the entire surface 

for broader image analysis.  

As seen in Figure 3.3, the most identifiable structures within the brain sections tended to be 

vascular areas, particularly when red blood cells remained within the larger vessels. Axonal 

elements and larger collections of cells were readily identified as brighter and darker signal 



 

intensities, respectively. Microglial cells or areas of protein accumulation were not readily 

identified in the DEP exposed brain tissues when compared to the naïve specimens.  

 

Figure 3.3. SRS images of naïve (left) and DE exposed (right) mouse neural tissue. Several 

structures were identifiable in the thicker tissues, specifically the axonal distributions seen as 

brighter fibrillar elements and residual red blood cells located within the vessels of the brain (left 

inset/zoomed image). The DE exposed tissues on the right appear more cellular, though image 

resolution was reduced due to noise in the system and variation in the tissue surface smoothness 

requiring alterations in the scan setup. 

3.3 HUMAN CNS IMAGING 

The human specimen imaging was complicated by numerous issues, including section 

thickness and unexpected tissue mounting media. Observational analysis of the images suggested 

few structures were readily identifiable and secondary imaging through either brightfield or light 

microscopy was not readily available to provide assistance in gross structural identifications. 

Individual cells were the most commonly identified landmarks, though cell type identification was 

not possible. Signal intensity differences of cellular and extracellular objects were essentially 

uniform throughout the spectral ranges scanned. Representative slides from the olfactory bulb were 

also examined in the fingerprint spectral region, in an effort to determine whether the background 

signal might be removed or otherwise separated from the tissue and/or particulate signals.   



 

Representative SRS and Fluorescence images from a cerebellar region biopsy are presented 

in Figure 3.4. Compared to images available from pathology and anatomy resources, the cellular 

configurations are similar to the granular layer interface within the cerebellum. Figure 3.5 and 

Figure 3.6 are representative images from the frontal lobe and olfactory bulb, respectively.  

 

Figure 3.4. Cerebellar section imaging. A) H&E stained section at the interface of the gray 

matter and granular cells. B) SRS image at second wave number peak, from the granular layer. 

C) Corresponding Fluorescence image. H&E image downloaded from: 
https://www.dartmouth.edu/~anatomy/Histo/lab_3/neuro/DMS098/popup.html 

 

 

Figure 3.5. Frontal lobe section imaging. A) SRS image with rough cellular borders visible; B) 

Corresponding Fluorescence image. Axonal elements were less obvious throughout these regions 

and areas of potential particulate related signal not readily separated from the surrounding 

background. 

 



 

 

Figure 3.6. Olfactory bulb section imaging through the fingerprint RAMAN spectral region. A) 

SRS image at the “G” peak. B) Corresponding Fluorescence image. Gross cellular structure is 

visualized again without obvious particulate matter and autofluorescence in B appears mostly 

associated with nuclear structures of the visible cells. 

 

 

 

 

 



 

Chapter 4. DISCUSSION 

Our study successfully identified a positive dose response association with DEP exposure and 

the subsequent uptake of material in mouse alveolar macrophages in vitro using SRS microscopy. 

Our goal of identifying pollutant particles in brain tissue from both mouse and human subjects 

with known and estimated exposures to air pollution was not successful and we were unable to 

attempt to develop a dose response regression model.  

The ability of AP ultrafine particles to penetrate highly protected and critical organ systems 

has been theorized and demonstrated in several studies using a variety of techniques.(27, 35, 62, 

63, 65) Our study sought to capitalize upon those findings using a similar imaging system and 

access to neural tissues from a large cohort of subjects with established individual PM exposure 

estimates over at least a decade. We have demonstrated that this technique is a feasible approach 

to identifying particulate matter, despite the difficulties in the actual execution of the imaging. 

Our initial study looking at how the DEP would present in the SRS and Fluorescence imaging 

compared favorably with earlier studies identifying black carbon in fetal tissues.(63) In that study, 

the investigators were able to establish an approximate environmental exposure for the pregnant 

mothers over the course of their pregnancies and correlate the particulate matter detected using 

their two photon system, which was technically similar to ours. While their study also utilized 

TEM to better establish particle concentrations in the tissues as well as particle sizes, we were able 

to identify a similar signal intensity of the DEP to excitation by the laser via the fluorescence 

detection channel, providing additional support that particulate matter in our study should respond 

similarly within the neural tissue samples, if present in adequate concentration.  

The observation of significant morphological changes evident in the detected macrophage 

cells was expected, though there was considerably more extracellular DEP material than 



 

anticipated, suggesting either incomplete washing away of the inoculation solutions, surface 

adsorption of the particulates to the cells or compromise of the cell integrity. At the lower 

concentrations of DEP, it would seem reasonable to assume there was an electrostatic interaction 

between the particulate matter and the glass slides used as a base to hold and inoculate the 

macrophages, since such microscope slides are positively charged to improve tissue section 

adherence. In the absence of additional imaging verification, the issue of surface versus 

intracellular particulate matter is more difficult to address. A single set of cells exposed to 0.1 

µg/mL DEP were examined quickly under brightfield microscopy, showing the material to likely 

be contained within endosomes or lysosomes of the macrophages, but confirmatory membrane 

labelling antibodies were not available. At the higher concentrations of DEP (over 0.5 µg/mL), the 

appearance of smaller cellular areas and DEP signal areas overlapping or otherwise covering the 

cell edges was concerning for ongoing cell damage and death versus combined intracellular and 

extracellular processes. Additional imaging such as transmission or scanning electron microscopy 

would help to better distinguish between such options in future studies.  

Our decision to further investigate the potential deposition routes and ultimate localization of 

black carbon within the brain was driven by numerous studies identifying iron,(30) magnetite(28) 

and other AP associated metals in animal and human neural tissues.(25)  Each of these studies 

identified a strong correlation with exposure to nanoparticulates and possible transport routes into 

the brain tissues, specifically through the olfactory tract and systemic circulation. Those findings 

supported our effort to use naïve and DE exposed mice available from a sister project, in an effort 

to similarly identify possible particulate concentrations and a transportation related gradient of 

material towards the brain.  



 

There are several potential reasons that we were unable to identify particles in murine CNS 

samples. Possible technical explanations include inadequate microscope resolution (our system 

was ~ 0.5 µm), inappropriate sample preparation or sampling error. Alternatively, there is the 

possibility the black carbon particles either do not reach the brain over the study time period or are 

cleared from the CNS over time. Prior studies have predominantly looked for heavy metal 

deposition and/or transport in the CNS, with the assumption of their association with pollutant 

exposure. We are unaware of any studies investigating the longevity of the black carbon cores in 

vitro or in vivo, though could consider a secondary analysis trying to identify the metallic 

components associated with the DE used in the murine study in future experiments. 

The subject mice used in this portion of the study had only been exposed perinatally up to 3 

weeks postnatally. As sacrifice occurred at age 6 months and we have no data related to whether 

the DE particulate matter ever entered the brain tissue, it is possible there were no particles to 

identify, either through clearance by the immune cells or more effective blockage of particulate 

translocation than seen in other studies. There currently is no literature available suggesting the 

microglia and other innate immunity scavenger cells would be capable of clearing PM from the 

brain parenchyma and over what time frame. The images capturing intact intravascular red cells 

suggest we may be able to better determine the intracellular vs extracellular nature of DEP/black 

carbon with adsorbed metals, though the concentration of iron in the red cells is more uniformly 

distributed than anticipated particulate matter engulfed or otherwise taken up by cells. Future 

rodent studies may be better structured to sample tissues a several points during exposure as well 

as following the cessation of exposure so as to determine the natural history course of particulate 

entry and clearance within the brain.  



 

Given the difficulty in obtaining uniformly thick brain tissue sections for imaging, the most 

likely scenario is that we were not able to maintain adequate resolution throughout the scanning 

process, either due to tissues moving out of the focal plane or introduction of other unaccounted 

for variables. These would all influence our ultimate resolution capability. Examination of the 

images under greater magnification revealed several areas of consistently bright signals along 

some cells and other structures, though limited to one or two pixels and likely more representative 

of noise. Increasing the number of specimens, using a repeatable tissue sectioning process and 

more than a single removed exposure timepoint would provide more reliable data for future 

investigations. Incorporation of additional imaging processes such as TEM would also serve to 

address the question of particle size detection as well as relationship to the cells, though the 

required solvents in the tissue processing may remove molecules and other particles of interest.  

Our primary objective of identifying black carbon particles in human brain tissue using SRS 

microscopy was ultimately unsuccessful, though still provides useful information for future 

investigations. Of greatest utility, would be an investigation using a more sequential imaging 

technique sequence for data comparison, specifically obtaining fresh fixed brain biopsy tissue, 

optimizing tissue thickness for SRS microscopy, followed by further division of the tissue and 

sectioning for light and TEM. Technically, it is challenging to ensure imaging of the same regions 

through such a range of tissue processing requirements and would require some form of coordinate 

registration system to maintain the potential for image comparisons. Continued advancements in 

the resolution and acquisition speed of SRS microscopy are encouraging for the future ability to 

detect ultrafine particulates in tissues.(37) The difficulties we encountered in attempts to 

distinguish the background signal from possible particulates in the tissues have served to better 

define future endeavors and utilize several modalities to support the investigation.  



 

Other investigators using RAMAN microscopy techniques to identify neural anatomy, 

degenerative changes and cellular metabolic processes have prompted the development of 

commercial labels, more standardized equipment and experimentation with finer resolution 

capability. The scientific excitement to further explore the capabilities of these tools is likely to 

continue driving the refinement of techniques and equipment for many more years.  

This study sought to utilize stimulated Raman scattering microscopy to identify black carbon 

particulate matter in the CNS tissue of human subjects with estimated high individual exposures 

to AP ultrafine particulate matter. Initial assessment of positive control specimens with known 

concentration exposures to DEP was encouraging for the ability to distinguish a dose response 

relationship in cellular uptake utilizing SRS imaging techniques. Imaging of murine brain tissue 

revealed larger axonal or tract structures, though nanoparticles were not identified in any of the 

locations investigated.  Whether this was due to limited concentration of BC below the imaging 

resolution of the microscope, a lack of olfactory bulb/tract PM uptake or clearance of neural PM 

by immune surveillance cells in the four months following last exposure is not able to be 

determined with the current level of data. A separate targeted study may help to better answer 

those questions in the future. 



Chapter 5. LIMITATIONS AND FUTURE WORK 

5.1 LIMITATIONS 

The primary limitations of our study lay in the lack of a consistent and uniform approach to 

the preparation and handling of the various specimens utilized throughout the study. The human 

specimens were obtained in a form allowing for future, more traditional microscopic investigations 

to be performed, leading to complications with the presence of paraffin and not enough tissue to 

provide enough identifiable structure under the SRS imaging. The mouse brain specimens were 

the most useful, from the structural imaging sense, though had similar processing complications 

due to equipment pending repair and the need to section the brains by hand. The alveolar 

macrophage cells from culture may also have introduced another variable in terms of potential 

differences in activity in vitro versus in vivo.  

The resolution of the current imaging system is not fine enough to identify non-aggregate 

ultrafine particulate matter in bulk tissues, though the concentration exposure study showed it to 

be appropriate with aggregate materials. Bové et al(63) demonstrated black carbon particulate 

detection in fetal tissues at approximately 1 µm in diameter, which suggests the particulates are 

prone to at least some aggregation in vivo and detectable using our microscope.   

As mentioned previously, the clearance rate of PM from neural tissues, or lack thereof, 

remains an unknown variable in this study. Other studies linking the presence of particulate matter 

with the development of local inflammatory reactions and uptake by periglomerular neurons and 

erythrocytes suggest the particulates are prone to uptake by non-immune cells, which may protect 

them from clearance if not immediately toxic to the cell and contributing to its death.(22)  



 

Finally, not having a “gold standard” technique of confirming the presence of the particulate 

matter in the brain tissues left us without the ability to further trouble shoot the SRS imaging and 

answering the question whether the particles were present at all. This was considered and will be 

utilized in future, following reopening of resources as the pandemic evolves.  

5.2 FUTURE WORK 

Additional opportunities for the future include the incorporation of commercially available 

carbon black as a positive control as it has become a widely accepted surrogate to black carbon 

due to the ability to maintain a more homogeneous size, contains a higher amount of pure carbon 

and has a well characterized RAMAN spectrum. This would allow for additional cultured cell 

exposure experimentation and uptake correlations, particularly if able to look specifically at the 

activity of microglial cells, macrophages, astrocytes and oligodendrocytes in response to 

increasing exposure concentrations.  

Finally, conducting a larger mouse exposure study with multiple tissue sampling time points 

throughout the exposure period and beyond would provide insights into the longevity of DEP and 

other nanoparticles in the CNS. Such a study may also provide insights as to changes in the 

inflammatory response of the involved tissues and production of associated degenerative proteins. 

Additionally, if a dose response can be estimated based upon exposures in the mouse model, future 

human studies should be similarly successful and such models could become a useful standard for 

assessment and estimation of air pollution exposures for subjects without the availability of 

regional environmental sampling data.  
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