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Abstract

Traumatic brain injury (TBI) is a serious public health problem and the leading cause of death 

in children and young adults. It also contributes to a substantial number of cases of permanent 

disability. As lipids make up over 50% of the brain mass and play a key role in both membrane 

structure and cell signaling, their profile is of particular interest. In this study, we show that 

advanced mass spectrometry imaging (MSI) has sufficient technical accuracy and reproducibility 

to demonstrate the anatomical distribution of 50 μm diameter microdomains that show changes in 

brain ceramide levels in a rat model of controlled cortical impact (CCI) 3 days post injury with 

and without treatment. Adult male Sprague-Dawley rats received one strike and were euthanized 

3 days post trauma. Brain MS images showed increase in ceramides in CCI animals compared 

to control as well as significant reduction in ceramides in CCI treated animals, demonstrating 

therapeutic effect of a peptide agonist. The data also suggests the presence of diffuse changes 

outside of the injured area. These results shed light on the extent of biochemical and structural 

changes in the brain after traumatic brain injury and could help to evaluate the efficacy of 

treatments.

INTRODUCTION

Traumatic brain injury (TBI) research has identified cellular mechanisms involved in 

response to focal or primary, to secondary diffuse injury, and repair. The focal injury 

causes immediate disruption in cell membranes upsetting the normal balance of extracellular 
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neurotransmitters, homeostasis, and medium.1 Intact cells within the focal injury are 

immediately exposed to the stressed environment. Pathways involved in ion transport 

(Na, K, Ca) and excitatory amino acids such as glutamate and neurotransmitters are 

overwhelmed.2–8 Cerebral blood flow is also impaired which seemingly has two effects: 

the focal site retains an imbalanced ionic state while the proximal cellular environment is 

protected from the same fate.2,5,6,9–12 Secondary injury involves multiple cellular processes 

including inflammation and cytotoxicity.2,5,6,13–18 Opioid and nonopioid receptors,2,19 

cyclooxygenase,4,16 and inflammatory cytokines2,4,7,15,20–23 have been investigated.

One nonopioid pathway is N-methyl-D-aspartate (NMDA)-mediated cell cytotoxicity 

and another is NMDA mediated dynorphin neurotoxicity. While extracellular glutamate 

and aspartate concentrations are elevated in TBI and affect cell potentials, activation 

of the NMDA receptor by dynorphin is an additional pathway to disrupting cell 

functions.4,8,11,16,24–37 In the central nervous system (CNS), dynorphin normally circulates 

at nanomolar concentrations.2,25,38 However, CNS injury results in release of micromolar 

concentrations of dynorphin, resulting in saturation of opioid receptors.2,38 The excess 

dynorphin interacts with an epitope of the NR1 subunit of the NMDA receptor resulting in 

reversal of flow at the membrane causing cell death.2,38 Dynorphin-NR1 subunit interaction 

is driven by strong noncovalent ionic attraction between an acidic epitope of NR1 and 

the basic residues of dynorphin. We previously demonstrated that a peptide with the same 

sequence as the NR1 epitope of NMDA receptor, that we termed “decoy peptide” interacts 

with excess dynorphin, thus preventing NMDA mediated dynorphin neurotoxicity.39 It was 

surmised that if dynorphin is involved in TBI, treatment with the decoy peptide could 

improve outcome in injured animals.

Roux et al.40 first reported that ceramide (CER), diacylglycerol (DAG), cholesterol ester 

(CE), sphingomyelin (SM), and phosphatidylcholine (PC) species abundance changed in the 

region of controlled cortical impact (CCI) and trended with the severity of the injury with 

respect to controls across multiple regions at 7 days. In particular, they showed that mass 

spectrometry imaging (MSI) with implanted silver nanoparticles (AgNPs) has accuracy and 

reproducibility to use the 0.5th percentile outliers to the control group distribution of m/z 
peaks as metrics for tracking biochemical sequelae of CCI. Ceramides were of particular 

interest because they are known to be biomarkers of cell death41–44 and may have the 

potential for monitoring loci therapeutic treatment if the decoy peptide in fact improves 

outcome in injured animals. This article will illustrate the potential utility of four ceramides 

m/z 644.4171 CER 34:1, m/z 670.4328 CER 36:2, m/z 674.4481 CER 36:1, and m/z 
700.4797 CER 38:1 as biomarkers for monitoring effects of brain injury and drug treatment 

in an animal model of TBI.

RESULTS AND DISCUSSION

Technical improvements in laser desorption MSI with silver nanoparticles permit the 

effects of CCI and treatment to be examined meaningfully by graphical visualization of 

suprathreshold pixels in affected regions and by direct statistical comparisons of m/z peaks 

within brain regions of interest. An illustration of binary image representation where peak 

areas above threshold (1 220 000 counts) are white and peak areas less than or equal to 
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threshold are black of CER 36:1 (m/z 674.4481) is presented in Figure 1. Each section 

image was then symmetrically divided into four areas (quadrants) as defined in Figure 1b 

to enable intra- and intersection statistical evaluation of regional effects of CCI and decoy 

peptide treatment. Quadrant 1 was the dorsal aspect of the section on the side contralateral 

to the craniotomy in control and CCI rats. Quadrant 2 was the ventral half of the section on 

the side contralateral to the craniotomy. On the side ipsilateral to the craniotomy, quadrant 3 

occupied the ventral half and quadrant 4 was the dorsal half of the section, which contained 

the direct CCI site in the impacted animals.

The suprathreshold data for each m/z value serve as an objective, reproducible, and 

quantitative guide for counts of spatial features such as the number of suprathreshold pixels, 

total peak area of suprathreshold pixels, and the average peak area per pixel for pixels 

exceeding threshold, per section. A spatial overview of the effects of CCI and decoy peptide 

treatment on regional upregulation of CER species are documented by maps of samples that 

exceed a threshold at the upper 0.5% of the respective control vehicle group cumulative 

distribution functions (see Figure 1b for example).

The level of CER 34:1 in control vehicle and control treated animals was below the limit 

of detection for all but 0.67% of the pixels (0.62% in the control vehicle and 0.73% in 

the control treated groups). The suprathreshold (upper 0.5%, pixel peak area greater than 

0 counts) distribution was restricted to the choroid plexus and ependymal lining associated 

with the cerebral ventricles in these control-operated animals (Figure 2). CER 34:1 was 

highly upregulated around the impact site in CCI groups (Figure 2). The average number of 

suprathreshold pixels in the damaged quadrant 4 was elevated significantly in CCI vehicle 

group relative to both control groups (Tukey HSD tests, p = 2 × 10−7 and p = 6 × 10−7, 

respectively). The CCI treated animals showed an intermediate number of suprathreshold 

pixels, indicating attenuation of CER 34:1 upregulation by the decoy peptide. Analyses of 

the total CER 34:1 peak areas of the suprathreshold samples (Figure 3) showed regional 

effects of CCI and treatment. In the impacted quadrant of the section (Q4), the total lipid 

peak was augmented significantly in the CCI vehicle group relative to the control treated 

(Tukey HSD tests, p = 1 × 10−6) group and the control vehicle (Tukey HSD tests, p = 6 × 

10−7) group. Decoy peptide reduced the CCI-induced increase in the total CER 34:1 peak 

(i.e., relative to the CCI vehicle group, Tukey HSD tests, p = 4 × 10−4), but it remained 

greater than the total peak values for the control treated Q4 and control vehicle Q4. Effects 

of CCI and treatment were not significant in other quadrants.

For CER 38:1 in the control groups, the suprathreshold (pixel peak area greater than 306 

000 counts) sample sites were distributed evenly and diffusely in the neocortex (including 

cingulate cortex) and dorsal thalamus, with a lesser density in the hippocampal formation. 

The CCI sites showed a higher concentration of suprathreshold pixels. The average number 

of suprathreshold pixels in the damaged quadrant Q4 was elevated significantly in CCI 

vehicle group relative to the other groups (Tukey HSD tests, p = 7 × 10−6, p = 0, p = 

3 × 10−7, respectively). Decoy peptide treatment produced a reduction in the distribution 

and total suprathreshold peak magnitude of CER 38:1 in the quadrant that received CCI 

(Figures 4 and 5). The number of suprathreshold pixels in CCI treated animals did not differ 

significantly from either control group, indicating that the decoy peptide eliminated CCI-
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related CER 38:1 upregulation. The total peak area data for pixels greater than threshold 

(Figure 4) was significantly greater in the CCI vehicle group than the two control injury 

groups (Tukey HSD tests, p = 0 for each comparison). The CCI-peptide treated group 

showed a significant reduction in the CER 38:1 total peak area in Q4 relative to the CCI 

vehicle group (p = 1 × 10−7) and did not differ significantly from either control treated Q4 

or control vehicle Q4 group data. Effects of CCI and treatment were not significant in other 

quadrants.

In the control animals, the samples with suprathreshold peaks for CER 36:1 were most 

concentrated in the caudate-putamen (Figure 6) and the piriform lobe (including amygdala), 

with a scattered distribution in the CA fields of the hippocampal formation. The CCI site 

showed a prominent increase in suprathreshold (pixel peak area greater than 1 220 000 

counts) CER 36:1 sample sites relative to the control vehicle, control treated and CCI treated 

groups (Tukey HSD tests, p = 2 × 10−6 and p =7 × 10−6, respectively). The effect was 

partially attenuated by decoy peptide treatment; the CCI treated group had a greater number 

of suprathreshold pixels in quadrant 4 than either of the control groups (Tukey HSD tests, 

p = 0.02 and p = 0.06, respectively). The same pattern of effects was observed for the total 

peak area data for pixels greater than threshold near the CCI site (quadrant 4). The summary 

in Figure 7 shows the significantly higher values in the CCI vehicle group relative to the CCI 

treated, control treated, and control vehicle groups (Tukey HSD tests, p = 0.003, p = 0, and 

p = 0, respectively). CCI treated Q4 data were intermediate and were significantly greater 

than Q4 suprathreshold total peak values from either the control treated Q4 or the control 

vehicle groups (Tukey HSD tests, p = 0.013 and p = 0.006, respectively). A similar pattern 

was measured across groups in Q1 (contralateral to the CCI site). Tukey HSD tests showed 

that the number of suprathreshold pixels was elevated in the CCI vehicle group relative 

to the control vehicle and CCI treated groups (Tukey HSD, p < 0.05), with the control 

treated group in an intermediate position (not significantly different from any other group). 

Similarly, total peak area data for pixels greater than threshold was greater in the CCI 

vehicle group than the control vehicle group (Tukey HSD tests, p < 0.05), with the control 

treated and CCI treated groups in an intermediate position. Effects of CCI and treatment 

were not significant in other quadrants.

The anatomical distribution of suprathreshold sample sites for CER 36:2, in the control 

vehicle group (Figure 8) was very similar to the pattern for CER 36:1 (Figure 6). The 

effects of CCI on the distribution of high expression pixels, though, extended to the caudate-

putamen and piriform lobe (particularly perirhinal cortex and amygdala). For the quadrant 

including the CCI site (Q4), there was a highly significant increase in the number of 

suprathreshold pixels (pixel peak area greater than 345 000 counts) in the CCI vehicle group, 

relative to the control vehicle and control treated groups (Tukey HSD tests, p = 0.38, p = 

0.025, p = 0.036). This increase was attenuated marginally by decoy peptide in the CCI 

treated group, which did not differ significantly from the other groups. The same results 

were observed for the than Q4 suprathreshold total peak values (Figure 9). The CCI-related 

increase in the striatum in Figure 8 was reflected in the analysis of data from quadrant 2, 

which is contralateral to the CCI site. The number of suprathreshold pixels in Q2 for CER 

36:2 was elevated significantly in the CCI vehicle group relative to the control vehicle group 

and the CCI treated group (Tukey HSD test, p = 0.009 and p = 0.008, respectively) and 
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marginally greater (Tukey HSD test, p = 0.019) from the control treated group. For the 

suprathreshold total peak values, though, the CCI vehicle groups had higher levels than all of 

the other groups (Tukey HSD test, p < 0.007, p = 0.017, and p = 0.009, respectively). Hence, 

the decoy peptide appears to attenuate CER upregulation after CCI, at both the primary 

damage site and a distant site.

Two significant effects were observed outside the primary CCI injury zone in Q4. First, CER 

36:2 was elevated significantly in a contralateral region that includes the caudate-putamen, 

perirhinal cortex and amygdala. Second, CER 36:1 was elevated significantly in a region 

that included the contralateral hippocampus and overlying cerebral cortex. It is possible that 

these findings are a direct effect of the CCI procedure. Given that the angle of incidence of 

CCI is perpendicular with respect to the line between the ear bars in the stereotaxic frame, 

it is anticipated that any mechanical factor involved in the remote elevation would appear 

on the ipsilateral as well as the contralateral side. There is no possibility that the angle 

of impact could have pointed toward the contralateral lower forebrain since the direction 

of impact was always toward the ipsilateral lower forebrain. This does not eliminate the 

possibility that there was a contra-coup effect on the contralateral side, but it is not clear how 

such a contralateral effect could occur for purely mechanical reasons. If the changes in CER 

expression were the result of mechanical impact in this brain region, we would have also 

expected changes to the cortical areas wrapping around the site of increased expression, not 

merely changes in this internal region.

Although Roux et al. reported that CER, DAG, CE, SM, and PC species are altered at a 

7-day time period after CCI at the sites of injury, we have found that only ceramides were 

statistically significant markers of a treatment effect at a single time point of 3 days post 

injury in other regions of brain sections. The DAG, CE, SM, and PC species were found 

to be significantly elevated in Figure 6. Distribution of CER 36:1 (m/z 674.4481) displayed 

as binary images of pixels exceeding peak area threshold. Black pixels represent peak area 

less than or equal to 1 220 000 counts, and white pixels represent peak areas greater than 

1 220 000 counts. CCI groups (see Supporting Information Figures S1–S6) compared to 

control groups but only at the location of injury (Q4). These species were not elevated in 

the remaining quadrants of any group and thus would only be markers of the site of injury. 

It is certainly possible that DAG, CE, SM, and PC species could be therapeutic markers 

at different time points, but this study was limited to the day 3 time point and therefore 

no further inference to the role of these species as treatment markers could be assessed. 

With regard to DAG species specifically, it has been reported that DAG species abundance 

can change significantly within minutes postmortem.45 Therefore, sample processing timing 

would need to be carefully monitored to potentially use DAG as biomarkers.

The dynorphin binding decoy peptide affects regulation of four CER species that have 

different tissue distributions. CER 34:1 is prevalent in blood; hence, its association with the 

choroid plexus and the CCI primary injury site. CER 36:2, 36:1, and 38:1 are all associated 

with areas containing concentrations of neuronal cell bodies (gray matter) in the brain. 

Hence, the findings suggest that the dynorphin binding decoy peptide affects upregulation 

of cellular CER species across cell types. A single dose of the decoy peptide significantly 

attenuated CCI-induced upregulation of four different CER ion species, both at the site of 
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injury and at distant sites. Effects of both CCI and peptide treatment were documented 

for CER 36:1 in the contralateral dorsal quadrant (cortex plus hippocampus) and for CER 

36:2 in the contralateral caudate-putamen, perirhinal cortex and amygdala. Dynorphin is 

distributed widely in the central nervous system46–48 and is thought to be a mediator of 

components of stress responses.49 Hence, changes in dynorphin after TBI38,50 may have a 

role in regulating local CER levels as part of remodeling and plasticity processes in response 

to brain injury and accompanying stressors.

In summary, the distribution of high levels of CER species varied with chain length and 

degree of saturation. The CCI exposure resulted in changes in the distribution of desorption 

samples with high levels of CER expression in both the injury site and sites with baseline 

high CER levels. The spatial distributions of CCI-induced high levels of each CER also were 

attenuated by decoy peptide treatment. These results show that the effects of a treatment 

on CER levels can be assessed by AgNP-matrix assisted MSI at the level of each 50 μm 

diameter laser desorption sampling domain, then reassembled in the context of an image of 

the tissue. This approach provides an objective method for assessing lipid biomarkers during 

pathologic processes and responses to interventions in both cellular and tissue contexts.

METHODS

A CCI injury model51 in adult male rats was used to evaluate the effects of NMDA-NR1 

decoy peptide treatment on changes in ceramides resulting from TBI. MSI with AgNPs was 

used to locate, analyze, and study changes in brain lipid composition at a single time point 3 

days post CCI.

Animals

All procedures were performed under protocols PHA-09-724, PHA-10-746, and 

PHA-13-746 approved by the Uniformed Services University Animal Care and Use 

Committee. Adult male Sprague–Dawley rats weighing 225–250 g at the start of the study 

were kept in a 12/12 h light/dark cycle with access to food and water ad libitum. The study 

contained four arms: (1) control vehicle (n = 3 rats), (2) control treated (n = 3 rats), (3) CCI 

vehicle (n = 4 rats), and (4) CCI treated (n = 4 rats).

Peptide

Peptide with the amino acid sequence KVNSEEEEEDA (amino acids 590–600 of the 

NR1 subunit of the NMDA receptor) was synthesized by the Sequencing and Synthesis 

Laboratory at the Johns Hopkins School of Medicine. The peptide was dissolved in water at 

a concentration of 10 mmol per liter.

Intravenous Administration

Peptide or saline vehicle was administered to the rats via intravenous cannula at 30 min 

post CCI or control injury. A polyethylene catheter (PE 50, ID 0.58 mm) was placed into 

the left jugular vein toward the heart while the animal was under isoflurane anesthesia 

(2–3% isoflurane, administered via a nose cone). The vein was isolated, the cerebral end 

closed with a suture, and the cannula, filled with heparinized saline (10 U/mL), inserted 
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into the vein and advanced about 1.5 cm toward the heart and tied in place. The CCI injury 

(see below) was applied immediately after jugular vein cannula placement. Thirty minutes 

later, with the rat still under isoflurane anesthesia, 25 μL of DP (containing 250 nmol) 

in water was administered via the left jugular vein cannula over a period of 2 min, and 

the cannula flushed with 50 μL saline. Five minutes later, the cannula was removed, and 

the central end of the jugular vein tied off to prevent bleeding. Vehicle control animals 

received 25 μL of water administered over 2 min in place of the peptide solution. The 

skin incisions over the skull and jugular vein were then closed and isoflurane anesthesia 

discontinued. The rats were allowed to recover righting reflexes before being returned to 

their home cages. Thereafter the drinking water in the cages of the rats subjected to CCI 

injury contained acetaminophen (6 mg/mL) in a sweetened solution to provide relief of 

possible postsurgical pain.52 The rats recovered rapidly and showed normal behaviors within 

about 2 h of recovery from anesthesia.

Controlled Cortical Impact, Tissue Implantation, and Imaging

The CCI method uses a rigid impactor to deliver mechanical energy to intact dura, exposed 

following a craniotomy51 in rats anesthetized with isoflurane. The impact was centered 2.04 

mm posterior to bregma and 3.0 mm left of the midline (Figure 1) [–2.04 mm, Figure 50 

in Paxinos and Watson rat brain atlas53]. The impactor had a 3 mm diameter flat tip, and 

the parameters used for the impact were a depth of 2.0 mm, a velocity of 5 m/s, and a 

latency of 2 ms. Control animals received no cortical impact strike, but otherwise received 

the same treatment as the CCI animals, including a craniotomy under isoflurane anesthesia. 

The animals were euthanized 3 days post injury. Under ketamine/xylazine (100 mg/kg; 

10 mg/kg) anesthesia, the chest of each rat was opened and the head perfused through a 

catheter placed in the ascending aorta with 50–100 mL of phosphate buffered saline at room 

temperature, allowing blood to flush from the head through an opening in the superior vena 

cava. When the perfusate was largely clear of blood, the skull was carefully opened, and 

the brain dissected. After removing meninges, each brain was rapidly frozen in a small 

beaker containing 30 mL of isopentane precooled by immersion of the beaker in dry ice, 

then removed, wrapped individually in aluminum foil, and stored at −80 °C until sectioned. 

Coronal 18 μm thick sections through the area of the injury were cut using a cryostat (Leica 

Microsystems CM3050S, Bannockburn, IL). The specific location of individual sections was 

identified by comparisons of the morphology of major structures in relation to the Paxinos 

and Watson rat brain atlas.53

Tissue sections were implanted with silver nanoparticles (AgNP) 6 nm in diameter, using 

a nanoparticle implanter (Ionwerks, Houston, TX). A Thermo Scientific MALDI LTQ-XL-

Orbitrap (Thermo Fisher Scientific, San Jose, CA) and Xcalibur software were used for 

MALDI mass spectrometry imaging data acquisition. MS images of coronal sections near 

the level of bregma −2.04 mm were collected in positive and negative ion mode. The mass 

resolution was set to 60 000, and the mass range was set to 630–950 Da. The sample stage 

raster step size was 50 μm for both the X and Y axes. Lipid identifications were completed 

in separate studies.40,54

Barbacci et al. Page 7

ACS Chem Neurosci. Author manuscript; available in PMC 2022 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Data Processing and Statistical Analysis

The m/z values for intact ceramide (CER) 34:1, 36:2, 36:1, and 38:1 [M + Ag]+ were used 

to extract the integrated area of the peak for each m/z value per pixel of each image if a 

peak was detected within ± 0.003 Da (Imagewerks, Ionwerks, Inc., Houston, TX) to produce 

mass images (see Supporting Information Figures S7–S10). The peak area per pixel was 

then exported for each CER mass image for statistical processing. In the case of CER 36:1 

and 36:2 where isotopic envelopes overlap, the [M +107Ag]+ peak was used for CER 36:2 

whereas the [M + 109Ag]+ peak was used for CER 36:1 to avoid any possible interference 

between components. The relative abundance of 107Ag and 109Ag isotopes is 51.8 and 48.2, 

respectively. The relative abundance of each isotope was not taken into consideration for 

peak areas because no comparison of peak areas is done between CERs. However, the 

similar relative abundance of isotopes eliminated any limitation on sensitivity for the CERs 

such that using either isotope is just as effective for performing calculations.

An empirical cumulative distribution function of peak area for each m/z identified in the 

control vehicle arm of the study was calculated in R55 and used to establish a control 

threshold for each m/z value. A conservative threshold value for peak area per pixel where 

Fn(x) = 0.995 was obtained for each m/z value (see Supporting Information Figure S11). 

For example, the peak area threshold value for CER 36:1 (m/z 674.4481) was calculated to 

be 1 220 000 counts. The threshold value for each m/z was then used to set the intensity 

scale for a binary image of each section to visualize the location of pixels of greater peak 

area. The total number of pixels above threshold (0.5th percentile of pooled control vehicle 

sections) was calculated for each quadrant as a measure of the spatial distribution of CER 

upregulation. The peak area for each pixel greater than threshold was summed to obtain 

a total peak area, and was calculated as a metric of the magnitude of expression changes 

(see Supporting Information Table S1). Analysis of variance (ANOVA) calculations were 

performed to test the effects of location (within subject factor: quadrant) and treatment 

(between subjects factors: CCI and decoy peptide treatment). Tukey HSD tests were used for 

post hoc comparisons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

TBI traumatic brain injury

MSI mass spectrometric imaging or mass spectrometry imaging

CCI controlled cortical impact

NMDA N-methyl-D-aspartate

CNS central nervous system

AgNP silver nanoparticles

CER ceramide

HSD honest significant differences

kg kilogram

g gram

mg milligram

mL milliliter

mm millimeter

μm micrometer

°C Celsius

Da Dalton
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Figure 1. 
Distribution of CER 36:1 (m/z 674.4481) shown in two formats, (a) 8-bit grayscale images 

with scale and (b) binary threshold images (black pixel equals a pixel peak area less than or 

equal to 1 220 000 counts, and white pixel equals a pixel peak area greater than 1 220 000 

counts) for CCI vehicle samples. Red lines illustrate approximate location of segmentation 

of each section into quadrants. Q4 is location of CCI.
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Figure 2. 
Distribution of CER 34:1 (m/z 644.4171) displayed as binary images of pixels exceeding 

peak area threshold. Black pixels represent peak area equal to 0 counts, and white pixels 

represent peak areas greater than 0 counts.
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Figure 3. 
Total peak area for pixels greater than threshold for CER 34:1. CCI vehicle arm is 

significantly different than CCI treated (p < 0.001), control treated (p < 0.001), and control 

vehicle (p < 0.001) arms. CCI treated Q4 is significantly different from CCI vehicle Q4 (p = 

0.002), control treated Q4 (p = 0.013), and control vehicle Q4 (p = 0.006).
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Figure 4. 
Distribution of CER 38:1 (m/z 700.4797) displayed as binary images of pixels exceeding 

peak area threshold. Black pixels represent peak area less than or equal to 306 000 counts, 

and white pixels represent peak areas greater than 306 000 counts.
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Figure 5. 
Total peak area for pixels greater than threshold for CER 38:1. CCI vehicle arm is 

significantly different than CCI treated (p < 0.001), control treated (p < 0.001), and control 

vehicle (p < 0.001) arms. CCI treated Q4 is significantly different from CCI vehicle Q4 

(<0.001), control treated Q4 (p < 0.001), and control vehicle Q4 (p < 0.001).
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Figure 6. 
Distribution of CER 36:1 (m/z 674.4481) displayed as binary images of pixels exceeding 

peak area threshold. Black pixels represent peak area less than or equal to 1 220 000 counts, 

and white pixels represent peak areas greater than 1 220 000 counts.
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Figure 7. 
Total peak area for pixels greater than threshold for CER 36:1. CCI vehicle arm is 

significantly different than CCI treated (p < 0.001), control treated (p < 0.001), and control 

vehicle (p < 0.001) arms. CCI treated Q4 is significantly different from CCI vehicle Q4 (p = 

0.002), control treated Q4 (p = 0.013), and control vehicle Q4 (p = 0.006).
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Figure 8. 
Distribution of CER 36:2 (m/z 670.4328) displayed as binary images of pixels exceeding 

peak area threshold. Black pixels represent peak area less than or equal to 345 000 counts, 

and white pixels represent peak areas greater than 345 000 counts.
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Figure 9. 
Total peak area for pixels greater than threshold for CER 36:2. CCI vehicle arm is 

significantly different than CCI treated (p < 0.001), control treated (p < 0.001), and control 

vehicle (p <0.001) arms. CCI vehicle Q2 is significantly different from CCI treated Q2 (p = 

0.006), control treated Q2 (p = 0.025), and control vehicle Q2 (p = 0.025). CCI vehicle Q4 

is significantly difference from control treated Q4 (p = 0.028) and control vehicle Q4 (p = 

0.021). CCI vehicle Q4 is not statistically significant from CCI treated Q4 (p = 0.293).
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