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ABSTRACT

Traumatic brain injury (TBI) is a leading cause of death in children and young adults; however, new

pharmacologic approaches have failed to improve outcomes in clinical trials. Transporter proteins are

central to the maintenance of homeostasis within the neurovascular unit, and regulate drug penetration into

the brain. Our objective was to measure transporter temporal changes in expression in the hippocampus

and cortex after experimental TBI in developing rats. We also evaluated the expression of transporters in

brain, liver, and kidney across the age spectrum in both pediatric and adult rats. Eighty post-natal day

(PND)-17 rats and four adult rats were randomized to receive controlled cortical impact (CCI), sham

surgery, or no surgery. mRNA transcript counts for 27 ATP-binding cassette and solute carrier transporters

were measured in the hippocampus, cortex, choroid plexus, liver, and kidney at 3h, 12h, 24h, 72h, 7d, and

14d post injury. After TBI, the expression of many transporters (Abcc2, Slc15a2, Slco1a2) decreased

significantly in the first 24 hours, with a return to baseline over 7-14 days. Some transporters (Abcc4,

Abab1a/b, Slc22a4) showed a delayed increase in expression. Baseline expression of transporters was of

a similar order of magnitude in brain tissues relative to liver and kidney. Findings suggest that

transporter-regulated processes may be impaired in the brain early after TBI and are potentially involved in

the recovery of the neurovascular unit. Our data also suggest that transport-dependent processes in the

brain are of similar importance as those seen in organs involved in drug metabolism and excretion.

Significance Statement

Baseline transporter mRNA expression in the central nervous system is of similar magnitude as liver and

kidney, and experimental traumatic brain injury is associated with acute decrease in expression of several

transporters, while others show delayed increase or decrease in expression. Pharmacotherapy following

traumatic brain injury should consider potential pharmacokinetic changes associated with transporter

expression.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in children and young adults,

contributing to nearly a third of all injury-related deaths (Coronado et al., 2011). TBI comprises a primary

(e.g. motor vehicle accident, improvised explosive device detonation) and secondary injury. Secondary

injury is a progressive process that appears to be driven by inflammation, dysruption in neurovascular

auto-regulation, hemorrhage, excitotoxicity, axonal failure, and oxidative stress, among other mechanisms

(Kenney et al., 2016). Other than traditional guidelines-based therapies targeting intracranial hypertension

(Kochanek et al., 2019), there are no new FDA approved pharmacologic agents that improve clinical

outcomes from TBI (Kochanek et al., 2015; Taylor et al., 2017). Drug development for TBI is challenged by

variable dysruption of blood-brain barrier (BBB) permeability and other barriers in the CNS. It is difficult to

predict BBB integrity and function following TBI, which is regulated, in part, by active transport proteins in

the brain parenchyma and within the neurovascular unit (Muoio et al., 2014). This lack of knowledge limits

our ability to develop drugs with favorable pharmacokinetic profiles with regard to brain penetration to

optimize target engagement for patients with TBI.

ATP-Binding Cassette (ABC) and Solute Carrier (SLC) transporter proteins are critical to homeostasis

within the CNS and its associated barriers. Transporters are expressed on all brain barriers and within the

brain parenchyma on neurons, astrocytes, and microglia (Stieger and Gao, 2015). Highly relevant to the

need for our proposed studies, pharmacologic modulation (inhibition) of solute carrier organic anion

transporters after TBI has been used to successfully increase the levels of brain-directed potential

neuroprotective therapies (exogenous n-acetylcysteine) (Hagos et al., 2016; Clark et al., 2017). The role of

transporters in the brain is generally within the context of pharmacotherapy and brain penetration

(i.e. pharmacokinetics). However, independent of a role with medications, genetic variation in the

ATP-Binding cassette transporters ABCB1 and ABCG2 are associated with clinical outcomes following TBI

(Cousar et al., 2013; Adams et al., 2017, 2018; Hagos et al., 2019).

The inflammatory pathways activated by TBI might affect transporter expression in the brain and in distant

tissues that could importantly impact drug pharmacokinetics. Within the brain, Willyerd and colleagues
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found that protein expression of ABCC1 was higher in the cortex of injured subjects than control, but that

ABCB1 showed little change (Willyerd et al., 2016). Kalsotra, et al investigated the changes in hepatic and

renal expression of cytochrome P-450 drug-metabolizing enzymes following experimental TBI and found

that expression was significantly lower in early time points after injury, even in organs outside of the brain

(Kalsotra et al., 2003). Cytochrome P450 enzyme (CYPs) expression in the liver is regulated in part by

cytokines. For example, increases in circulating IL-6 levels are well known to be associated with

decreased expression of multiple CYP families including CYP3A, CYP2C, and CYP1A (Abdel-Razzak et

al., 1993). Transporters might follow similar patterns of cytokine-based regulation of expression, which

suggests that transporter expression might vary along with inflammation following TBI.

Little is known about the directionality, timing, and magnitude of transporter expression changes following

TBI in the developing brain. There is also a paucity of data regarding the relative levels of the expression of

different transporters at baseline in the pediatric brain and their ontogeny relative to other tissues with high

transporter expression (e.g. liver, kidney). We sought to assess two objectives. First we assessed absolute

transporter mRNA expression in hippocampus and cortex after experimental TBI in developing rats.

Second we assessed absolute transporter mRNA expression in multiple tissues across the age spectrum

in both developing and adult rats. To address these objectives, we used a novel multiplex bar coding

technology to provide absolute transcript counts. Based on well-defined inflammatory pathways in TBI, we

hypothesized that mRNA expression for the majority of ABC and SLC transporters would be decreased

following experimental TBI in conjunction with enrichment of pathways associated with inflammation and

hypoxia. We also hypothesized that transporter mRNA levels in brain would, however, be less robust than

those seen in organs traditionally known to be essential to drug metabolism and excretion, namely, liver

and kidney, respectively.
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METHODS

Animal Husbandry

All animal experiments were performed in accordance with the University of Pittsburgh Institutional Animal

Care and Use Committee. Male Sprague-Dawley rats (N=84, Charles River, Wilmington, MA) were housed

in a temperature (22°C) controlled room with a 12h light/dark cycle, allowed access to water and chow ad

libitum, and weighed daily. Seventy-two post-natal day (PND) 17 rats were randomized 2:1 to experimental

TBI and sham injury. Eight PND-17 rats and four adult rats (300g) remained naïve to injury for evaluation of

ontogeny. Animal groupings and time of sacrifice were randomized a priori to control for litter effects.

Experimental TBI

Experimental TBI was carried out using the controlled cortical impact (CCI) model (Dixon et al., 1991) Rats

were anesthetized with a 2:1 mixture of N2O and oxygen with 4% isoflurane for induction and 2% isoflurane

for maintenance through a nosecone. Continuous rectal temperature was measured and maintained at

37°C using a heated pad. The head was secured using a stereotaxic frame with ear pins. Using sterile

aseptic technique, a mid-line sagittal incision was made followed by reflection of the scalp with retractors.

A high speed dental drill was then used to make a 7mm craniotomy in the left parietal bone, which was

removed to expose the dura. A calibrated pneumatic piston was then used to impact the intact dura with a

2.5mm deformation and impact velocity of 4m/s. Sham injured animals received the full procedure with the

exception of the impact.

Sacrifice and RNA Extraction

CCI and sham rats were sacrificed at 3, 12, 24, 72, 168, and 336h post-surgery. Naïve PND-17 rats were

sacrificed at PND-17 and at PND-31. Adult rats were sacrificed after acclimation in our facility. Rats were

placed in a plastic chamber and subjected to 4% isoflurane and 2:1 N2:O2 for induction then transferred to
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a nosecone providing 2% isoflurane with 2:1 N2:O2 for maintenance of anesthesia. Following cardiac

puncture, rats were decapitated and the brain was dissected atop an inverted glass petri dish on a bed of

wet ice. The ipsilateral and contralateral cortices were removed first, followed by the ipsilateral and

contralateral hippocampi, the choroid plexus, a single kidney, and an approximately 50g section of liver

tissue. Each tissue sample was immediately frozen with liquid nitrogen and stored at -80°C until further

processing.

RNA was isolated from tissues with the RNeasy Mini Kit (QIAGEN, Hilden, Germany) using the

manufacturer’s protocol with modification for hippocampus and cortex. Briefly, the entire ipsilateral

cortex/hippocampus was homogenized in 300µL radioimmunoprecipitation assay buffer (Tris HCl, EDTA,

NaCl, Triton-X, Sodium Deoxycholate, Protease Inhibitor Cocktail) with 1% v/v beta-mercaptoethanol, from

which a 150µL aliquot was introduced to the protocol. For liver and kidney, the standard procedure was

used after manually pulverizing the liver and kidney tissue with a mortar and pestle cooled with liquid

nitrogen. For the choroid plexus, we also used the standard procedure using the entirety of the tissue.

RNA concentration and quality were assessed with optical density at 260nm and 260:280 ratio,

respectively (NanoDrop, Thermo Fisher Scientific, Waltham, MA).

Gene Expression Panel

We focused our evaluation on a targeted list of transporters of relevance to the pathophysiology of

secondary injury and/or drug development. First, we conducted a literature review to identify transporters,

biomarkers, and transcription factors that were of probable importance to TBI pathophysiology. This was

judged based on 1) reported expected expression in the brain, 2) hypothesized or documented roles in

brain disease, and 3) role in transport for medications used in TBI patients. Next, we added transporters

that are recommended for evaluation in the context of drug-development by the International Transporter

Consortium and FDA guidelines (Giacomini et al., 2013). Biomarkers and transcription factors were added

to the panel based on evidence for a role in TBI and data supporting their role in modulating expression of

genes related to metabolism. Finally, human genes were transposed to their corresponding rat
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homologues by using the NCBI HomoloGene (https://www.ncbi.nlm.nih.gov/homologene). Housekeeping

genes were selected based on evidence for stability post TBI (Rhinn et al., 2008; Penna et al., 2011; Julian

et al., 2014). The final list of genes was developed into a custom panel for absolute quantitation of mRNA

using the nCounter® (NanoString Technologies, Seattle, WA) platform.

Measurement of mRNA Expression with Nanostring

mRNA quantification was conducted using the manufacturer’s instructions for Nanostring at the Genomics

Research Core at the University of Pittsburgh. Briefly, 100ng mRNA (at 30ng/µL) was added to capture

probes with a biotinylated tail and reporter probes with a fluorescent barcode complementary to target

transcripts. Hybridization of each sample at 65°C occurred overnight, samples were loaded on the

nCounter™ Prep Station which is an automated liquid handler that removes excess sample and unbound

codesets in a two-step bead clean-up protocol. After purification, probe/transcript complexes are eluted

and transferred to the streptavidin coated nCounter® cartridge, which binds the biotinylated region of the

probe/transcript complex. Next, a current was applied to align the reporter probes. The cartridge was then

scanned with a Digital Analyzer, which scans 600 fields of view across each cartridge and counts the

occurrence of each fluorescent barcode.

Statistical Methods

Statistical analyses were carried out using R v3.5.1 (R Development Core Team, Vienna, Austria) (Team,

2018). Data visualization was performed using ggplot2 (Wickham, 2016). Raw transcript counts were

obtained from the nCounter® platform and normalized with the R package NanoStringNorm (Waggott et al.,

2012). Technical variation was normalized by adjusting individual counts the geometric mean of all probe

counts. The mean of negative controls was subtracted from each probe count to control for background

variation. Variation in total RNA content was normalized to the geometric mean of absolute counts of

housekeeping genes. Samples with a background value greater than three standard deviations from the
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mean excluded. Post-normalization counts were log2 transformed for downstream analysis.

P values were corrected using Benjamini-Hochberg False Discovery Rate (FDR) to produce q values

(Benjamini and Hochberg, 1995). For all analyses, a q-value of 0.05 was considered statistically significant.

Gene ontogeny was determined from measurements in naïve rats. A baseline expression was established

at PND-17, to which PND-31 and adult expression was compared with an unpaired t-test. Data for naive

rats are presented as fold change relative to PND-17. Expression changes associated with injury in the

ipsilateral hippocampus and cortex were compared with sham animals at each time point with unpaired

t-tests. Data for injured vs. sham rats are presented as fold change.

RESULTS

Gene Expression Panel Design

The literature review identified 27 rat transporters corresponding to 24 human homologues. To provide a

limited physiological context for changes in expression, we selected four transcription regulators known for

their roles in injury and in modulation of transporter expression (Nfe1l2, Hif1a, Nr1i2, Il6). To serve as

validation and to ensure adequate control for the model, we added five biomarkers (Edn1, Gfap, Vim, Ngb,

Icam1) for injury that are well characterized post injury, and four housekeepers to normalize the expression

(Ppia, Gapdh, Tbp, Hprt1). Genes included in the panel, their human homologues, and common names

are included in Table 1.

Transporter Ontogeny

We found diversity in transporter expression across different tissues, organs, and time points in uninjured

rats (Figure 2). Slc7a5 and Slco1a2 showed differential expression PND-31 and/or adulthood relative to

PND-17 in the cortex. Among others, we found that Abcb1a, Abcc2, Abcc4, and Slc22a4 were differentially

expressed from PND-17 to adulthood in the hippocampus, liver, and kidney.
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Slc2a1, a glucose transporter, was the most prominently expressed transporter in brain relative to

non-CNS expression. In tissues where adult tissues were studies (cortex and hippocampus), little change

was observed between PND-31 and adulthood.

Expression Changes Due to Injury

Baseline expression of transporters (PND-17) are shown for all tissues in Figure 1. Slc16a1 was the most

highly expressed transporter at a consistent magnitude in all tissues. In brain, Slc2a1 was the most highly

expressed transporter.

Expression changes for all genes in cortex and hippocampus following experimental TBI are shown in

Tables 2 and 3. These show the directionality of significant changes, grouped into early (3-24 hours), mid

(72 hours), and late (1-2 weeks) following TBI. Fold change is calculated with

log2(TBI) − log2(Control) and FDR corresponds to the FDR corrected p value. Expression of many

transporters decreased in both hippocampus and cortex following TBI (e.g. Abcc2, Abcc8, Slc22a6,

Slc22a8), while some showed increased expression (e.g. Abcc4, Slc22a4). Decreased expression was

primarily observed early (~3-24 hours) after TBI, followed by a gradual return to baseline with some

transporters showing an inversion (i.e. decreased, then increased). Eight out of nine ABC transporters

showed significantly differential expression from sham at a minimum of one time point in the hippocampus.

Despite its negligible expression at baseline, Abcb11 showed a significant spike in expression that was

significant in the cortex. These patterns follow expression patterns similar to Hif1α and Il6. Surprisingly,

we found significantly decreased expression for Ngb in both hippocampus and cortex following injury.

Many of the patterns in expression cluster with the transcription factors: Il-6, which showed an immediate

spike in expression following TBI with a quick return to baseline. Others followed a trend set by the

transcription factor Nfe2l2, which spiked in expression immediately following injury with a secondary spike

at 72 hours.
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DISCUSSION

We used innovative mRNA expression profiling technology to determine absolute transcript counts of

transporters in the brain following experimental TBI in developing rats to gain insight into this mechanism

for pediatric TBI. Consistent with our first hypothesis, after TBI, expression was predominantly decreased

immediately (3-24 hours) following TBI, followed by gradual return to baseline expression over 14 days and

in some cases, increased expression from baseline following injury. Biomarkers and transcription factors

showed expression patterns reflective of previous studies, with the exception of Ngb, which was acutely

down-regulated following CCI in both cortex and hippocampus. Surprisingly, refuting our second

hypothesis, we also found that baseline transporter expression in the brain often achieved levels similar or

exceeding that found in tissues where they have a primary role in drug elimination.

TBI was associated with differential transporter mRNA expression in the hippocampus and cortex. In the

hippocampus, transporters relevant to drug disposition including Abcb1a/b, Abcc2, Abcg2, Slc22a6, and

Slc22a8 were decreased early following TBI. However, Abcb1a/b was increased early after injury in the

cortex, which may more accurately reflect BBB expression. Other transporters (e.g. Abcc4, Slc22a4) had

increased expression in hippocampus and cortex following injury. Substrates for these transporters

(e.g. phenytoin) might have altered distribution into the CNS compartment in patients after TBI. These

findings are similar to work in tissues outside of the CNS by Kalsotra and colleagues, who found that

hepatic and renal expression of CYP enzymes decrease following experimental TBI with a later increase in

expression (Kalsotra et al., 2003). Changes in expression also mirror changes in expression of

transcription factors that can impact the expression of metabolic proteins (e.g. enzymes, transporters).

Particularly, early inhibitions in expression of Abcb1a, Abcc2, Abcg2, and Slco in the hippocampus mirror

changes found in Il6, which is known to be associated with decreased expression of transporters and CYP

enzymes (Abdel-Razzak et al., 1993; Poller et al., 2010). This acute decrease in expression in injured

brain might support protection of vulnerable etissue from the toxic byproducts associated with secondary

injury and tissue repair (Medzhitov, 2008). Abcb11, which is normally not detectable in the brain, was

increased with similar timing as a spike in Nfe2l2 at 72 hours post injury (Warren et al., 2009).
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Ngb (neuroglobin) mRNA expression post TBI decreased in the hippocampus and cortex following TBI.

Neuroglobin is a neuro-protective hemoprotein that binds O2, NO, and CO in the brain (Di Pietro et al.,

2014). It can mitigate oxidative stress and hypoxia, and over-expression is neuroprotective (Chuang et al.,

2010; Di Pietro et al., 2014). Previous work by Di Pietro and colleagues studied neuroglobin expression

following experimental diffuse (mild and severe) TBI in adult rats. They found increased expression of

neuroglobin immediately following injury in both the severe and mild TBI models (Di Pietro et al., 2014).

This suggests possible divergence with the brain’s response to our focal injury model (CCI) versus the

response following a diffuse injury model. Alternatively, age- or injury severity-related differences could be

important. This contrasts with the other biomarkers evaluated on this panel, which followed expected

patterns of expression changes.

To explore tissue differences in transporter expression and expression across age we compared

expression in three brain regions (hippocampus, cortex, and choroid plexus) to liver and kidney.

Baseline expression of transporters was similar in the cortex, hippocampus, and choroid plexus.

Transporters related to metabolism (i.e. glucose, lactate, pyruvate) including Slc16a1 and Slc2a1 were

among the highest expressed transporters in hippocampus, cortex, and choroid plexus. Expression of

transporter mRNA in the brain was often found to be within the same order of magnitude as liver and

kidney. We found non-zero expression of all probed transporters included in the draft FDA industry

guidance for in vitro drug-drug interaction studies, including Abcb1a, Abcg2, Slc22a2, Slc22a6, Slc22a8,

Slc47a1, and Slco1a. Of the transporters included in the FDA guidance Abcb1a and Abcg2 were found to

be expressed at high and similar levels across the brain, liver, and kidneys (FDA, 2017). ABCB1 and

ABCG2 are among the most highly expressed transporters on the BBB in humans, and this is mirrored in

their rat homologues (Wijaya et al., 2017).

Ontogeny findings are similar to those of Mooij and colleagues, which show changes associated with

development alone in the gut (Mooij et al., 2014). We found changes with development to be more

pronounced in the liver and kidney, wherein Abcb1a/b, Abcc, Slc22a, Slc47a1, and Slco1a

transporters/subfamilies showed differential expression with development. Conversely, a novel observation
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in our work is that in contrast to liver and kidney, brain expression of transporters was relatively conserved,

with few significant changes from PND-17 to adult seen in Abcc, Abcb, and Slco transporter subfamilies.

Nevertheless, brain and systemic disposition of xenobiotics that are known substrates of these pathways

should be considered when extrapolating adult doses to pediatrics. However, this finding merits additional

exploration given its potential impact on the brain PK and resultant target engagement and

pharmacodynamics consequences comparing developing and adult brain.

There are several limitations of this work that should be considered. Our model of severe TBI (CCI) is a

well studied focal model, but may not translate to other type of TBI such as diffuse injuries, mild TBI, or

mild repetitive TBI. To minimize time from dissection to freezing, we rinsed tissue with saline rather than

perfusing the rats. This raises the possibility of minor contamination of mRNA found in blood. However, the

variability in results between tissues suggests this was not an significant. Finally, while mRNA data

provides insight into the biological mechanisms and the method used allowed for absolute quantification

without amplification, mRNA changes may not always translate to changes in protein levels, particularly in

the injured brain, where protein synthesis may be impaired in TBI core or penumbral regions (Kochanek et

al., 2008).

To our knowledge, this is the first investigation in pediatric TBI that provides absolute transcript counts of

xenobiotic transporters. We believe the multiple brain tissues evaluated in a robust time-course design are

an important contribution toward greater understanding of a vastly understudied facet governing the

secondary injury following TBI in children, along with impacting the response to current or future

pharmacological therapies. Indeed, ontological changes associated with development from pediatric to

adulthood suggest a dynamic biochemical environment that may have implications in drug development

and dosing. These baseline expression levels also differ, in some cases, across brain regions suggesting

that the disposition of xenobiotics and endogenous substrates is dynamic across brain regions and

barriers. Importantly, experimental TBI in developing rats shows patterns of acutely decreased transporter

expression in the cortex and hippocampus, with some divergent increases in expression at various time

points. Changes in expression from the acute to chronic phase post TBI also support the need for greater
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evaluation of substrate/transporter interactions and ultimately suggest the potential need for the use of

dynamic treatment protocols that call for variable drug dosing with time post injury.
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Figure Legends

Figure 1

Baseline transporter expression (PND-17) in kidney, liver, choroid plexus, hippocampus, and cortex.

Error bars show standard deviation.

Figure 2

Ontogeny of transporters in cortex, hippocampus, choroid plexus, liver, and kidney. Point color

indicates statistical significance (FDR < 0.05).
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Table 1 Genes Included on Expression Panel

Rat Gene Human Gene Common Name

Transporters

Abcb11 ABCB11 BSEP

Abcb1a ABCB1 MDR1/PGP

Abcb1b ABCB1 MDR1/PGP

Abcc1 ABCC1 MRP1

Abcc2 ABCC2 MRP2

Abcc4 ABCC4 MRP4

Abcc5 ABCC5 MRP5

Abcc8 ABCC8 SUR1

Abcg2 ABCG2 BCRP

Slc15a1 SLC15A1 PEPT1

Slc15a2 SLC15A2 PEPT2

Slc16a1 SLC16A1 MCT1

Slc22a2 SLC22A2 OCT2

Slc22a4 SLC22A4 OCTN1

Slc22a6 SLC22A6 OAT1

Slc22a8 SLC22A8 OAT3

Slc28a2 SLC28A2 CNT2

Slc29a1 SLC29A1 ENT1

Slc2a1 SLC2A1 GLUT1

Slc47a1 SLC47A1 MATE1

Slc7a1 SLC7A1 CAT1

Slc7a5 SLC7A5 LAT1

Slco1a1 — OATP

Slco1a2 — OATP

Slco1a5 SLCO1A2 OATP1A2

Slco1b2 SLCO1B3 OATP8

Slco2b1 SLCO2B1 OATP2B1

Transcription Factors

Hif1a HIF1-A HIF1-A

Nfe2l2 NFE2L2 NRF2

Il-6 IL-6 IL-6

Nr1i2 NR1I2 PXR

Biomarkers

Gfap GFAP GFAP

Vim VIM VIM

Icam1 ICAM1 CD54

Ngb NGB NGB

Edn1 EDN1 ET1
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Table 2 Expression Changes in the Ipsilateral Cortex Post TBI

3 Hours 12 Hours 24 Hours 72 Hours 1 Week 2 Weeks

EML* FC SD FDR FC SD FDR FC SD FDR FC SD FDR FC SD FDR FC SD FDR

Abcb11 ↔ ↑ ↑ 0.000 0.000 1.000 0.170 0.481 0.459 1.149 1.099 0.066 1.836 1.306 0.018 1.357 1.215 0.041 0.769 1.157 0.189
Abcb1a ↔↔ ↑ -0.187 0.391 0.559 -0.324 0.378 0.110 -0.145 0.251 0.645 0.242 0.142 0.110 0.415 0.137 0.030 0.275 0.215 0.281
Abcb1b ↑ ↑ ↔ 0.820 0.218 0.020 0.834 0.535 0.019 0.507 0.231 0.007 2.077 0.345 0.000 1.550 0.631 0.058 0.954 0.615 0.241
Abcc1 ↑ ↑ ↔ -0.180 0.146 0.320 0.090 0.205 0.388 0.321 0.089 0.002 0.421 0.133 0.012 0.269 0.246 0.067 0.189 0.217 0.393
Abcc2 ↓ ↔ ↔ -0.384 0.163 0.004 -0.505 0.481 0.060 -0.561 0.372 0.036 0.050 0.146 0.658 0.051 0.048 0.616 -0.224 0.292 0.280

Abcc4 ↔ ↑ ↑ 0.186 0.260 0.385 0.156 0.322 0.362 0.260 0.167 0.198 0.775 0.028 0.004 0.597 0.137 0.004 0.474 0.268 0.259
Abcc5 ↔↔↔ -0.098 0.221 0.634 0.112 0.153 0.567 0.214 0.201 0.225 0.298 0.110 0.058 0.164 0.187 0.162 -0.009 0.295 0.965
Abcc8 ↓ ↓ ↔ 0.267 0.087 0.037 0.025 0.281 0.898 -0.333 0.087 0.006 -0.231 0.156 0.018 -0.170 0.134 0.315 -0.284 0.258 0.356
Abcg2 ↔↔↔ -0.507 0.483 0.315 -0.618 0.147 0.152 -0.320 0.412 0.367 -0.267 0.212 0.205 0.074 0.351 0.816 -0.007 0.233 0.973
Edn1 ↑ ↔ ↔ 1.166 0.290 0.003 1.232 0.377 0.001 0.823 0.267 0.093 0.300 0.388 0.385 0.611 0.494 0.203 -0.064 0.208 0.616

Gfap ↑ ↑ ↑ 0.411 0.177 0.088 1.768 0.232 0.000 2.156 0.630 0.019 2.699 0.278 0.001 2.495 0.418 0.004 1.834 0.459 0.049
Hif1a ↑ ↑ ↔ 0.247 0.067 0.040 0.753 0.277 0.001 1.028 0.264 0.000 0.277 0.146 0.013 0.234 0.094 0.106 0.276 0.314 0.227
Icam1 ↑ ↑ ↑ 1.951 0.549 0.018 2.123 0.172 0.000 1.784 0.938 0.005 1.430 0.257 0.001 1.111 0.279 0.025 0.869 0.924 0.203
Il6 ↑ ↔ ↔ 4.377 1.694 0.038 4.996 0.967 0.000 2.077 1.849 0.041 1.065 1.326 0.115 1.230 1.245 0.064 0.872 2.022 0.372
Nfe2l2 ↑ ↑ ↑ 0.677 0.091 0.003 0.988 0.115 0.003 0.456 0.056 0.028 1.179 0.177 0.002 1.019 0.310 0.001 0.791 0.416 0.018

Ngb ↓ ↔ ↔ -0.139 0.251 0.448 -0.841 0.449 0.005 -1.588 0.172 0.001 0.143 0.271 0.580 0.096 0.562 0.835 -0.379 0.259 0.237
Nr1i2 ↔↔↔ 0.000 0.000 1.000 0.105 0.298 0.459 0.000 0.000 1.000 0.268 0.791 0.567 0.085 0.535 0.816 0.306 0.866 0.459
Slc15a1 ↔↔↔ 0.241 0.486 0.733 0.058 0.315 0.915 -0.172 1.357 0.887 -1.023 1.293 0.165 -1.224 0.860 0.265 0.086 0.906 0.915
Slc15a2 ↓ ↑ ↑ -0.190 0.243 0.328 -0.932 0.247 0.000 -1.155 0.382 0.001 0.677 0.303 0.004 0.809 0.182 0.010 0.497 0.109 0.023
Slc16a1 ↓ ↑ ↑ -0.042 0.129 0.772 -0.448 0.186 0.003 -0.296 0.132 0.025 0.524 0.112 0.034 0.485 0.173 0.003 0.586 0.317 0.046

Slc22a2 ↔↔↔ -0.145 0.399 0.742 -0.524 0.671 0.190 0.027 0.346 0.925 0.248 0.214 0.469 0.456 0.082 0.203 0.021 0.405 0.965
Slc22a4 ↑ ↑ ↑ 0.711 0.833 0.356 1.200 0.149 0.016 1.416 0.413 0.007 2.316 0.340 0.003 1.513 0.250 0.004 1.687 1.022 0.100
Slc22a6 ↓ ↔ ↔ -0.525 0.535 0.424 -2.825 1.898 0.015 -1.602 0.913 0.008 -0.060 0.216 0.894 1.452 0.770 0.088 0.505 0.874 0.559
Slc22a8 ↓ ↔ ↔ -0.208 0.422 0.540 -1.157 0.448 0.001 -1.493 0.288 0.000 -0.428 0.246 0.051 0.205 0.111 0.540 -0.141 0.239 0.695
Slc28a2 ↓ ↔ ↔ -0.543 0.070 0.028 -0.634 0.145 0.018 -0.066 0.458 0.888 0.508 0.304 0.110 -0.080 0.357 0.645 -0.290 0.471 0.459

Slc29a1 ↓ ↑ ↔ -0.261 0.115 0.115 -0.678 0.160 0.001 0.248 0.185 0.189 0.591 0.162 0.000 0.378 0.199 0.104 0.252 0.437 0.461
Slc2a1 ↑ ↔ ↔ 0.394 0.201 0.084 0.789 0.305 0.001 0.705 0.546 0.028 0.085 0.167 0.616 0.301 0.156 0.131 0.392 0.259 0.067
Slc47a1 ↓ ↔ ↔ -2.303 1.935 0.034 -0.690 0.447 0.444 -1.280 1.193 0.201 -0.570 0.479 0.196 0.921 0.397 0.259 0.435 1.015 0.634
Slc7a1 ↔↔↔ 0.076 0.095 0.676 -0.053 0.135 0.686 -0.157 0.136 0.259 -0.064 0.054 0.726 -0.007 0.048 0.965 0.061 0.051 0.695
Slc7a5 ↑ ↔ ↑ 0.229 0.060 0.160 0.672 0.128 0.001 0.599 0.104 0.000 0.210 0.132 0.066 0.398 0.053 0.001 0.459 0.055 0.012

Slco1a1 ↔↔↔ 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000
Slco1a2 ↓ ↔ ↔ -0.479 0.373 0.266 -0.889 0.412 0.004 -0.647 0.193 0.189 -0.127 0.211 0.487 0.533 0.370 0.152 0.308 0.324 0.283
Slco1a5 ↔↔↔ -0.696 1.885 0.676 -1.346 1.555 0.281 0.105 0.381 0.600 0.699 1.604 0.367 -0.516 1.411 0.793 -0.055 0.680 0.979
Slco1b2 ↔↔ ↓ 0.327 0.426 0.751 -0.517 0.198 0.540 0.318 1.147 0.793 0.254 0.605 0.759 -1.715 0.469 0.013 -0.155 0.629 0.888
Slco2b1 ↓ ↑ ↑ -0.268 0.326 0.362 -0.637 0.238 0.001 -0.490 0.177 0.002 0.716 0.316 0.004 1.203 0.146 0.001 0.712 0.203 0.127

Vim ↑ ↑ ↑ 0.216 0.203 0.446 1.130 0.375 0.001 2.230 0.091 0.004 3.459 0.412 0.002 2.607 0.400 0.000 1.689 0.277 0.115

EML*: Early (3-24 hours), Mid (72 hours), Late (7-14 Days); ↑: expression increased, ↓: expression decreased, ↔: expression did not change significantly

23

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted May 31, 2019. ; https://doi.org/10.1101/647420doi: bioRxiv preprint 

https://doi.org/10.1101/647420
http://creativecommons.org/licenses/by-nd/4.0/


Table 3 Expression Changes in the Ipsilateral Hippocampus Post TBI

3 Hours 12 Hours 24 Hours 72 Hours 1 Week 2 Weeks

EML* FC SD FDR FC SD FDR FC SD FDR FC SD FDR FC SD FDR FC SD FDR

Abcb11 ↔↔↔ 0.000 0.000 1.000 0.000 0.000 1.000 0.000 0.000 1.000 0.809 1.009 0.114 0.000 0.000 1.000 0.000 0.000 1.000
Abcb1a ↓ ↔ ↔ -0.634 0.124 0.010 -0.812 0.330 0.001 -0.220 0.186 0.108 0.030 0.233 0.890 0.039 0.257 0.846 -0.039 0.153 0.853
Abcb1b ↓ ↔ ↔ -0.541 1.302 0.541 -1.034 0.353 0.000 -1.326 0.269 0.000 0.084 0.872 0.895 -0.194 0.078 0.396 -0.151 0.185 0.554
Abcc1 ↔↔↔ -0.114 0.204 0.555 -0.285 0.056 0.068 0.022 0.154 0.845 0.192 0.171 0.292 0.282 0.277 0.055 -0.004 0.054 0.963
Abcc2 ↓ ↔ ↔ -0.331 0.187 0.060 -0.490 0.473 0.053 -0.592 0.401 0.020 -0.336 0.324 0.161 -0.036 0.119 0.853 0.122 0.071 0.555

Abcc4 ↑ ↑ ↑ -0.227 0.319 0.432 -0.034 0.126 0.888 0.399 0.220 0.016 1.060 0.059 0.006 0.692 0.190 0.001 0.281 0.347 0.360
Abcc5 ↔↔↔ -0.069 0.110 0.362 -0.064 0.095 0.451 0.011 0.098 0.895 0.069 0.149 0.555 -0.070 0.149 0.431 -0.054 0.104 0.555
Abcc8 ↓ ↓ ↓ 0.167 0.189 0.188 -0.154 0.109 0.188 -0.713 0.280 0.044 -0.761 0.293 0.011 -0.495 0.227 0.002 -0.343 0.432 0.212
Abcg2 ↓ ↔ ↔ -0.918 0.263 0.018 -0.924 0.458 0.089 -0.468 0.127 0.017 -0.405 0.261 0.162 0.056 0.072 0.888 -0.328 0.253 0.374
Edn1 ↑ ↔ ↔ 1.256 0.179 0.006 0.239 0.427 0.550 0.838 0.356 0.004 0.124 0.412 0.676 0.150 0.356 0.529 -0.222 0.394 0.583

Gfap ↑ ↑ ↑ 0.704 0.351 0.008 2.038 0.225 0.000 2.351 0.277 0.001 2.836 0.276 0.001 1.916 0.367 0.000 1.539 0.495 0.005
Hif1a ↑ ↑ ↑ 0.407 0.168 0.003 1.024 0.160 0.000 0.939 0.248 0.000 0.536 0.481 0.040 0.171 0.097 0.006 0.284 0.561 0.374
Icam1 ↑ ↑ ↑ 3.335 0.556 0.000 2.783 0.308 0.001 3.168 0.992 0.020 3.004 0.398 0.000 1.884 0.518 0.000 1.587 1.268 0.049
Il6 ↑ ↔ ↔ 6.262 2.915 0.005 2.584 2.258 0.035 1.412 1.825 0.126 0.644 1.820 0.485 0.000 0.000 1.000 0.869 2.300 0.486
Nfe2l2 ↑ ↑ ↑ 0.836 0.275 0.001 0.896 0.202 0.000 0.773 0.217 0.001 1.798 0.437 0.000 1.148 0.285 0.000 0.892 0.628 0.026

Ngb ↓ ↔ ↓ -0.123 0.457 0.784 -0.840 0.408 0.004 -1.210 0.497 0.005 -0.617 0.708 0.361 -0.102 0.545 0.734 -0.759 0.258 0.016
Nr1i2 ↔↔ ↑ 0.181 0.363 0.667 -0.076 0.512 0.895 0.327 0.300 0.485 0.036 0.382 0.899 0.853 0.461 0.006 0.039 0.619 0.895
Slc15a1 ↔↔↔ -0.278 0.369 0.360 0.224 0.784 0.727 -0.037 0.212 0.856 0.199 0.280 0.537 0.213 0.141 0.476 0.163 0.125 0.555
Slc15a2 ↓ ↔ ↑ -0.279 0.077 0.004 -1.486 0.187 0.000 -1.954 0.592 0.000 0.430 0.373 0.061 0.543 0.287 0.004 0.469 0.050 0.032
Slc16a1 ↓ ↑ ↑ -0.037 0.050 0.853 -0.539 0.169 0.000 -0.351 0.204 0.008 0.692 0.196 0.035 0.619 0.122 0.003 0.594 0.516 0.066

Slc22a2 ↔↔↔ 0.245 0.359 0.555 -0.208 0.389 0.555 -0.054 0.069 0.895 0.772 1.003 0.467 0.362 0.750 0.608 0.189 0.728 0.818
Slc22a4 ↑ ↑ ↑ -0.034 0.552 0.931 1.044 0.131 0.017 1.338 0.483 0.001 2.320 0.493 0.000 1.863 0.231 0.000 1.787 0.244 0.003
Slc22a6 ↓ ↔ ↔ 0.227 0.362 0.485 -4.589 2.116 0.002 -3.646 2.216 0.008 0.102 0.626 0.895 0.164 1.545 0.856 0.991 0.844 0.413
Slc22a8 ↓ ↔ ↔ -0.337 0.111 0.254 -1.680 0.644 0.001 -1.442 0.440 0.000 -0.420 0.371 0.341 0.392 0.750 0.369 -0.322 0.255 0.220
Slc28a2 ↔ ↑ ↔ 0.091 0.180 0.764 -0.536 0.349 0.084 0.664 0.801 0.122 1.502 1.011 0.013 -0.247 0.429 0.374 0.169 0.290 0.537

Slc29a1 ↓ ↔ ↔ -0.702 0.490 0.137 -0.793 0.358 0.002 -0.411 0.263 0.032 0.137 0.386 0.550 0.514 0.179 0.128 0.517 0.253 0.112
Slc2a1 ↑ ↔ ↑ 0.457 0.139 0.076 0.614 0.186 0.001 0.664 0.394 0.007 0.546 0.428 0.055 0.331 0.091 0.060 0.438 0.326 0.049
Slc47a1 ↔↔↔ -0.608 1.464 0.728 -0.856 1.437 0.597 1.379 0.939 0.413 2.092 1.511 0.188 0.039 2.154 0.963 1.382 1.150 0.369
Slc7a1 ↔↔↔ -0.132 0.213 0.287 -0.192 0.202 0.360 -0.173 0.104 0.374 -0.189 0.324 0.537 -0.163 0.265 0.540 -0.257 0.096 0.233
Slc7a5 ↑ ↑ ↑ 0.327 0.185 0.021 0.613 0.244 0.001 0.694 0.152 0.000 0.426 0.104 0.020 0.582 0.092 0.004 0.375 0.178 0.009

Slco1a1 ↔↔↔ 0.058 0.494 0.939 0.469 0.869 0.291 0.796 1.123 0.161 -0.593 1.384 0.567 -0.367 0.893 0.748 -0.368 0.240 0.669
Slco1a2 ↓ ↔ ↔ -0.988 0.193 0.009 -1.540 0.380 0.000 -0.775 0.472 0.016 -0.189 0.431 0.550 0.105 0.350 0.592 0.108 0.140 0.529
Slco1a5 ↔↔↔ -1.362 1.864 0.413 -0.076 0.421 0.853 0.319 0.415 0.430 -0.155 0.115 0.112 1.715 2.717 0.220 -0.399 0.330 0.380
Slco1b2 ↔↔↔ 0.000 0.000 1.000 0.000 0.000 1.000 0.121 0.341 0.485 0.021 0.060 0.485 0.000 0.000 1.000 0.000 0.000 1.000
Slco2b1 ↓ ↑ ↑ -0.610 0.398 0.021 -0.884 0.207 0.000 -0.594 0.189 0.002 0.688 0.200 0.001 0.968 0.387 0.001 0.741 0.514 0.023

Vim ↑ ↑ ↑ 0.485 0.154 0.016 1.881 0.308 0.000 3.909 0.407 0.000 5.091 0.957 0.000 3.286 0.667 0.000 2.609 1.055 0.005

EML*: Early (3-24 hours), Mid (72 hours), Late (7-14 days); ↑: expression increased, ↓: expression decreased, ↔: expression did not change significantly
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