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Abstract

Traumatic brain injury (TBI) is the leading cause of acquired neurologic disability in children, yet 

specific therapies to treat TBI are lacking. Therapies that decrease the inflammatory response and 

enhance a reparative immune action may decrease oxidative damage and improve outcomes after 

TBI. Docosahexaenoic acid (DHA) modulates the immune response to injury in many organs. 

DHA given in the diet before injury decreased rat pup cognitive impairment, oxidative stress and 

white matter injury in our developmental TBI model using controlled cortical impact (CCI). Little 

is known about DHA effects on neuroinflammation in the developing brain. Further, it is not 

known if DHA given after developmental TBI exerts neuroprotective effects. We hypothesized that 

acute DHA treatment would decrease oxidative stress and improve cognitive outcome, associated 

with decreased pro-inflammatory activation of microglia, the brain’s resident macrophages.

Methods: 17-day-old rat pups received intraperitoneal DHA or vehicle after CCI or SHAM 

surgery followed by DHA diet or continuation of REG diet to create DHACCI, REGCCI, 

SHAMDHA and SHAMREG groups. We measured brain nitrates/nitrites (NOx) at post injury day 

(PID) 1 to assess oxidative stress. We tested memory using Novel Object Recognition (NOR) at 

PID14. At PID 3 and 7, we measured reactivity of microglial activation markers Iba1, CD68 and 

CD206 and astrocyte marker GFAP in the injured cortex. At PID3, 7 and 30 we measured mRNA 

levels of inflammation-related genes and transcription factors in flow-sorted brain cells.

Results: DHA decreased oxidative stress at PIDI and pro-inflammatory microglial activation at 

PID3. CCI increased mRNA levels of two interferon regulatory family transcription factors, 

blunted by DHA, particularly in microglia-enriched cell populations at PID7. CCI increased 

mRNA levels of genes associated with “pro-“ and “anti-“ inflammatory activity at PID3, 7 and 30. 

Most notably within the microglia-enriched population, DHA blunted increased mRNA levels of 

pro-inflammatory genes at PID 3 and 7 and of anti-inflammatory genes at PID 30. Particularly in 
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microglia, we observed parallel activation of pro-inflammatory and antiinflammatory genes. DHA 

improved performance on NOR at PID14 after CCI.

Conclusions: DHA decreased oxidative stress and histologic and mRNA markers of microglial 

pro-inflammatory activation in rat pup brain acutely after CCI associated with improved short term 

cognitive function. DHA administration after CCI has neuroprotective effects, which may result in 

part from modulation of microglial activation towards a less inflammatory profile in the first week 

after CCI. Future and ongoing studies will focus on phagocytic function and reactive oxygen 

species production in microglia and macrophages to test functional effects of DHA on 

neuroinflammation in our model. Given its favorable safety profile in children, DHA is a 

promising candidate therapy for pediatric TBI.
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Introduction

Traumatic brain injury (TBI) is the leading cause of acquired cognitive disability in children. 

(Anderson et al., 2012; Langlois et al., 2005; Yeates et al., 2005) Children are particularly 

vulnerable to inflammation and oxidative stress, both of which contribute significantly to 

neurologic impairment after TBI. (Bayir et al., 2006)

Mechanical forces account for much of the primary cell death and dysfunction in the brain 

immediately after TBI. The extent of final injury depends upon a variety of factors, 

including secondary insults such as hypoxia and hypotension. A growing body of evidence 

suggests that the nature, intensity and duration of the immune response to TBI plays a very 

important role in determining the definitive effects of the initial injury on long term brain 

function. (Loane and Kumar, 2016)

Astrocytes and microglia (the brain’s resident macrophages), along with infiltrating 

macrophages (macrophages entering the brain during blood-brain barrier breakdown) are the 

predominant actors in the cellular immune response to TBI. The immune response is 

complex and dynamic. Useful, albeit simplistic, terminology categorizes the immune 

response into M1 and M2 types. While any benefit or detriment derived from an “M1” or 

“M2” response after TBI is likely to be highly contextual and time-dependent, M1 (“pro-

inflammatory) responses are potentially detrimental to brain recovery after TBI, particularly 

if long-lasting or excessive. M1 responses include the production of reactive oxygen species, 

cytokines, and chemokines that create a cytotoxic environment. Immune responses that 

should foster brain recovery after TBI, particularly if present at the appropriate time, are 

termed M2 (“reparative” and “inflammation-resolving”). These actions include phagocytosis 

of detritus and production of cytokines, chemokines, and growth factors that promote the 

proliferation and survival of neurons, oligodendrocytes, axons and synapses. Microglial 

activation alone, indicated by increased expression of Iba-1 (ionized calcium-binding 

adapter protein 1) and/or change in morphology towards a larger and less ramified form), 

does not discriminate between microglia that display primarily phagocytic activity or 

reactive oxygen species production. (Imai and Kohsaka, 2002)
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Persistent pro-inflammatory “M1” microglial activation is associated with lasting neurologic 

disability after TBI in adult rodents. (Loane et al., 2013) Microglia can resolve inflammation 

by reverting to a reparatory “M2” phenotype.(Dringen, 2005; Kumar and Loane, 2012) 

Therapies that modulate microglia away from an inflammatory towards a reparatory 

phenotype may decrease neurologic disability after TBI.(Hellewell et al., 2016) Data about 

the inflammatory response of the developing brain to TBI are scarce. In a mouse model of 

neonatal TBI, minocycline (an agent that decreases pro-inflammatory microglial activation) 

improved neuropathology at day1, but not day 5, after injury. (Chhor et al., 2017) In a rat 

model of pediatric TBI, minocycline improved histologic and functional outcomes in the 

first two weeks after injury. (Simon et al., 2018) An improved understanding of the 

developing brain’s inflammatory response after TBI, with or without exposure to immune 

modulation, could result in new and effective approaches to improve outcomes.

Docosahexaenoic acid (DHA), an essential fatty acid found in fish oil and a major 

component of brain cell membranes, exerts anti-inflammatory activity in the cellular and 

humoral immune system in vivo. (Calder, 2017; Innis, 2008) In vitro, DHA decreases M1 

microglia activation and promotes M2 macrophage polarization. (Antonietta Ajmone-Cat et 

al., 2012; Chang et al., 2015) DHA decreased histologic injury and neurologic impairment in 

the adult rat after TBI. (Abdullah et al., 2014; Bailes and Mills, 2010; Begum et al., 2013; Li 

et al., 2014; Mills et al., 2011; Wu et al., 2004, 2011) In our rat model of pediatric TBI using 

controlled cortical impact (CCI), dietary DHA begun one day before injury improved 

cognitive function and decreased oxidative stress and white matter damage. (Schober et al., 

2016) Additional information about DHA effects on the inflammatory response of the 

developing brain to TBI are lacking. Further, it is unknown if the therapeutic effects of DHA 

are retained when treatment begins acutely after developmental TBI.

The objective of the present study was to test the hypothesis that acute post-injury DHA 

administration decreases oxidative stress and cognitive dysfunction in rat pups after CCI, 

associated with decreased pro-inflammatory activation of microglia and/or infiltrating 

macrophages. We hypothesized that DHA would decrease expression of markers associated 

with pro-inflammatory microglia and infiltrating macrophages after developmental TBI. We 

further hypothesized that these inflammatory changes would be associated with decreased 

oxidative stress and improved outcomes. To test these hypotheses, we sought to assess DHA 

effects on oxidative stress, astrocytic and microglial activation, mRNA levels of markers of 

pro-inflammatory and reparative activation in microglia and infiltrating macrophages and on 

cognitive outcome using a translationally relevant model of DHA administration after 

experimental TBI in the immature rat. To meet this objective, we used our established model 

of pediatric TBI using CCI in 17-day old (P17) rats. We selected this age because rat brain 

maturation at P17 is comparable to that of the human infant/young toddler, the pediatric age 

group at highest risk for cognitive deficits after TBI.(Anderson et al., 2005a; Anderson et al., 

2005b; Bittigau et al., 2004; Dobbing and Sands, 1979; Rice and Barone, 2000). We 

measured oxidative stress at post injury day (PID) 1 because oxidative injury peaks in the 

first 24-48 hours after TBI. (Ansari et al., 2008). We used histology and flow cytometry-

sorted cells for mRNA expression of microglia/macrophage markers to assess cell 

populations and M1/M2 states. We assessed glial activation at PID 3, 7 and 30 because in the 

adult rodent brain M1 peaked in a bimodal fashion at day 3 and 28 after TBI, while M2 
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peaked at day 7 and macrophage infiltration resolved by day 30 . (Jin et al., 2012; Loane and 

Kumar, 2016) We tested memory using Novel Object Recognition (NOR) at PID14 and 

tissue sparing using histology at PID30 based on our previous work showing cognitive 

deficits at PID14 and volume loss at PID60 in our model.(Schober et al., 2013; Schober et 

al., 2016 )

Methods and Materials

Animals

The Animal Care and Use Committees at the University of Utah approved all experimental 

protocols in accordance with US NIH guidelines. Male Sprague-Dawley rats arrived at the 

University of Utah from Charles Rivers Laboratories (Raleigh, NC) on post-natal day (P) 

7-10 and housed in litters of 10 with the lactating dam until weaning on P 24. All rats had 

free access to food and water and remained in a temperature- and light-controlled (12 h 

on/12 h off) environment. On the day of surgery, P17, rat pups randomized to 

Docosahexaenoic Acid (DHA) received DHA intraperitoneally (IP) 30 minutes after either 

controlled cortical impact (CCI) or control (SHAM) procedure ended. DHA pups returned to 

the dam after recovery from anesthesia. Rat pups randomized to Regular Diet (REG) 

received vehicle IP 30 minutes after either CCI or SHAM procedure ended. Dams fed either 

0.1% DHA chow or continued on standard chow at the end of surgery. After weaning, 

DHACCI and SHAMDHA rats consumed the DHA diet exclusively while REGCCI and 

SHAMREG continued on standard rat chow.

Docosahexaenoic Acid Administration

The DHA rodent diet (Envigo Teklad, WI) substitutes 0.1% of the soybean oil in standard 

chow with purified DHA (U-84-A, Nu-Chek Prep, MN). This substitution results in the 

same macronutrient content and caloric density (3.2 kcal/g and 15% kcal derived from fat) 

as standard rat chow. This 0.1% DHA diet provides DHA as 3.3% of total fat. All dams and 

pups received REG diet (Envigo Teklad 2920), with the exception of rats in the DHA 

groups. P17 rats depend exclusively on dam milk for their intake. Dam milk should not 

reflect changes in dietary DHA intake until at least 10 hours after ingestion, based on human 

data, (Lauritzen et al., 2002) and gavage feeding rat pups soon after surgery carries a 

significant risk of pulmonary aspiration. We instead injected rats IP at 30 minutes after CCI 

or SHAM surgery with DHA (7.5mg/100mcL to approximate 100-150 mg/kg/day dietary 

intake expected from 0.1% DHA diet) or vehicle, VEH (100mcL soybean oil emulsion and 

ethanol equivalent to DHA injection).

To minimize litter effects in the experimental groups, Charles River culled rats from 

different litters prior to shipment to our laboratory to generate groups often male pups per 

dam. We further minimized litter effects by combining CCI and SHAM rats within the same 

dietary group in cages of 3-5 rats per cage after weaning.

CCI procedure

Rats underwent CCI or SHAM surgery as previously described. (Schober et al., 2016) We 

accomplished induction with 3% Isoflurane and maintenance with 2-2.5% Isoflurane for the 
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duration of surgical preparation using a VetEquip Bench Top Isoflurane Anesthesia System 

(Pleasanton, CA). A servo-controlled heating pad maintained rats’ rectal temperature at 

37±0.5 °C. We placed anesthetized rats into a stereotaxic frame (David Kopf, Tujunga, CA). 

After shaving, prepping with povidone-iodine and incising the scalp, we performed a 

craniotomy (6-mm×6-mm) over the left parietal cortex (centered at the point 4-mm posterior 

and 4-mm lateral to bregma) taking care not to perforate the dura. Once the craniotomy was 

complete, we reduced anesthesia to 1% Isoflurane for a 5-min equilibration period. CCI was 

then delivered using the ImpactOne™ (Leica Biosystems Inc., IL)) to the left parietal cortex 

using a 5-mm rounded tip to deliver a 2.0 mm deformation at 5 m/s velocity and 100 ms 

duration. Immediately after CCI, we increased Isoflurane to 2-2.5% and the bone flap 

replaced and secured with dental cement (Patterson Dental, Salt Lake City, UT). We sutured 

the scalp incision and applied triple antibiotic ointment and bupivacaine 0.5% topically. Rats 

recovered in a temperature-controlled chamber. We delivered IP DHA or VEH, as 

appropriate for group assignment, 30 minutes after surgery. Once fully awake, rats returned 

to their dams and littermates. SHAM rats underwent the same anesthetic protocol and 

duration, scalp incision, stereotaxic positioning and suturing procedures. At post injury days 

(PID) 1, 3, 7 and 30, rats received IP xylazine (8mg/kg) and ketamine (40mg/kg) followed 

by intracardial perfusion with ice-cold PBS and decapitation for oxidative stress, histologic 

and/or molecular outcomes as detailed below.

Oxidative Stress Outcomes (Nitrates/Nitrites (NOx))

At PID1, we extracted brains and dissected ipsilateral (left) hippocampi and cortices on ice, 

snap frozen in liquid nitrogen and stored at −80°C. Total protein samples (n=8-10 per group) 

were extracted by homogenizing tissues in ice-cold lysis buffer (150mM NaCl, 50mM Tris 

pH7.4, 1mM EDTA, 0. 5% Na-deoxycholate, 1% Igepal CA-630) incubated at 4 °C with 

protease inhibitors (Roche Applied Science, Indianapolis, IN). We centrifuged samples at 

10,000 rpm at 4 °C for 5 min and supernatants were stored at - 80 °C until use. We used the 

determination of protein concentration by bicinchoninic acid or BCA, method (Pierce 

Protein Research Products, Rockford, IL) to calculate volume for equal protein loading. 

Nitrate concentrations were measured using chemiluminescence. Nitric oxide combined 

with oxidative species such as peroxide and superoxide produces nitrates and nitrogen 

radicals. The nitric oxide and nitrogen radicals react with tissue and serum proteins creating 

nitrates and nitrites in fluid (NOx). Concentrations of NOx provide a measure of acute/

subacute nitrosative oxidative stress. We used a chemiluminescence analyzer (Sievers NOA 

280i, GE Analytical Instruments, Boulder, CO) according to manufacturer’s protocol to 

measure NOx in picomoles normalized by protein concentration for each sample.

Histologic Outcomes

Histologic outcomes included gliosis and activation markers at PID 3 and 7 and lesion 

volume at PID 30. After perfusion/fixation with ice cold PBS and 4% PFA, brains were 

cryoprotected via placement in graded sucrose solutions (5, 15 and 30%), frozen whole 

using dry ice and stored at −80 for later use. We processed all slides on the same day, 

exposed to freshly made reagents at the same times to minimize variation in conditions 

between groups. Frozen brains (n=6-8 per group) were sliced into coronal sections from 

−2.56 to −4.8 bregma. For each animal, three serial 25micron-thick sections from dorsal 
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hippocampus taken 125 microns apart were placed on a single slide. Each of the three 

sections was taken from a comparable anatomical level as determined by The Rat Brain 

Atlas in Stereotaxic Coordinates. (Paxinos, 2005)

For immunohistochemistry, we warmed brain sections for 1 hour at 37°C and rinsed with 

0.1M PBS. Then, slides were incubated in blocking buffer: 0.1M PBS, pH 7.4 containing 

5% Normal Donkey or Goat Serum (Sigma 9663/Sigma 9023); 0.1% Fish Gelatin (Sigma, 

G7765); 1% Bovine Serum Albumin (Fisher, BP1605); 0.1% Triton X-100 (Sigma, X-100) 

for 1hr at room temperature then incubated in blocking buffer containing primary antibodies 

overnight at 4°C. Primary antibodies included rabbit anti-GFAP (1:1000, R&D Systems, 

Cat# NB300-141), mouse anti-CD68 (1:1000, Bio Rad, Cat#MCA341R), rabbit anti-IBA1 

(1:1000, Wako Chemicals, Cat# 019-19741), mouse anti-MHC class 2 (1:1000, BD 

Bioscience, Cat# 556999), goat anti-CD206 (1:1000, R&D Systems, Cat#AF2535). On the 

second day, we rinsed slides in 0.1M PBS and incubated with secondary antibodies at room 

temperature for 1 hour. All secondaries were applied at 1:1000, were non-biotinylated and 

raised in either donkey or goat: catalog #’s: A31573 (donkey anti rabbit IgG), A11010 (goat 

anti-rabbit alexa fluor 546), A11017 (goat anti-mouse alexa fluor 488), A11056 (donkey 

anti-goat 546), (purchased from Life Technologies). After the last rinse all slides were 

incubated in DAPI (Molecular Probes, Cat # D1306) for 30 minutes (to counterstain nuclei) 

then rinsed and cover-slipped with Immuno-Mount (Thermo Fisher Scientific). Full dilution 

curves were performed for each antibody and specificity confirmed using non-primary 

controls.

Proportional areas of gliosis and macrophage markers were quantified using techniques 

developed previously. (Donnelly et al., 2009; Orr et al., 2017) Briefly, 0.4mm2 boxes were 

used to sample the M1 area of cortex and CA1 region of the hippocampus ipsilateral (ipsi, or 

left sides) and contralateral (contra, or right sided) to the site of CCI or craniotomy (SHAM) 

on tissue sections approximately −3.00 mm to bregma as depicted in Fig. 1A. Independent 

analyses using multiple tissue sections per animal confirmed that a single tissue section per 

animal was representative of the overall pathology. When anatomical landmarks of the 

cortex were deformed due to injury, the penumbral region of the injured cortex directly 

above the CA1 region was sampled. Maximum projection confocal image for each area (ipsi 

cortex, ipsi hippocampus, contra cortex, contra hippocampus) was generated per subject 

from 3μm thick z-planes, taken with a 20x objective, with a C2 laser scanning confocal 

microscope (Nikon Instruments Inc, Melville, NY, USA). Threshold based proportional area 

measures of positive signal within each sample area were generated using Metamorph 

quantification software (Molecular Devices). Obvious areas of tissue folding or tears were 

excluded. CD206 positive individual cells were counted based upon discrete cell surface 

labeling. Data are reported as proportional area of immunoreactivity, or cell density 

(CD206), within the standard 0.4mm2 sample area. Histological outcomes were confirmed 

through two independent blinded analyses.

A modified Eriochrome Cyanine (EC-103164 Sigma Aldrich) and nuclear counter stain 

(Nuclear Fast Red, H-3403, Vector Laboratories) staining protocol was used to quantify 

spared tissue area on PID 30. The total area of intact tissue from both hemispheres was 

quantified for a single tissue section from each animal representing −3mm bregma. Ventricle 
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areas were excluded from analyses. All histological analyses were conducted blindly with 

respect to treatment condition using a Nikon microscope (Nikon Corporation, Tokyo, Japan) 

and Scion imaging analysis software (Scion Corporation, Frederick, MD, USA).

Molecular Outcomes: Cellular Gene Expression

We used 8-10 rats from each of the four groups per assay and time point to assess cellular 

inflammation at PID3, 7 and 30. We dissected ipsilateral (left) hippocampi and cortices 

(300-350mg per brain) from PBS perfused brains on ice and processed them immediately 

using the Neural Tissue Dissociation Kit (Miltenyi Biotec Inc) in cold Hanks’ Balanced Salt 

Solution (HBSS W/O, Gibco ™) on ice. Following myelin and debris removal with a 

70-30% Percoll gradient (Percoll ® GE Healthcare, Hibernate-A™, Thermo-Fisher and 

Dulbecco’s Phosphate-Buffered Saline (DPBS) Gibco™) cell counts were performed using 

a hemocytometer. Samples were blocked using 6mcL 3% mouse serum and 2mcL FC 

blocker (CD32 Rat BD Fc Block™ Cat # 550271 BD Biosciences) in DMEM Buffer 

(Thermo-Fisher) for 20 minutes at 4°C. We added fluorescent antibodies against CD11b 

(CD11b-PE, Abeam Cat# ab333816) and CD45 (CD45-FITC, BD Bioscience, Cat# 

11-0461-82) 0.6 mcL and 2mcL/million cells, respectively. We then incubated samples for 

20 minutes at 4°C, protected from light then washed and re-suspended in HBSS. We 

performed flow cytometry with a BD FACSAria™ II Cell Sorter analyzed using FlowJo 

software (version 9.7.5 TreeStar, Inc., Ashland, OR). We had previously determined optimal 

signal to noise ratio in preceding antibody titration experiments for each antibody. We 

showed very high specificity (99.6%) and good sensitivity (91%) for sorting CD11b+/− 

populations using this approach, as shown by separate flow experiments using autoMACS® 

Cell Separator and CD11b-PEb/c magnetic beads (Cat# 130-105-316, Miltenyi Biotech). 

Similarly, we confirmed accuracy of FSS/SSC for gating live versus dead cells using 

Propidium Iodide (BioLegend® Cat #42130) for live/dead discrimination. Cell survival 

ranged between 92 and 97%. We used monocytes in rat pup blood to gate CD11b+ cells into 

CD11b+/CD45high and CD11b+/CD45low in the initial pilot studies, and subsequently used 

SHAM brains instead because they had very few if any CD11b+/CD45high cells. The 

specificity of the signals of antibodies against specific antigens was determined using 

isotype-matched immunoglobulins (ab 91357 and Bioscience 114714) and unstained 

controls for all experiments. Rat brain samples were each sorted into three populations: LO 

cells (CD11b+ CD45low, enriched in resident microglia) HI cells (CD11b+ CD45 high, 

enriched in infiltrating macrophages) and NEG cells (CD11b- cells, enriched in astrocytes, 

neurons, oligodendrocytes and endothelial cells).

We extracted RNA from samples collected into HBSS-containing tubes on ice using 

TRIzol® Reagent (Invitrogen Cat# 15596026) and stored at - 80 °C until ready for use. RNA 

concentration (ng/mcL) and purity (RIN) was determined using Agilent Tape Station 

(Agilent 2200). We generated a custom panel for assessing gene expression (nCounter ® 

Gene Expression Assays, Nanostring Technologies, WA). We selected 44 genes related to 

inflammation, cell type and transcription factor expression and 4 housekeeping genes (see 

Table 1 for Accession Numbers). The NanoString nCounter ® gene expression assay uses 

amplification-free digital color-coded barcode technology that directly measures levels of 

individual target RNA molecules with high precision and sensitivity designed to measure up 
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to 800 targets from a single sample. We used 100 nanograms of total RNA per sample in all 

analyses according to the manufacturer’s suggested protocol.

The NanoString nCounter ® gene expression assay generates RNA results for twelve 

samples at a time, with positive and negative controls for each sample across the 48 genes 

assayed. We used nSOLVER™ Analysis Software (NanoString Technologies, Inc.), an R-

language-based program, to generate separate data tables for each set of comparisons as 

recommended by the manufacturer. We normalized individual gene mRNA results using the 

positive controls for each sample for all samples included in the analysis of interest. We used 

Nano String Norm package (version1.1.21, 11/17/2015) and R Statistical Software to 

optimize normalization further, and found that using one or any number of the four 

housekeeping genes did not additionally minimize batch effects.

Novel Object Recognition Testing

We used a black Plexiglas® NOR chamber (52X52X30cms) as described for juvenile rats 

(P29-40) (Reger et al., 2009) housed in a small room with soft lighting. Objects used for 

testing were small, plastic and easily cleaned objects secured to the box using Velcro ®. 

Interaction of the rat with an object was measured using automated video tracking and data 

analysis equipment from EthoVision® vXT 13 (Noldus Information Technology, 

Wageningen NL) and confirmed by dual observer analysis of the videotaped session when 

needed. Exploration was timed for the duration that the rat’s nose was within 2 cms of the 

object, as determined by a digitally drawn arena. We did not consider time spent rearing, if 

present, as exploration. We tested rat pups (n=5 per group) at PID 14 (age P31). We cleaned 

the box and objects between rat pups with 70% alcohol to remove odor traces. Rat pups 

were acclimated to handling prior to commencing NOR procedures. During the Habituation 

phase, each rat pup individually explored the empty box for five minutes on day one and 

fifteen minutes on day two to minimize stress and ensure acclimation to the testing 

environment. During the Familiarization phase, we placed a single rat in the arena 

containing two identical objects for five minutes. We exposed half of the rats to two identical 

objects in one configuration (see black spheres in Fig. 1B) and the other half to the mirror 

image configuration (see black spheres in Fig 1B). Each rat returned to the arena 24 hours 

later for Novel testing over five minutes. Each rat was exposed to one object from the 

familiarization trial (black sphere) and to one novel object (red triangle) in the 

configurations shown in Fig 1B, alternating between A1 and A2 for every rat exposed to 

Familiarization A1 and between B1 and B2 for every rat exposed to Familiarization B. 

Performance on the testing phase was measured by the percent novel exploration time (100* 

(N/ (N+F)) where N is the time spent on the Novel object and F on the familiar. A higher 

exploration time is considered to reflect greater memory ability, while an exploration time of 

50% is not better than chance.

Statistical Analyses

Investigators blinded to experimental groups performed all data acquisition and analyses. All 

analyses except gene expression were analyzed using two-way analysis of variance 

(ANOVA) followed by the Holm-Sidak test for multiple comparisons using GraphPad® 

Prism 6.0 (GraphPad® Software, CA). For immunohistochemical analyses of gliosis and 
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macrophage markers, we used a priori planned comparisons to determine the effect of DHA 

treatment (SHAMREG vs SHAMDHA), the effect of injury (SHAMREG vs REGCCI) and 

the effect of DHA treatment on injury (REGCCI vs. DHACCI). Results were considered 

statistically significant at p<0.05 and presented as mean ± standard error. We analyzed gene 

expression results using R Statistical Software (2016). (Team, 2016) We used Kruskal-

Wallis tests to compare groups at each of the three time points. For NEG cells, we compared 

the four groups. For CD11b + cells, we compared only two groups (REGCCI and DHACCI) 

because cell numbers and RNA yield from HI cells in both SHAM groups was very low. For 

four groups we used a cutoff of p<0.001 for significance and for two group comparisons we 

used p<0.025. A p-value cutoff of <0.001 was chosen to protect against false positives (type 

I error) when performing multiple comparisons between four groups. Such a cutoff 

corresponds to a limit on False Discovery Rate (FDR) across these analyses of 

approximately 0.5%, meaning the significant findings very likely represent real differences. 

We used a less stringent p-value of 0.025 for the comparison of CCI groups at genes that 

successfully passed the first, more stringent threshold. We assessed effects of time after 

injury using repeated measures ANOVA with Tukey contrasts for multiple comparison of 

means.

Results

DHA Decreased Nitrate/Nitrite (NOx) Concentration in the Injured Brain at PID1

In adult patients after TBI, elevated NOx in cerebrospinal fluid and microdialysate samples 

correlates with death and poor outcome. (Clark et al., 1996; Tisdall et al., 2013) Therefore, 

this indicator of reactive oxygen species (ROS) is potentially a sensitive measure of TBI-

induced secondary injury. We examined NOx in response to DHA treatment after CCI. 

Hippocampal/cortical NOx levels decreased 5-fold in DHA treated CCI rats relative to non-

treated CCI (REGCCI) rats at PID1 (0.05 ± 0.01 vs 0.25 ± 0.09 mean picomoles NOx/

micrograms protein, p=0.006) as shown in Figure 2. DHACCI NOx did not differ from 

SHAM controls indicating that DHA treatment decreased an acute indicator of TBI 

morbidity.

Histology

We next sought to determine if DHA led to long-term changes in inflammation and tissue 

preservation. To control for inter-animal variability, we initially attempted to normalize 

injured regions of the brain (cortex and hippocampus ipsilateral to CCI) to corresponding 

regions of the uninjured, contralateral hemisphere. These within-subject normalizations 

introduced a high degree of variability within groups likely due to the non-uniform and 

diffuse effects of TBI and the relatively low expression of most markers in sham controls; 

even slight differences in marker expression in the contralateral hemisphere introduced large 

variability when we expressed outcomes as ratio of hemispheres within animals. There was 

no significant effect of DHA treatment or TBI in the contralateral hemisphere (data not 

shown). Therefore, all results reported are for the side ipsilateral to injury for CCI or the left 

side for SHAMS. There were no significant effects of DHA in the absence of CCI 

(SHAMREG vs. SHAMDHA, p>0.05 for all markers; Figures 3–7) and therefore 

comparisons with the SHAMDHA group were not performed in the context of CCI.
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DHA decreased CCI-induced Microgliosis

To determine the effect of injury and treatment on glial activation, we examined Iba-1 and 

GFAP (glial fibrillary acidic protein), general markers of microglia/macrophages and 

astrocyte activation, respectively. Interestingly, there were significant main effects of time 

(p<0.05) with increased reactivity at PID 7 vs. PID 3 for both markers in hippocampal and 

cortical regions in both SHAMDHA and SHAMREG groups. This is potentially reflective of 

developmental changes in microglia/macrophage and astrocyte densities (Figures 3–6).

CCI significantly increased the density of both Iba-1 and GFAP with obvious and sustained 

microglia/macrophage and astrocyte activation in the cortex at both PID 3 and 7 relative to 

SHAM controls. Specifically, CCI increased cortical Iba-1 (p<0.0001 main effect of injury, 

adjusted p value p<0.0001 at PID3 and p=0.005 at PID7) and cortical GFAP (p=0.001 main 

effect of injury, adjusted p value p=0.0073 at PID3 and p=0.047 at PID7) relative to SHAM 

controls (Figs. 3 and 5). In the hippocampus, CCI-induced microglia/macrophage activation 

was transient showing increased Iba-1 reactivity at PID 3 (p=0.03) that returned to sham 

levels by PID7 (p=0.40) (Fig. 4). Interestingly, CCI did not increase GFAP labeling in the 

hippocampus at PID3 but instead decreased it at PID 7 (p=0.03 main effect of CCI, adjusted 

p=0.001) (Fig. 6).

DHA treatment significantly reduced microglia/macrophage activation (Iba-1 reactivity) to 

CCI in PID 3 cortex (REGCCI vs. DHACCI, p=0.006) (Fig. 3). There was no significant 

effect of DHA treatment on CCI-induced microglia/macrophage activation in hippocampus 

(Fig. 4).

Interestingly there was not significant effect of DHA on CCI-induced astrocyte activation 

(GFAP immunoreactivity) in the cortex or the hippocampus (p>0.25 main effect of 

treatment; Figs. 5–6), however, there was a trend toward a treatment by time interaction in 

the hippocampus (p=0.06) with GFAP immunoreactivity returning toward sham levels by 

PID 7 (Fig. 6). Collectively, CCI induced microglia/macrophage and astrocyte activation in 

the cortex. DHA treatment decreased cortical microglia activation at PID3, relative to REG 

diet.

DHA decreased CCI-induced Pro-Inflammatory Microglia/macrophage Activation

Since DHA decreased microglia/macrophage activation, we next sought to determine 

whether DHA was selectively affecting purportedly reparative, CD206- or Arginase-positive 

cells or pro-inflammatory, CD68- or Major Histocompatibility Complex II (MHC II)-

positive, cells. Arginase labeling was sparse and did not appear cellular in any groups. 

Therefore, we used CD206 to evaluate reparative microglia/macrophage microglia/

macrophage activation. CD206 (Cluster of Differentiation 206), also known as Mrc-1 

(macrophage mannose receptor 1), is important for phagocytosis and for clearing 

inflammatory proteins in the inflammation-resolving phase. CD206 immunoreactivity 

increased over time in both the cortex (p=0.03, main effect of time) and hippocampus 

(p=0.006) in both SHAM and CCI groups; however, there was no effect of injury on CD206 

expression (p>0.6) for either brain region (results not shown) at PID3 nor PID7. Although 

the number of CD206 positive cells increased over time in all the conditions, very few cells 
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were positive for CD206 even at PID 7. There was no effect of DHA treatment on CD206 

reactivity in the cortex or hippocampus (p>0.5) after CCI.

Next we examined two markers associated with pro-inflammatory and primed microglia 

activation: CD68 and MHC II. High CD68 microglial reactivity is associated with persistent 

inflammation and ongoing white matter degeneration for many years after TBI in humans 

(Johnson et al., 2013) and with a pro-inflammatory milieu after CCI in rats. (Harting et al., 

2008) Decreased CD68 after injury is associated with neuroprotection afforded by candidate 

therapeutics in rodents. (Hellewell et al., 2013; Loane et al., 2014). MHC II is expressed by 

pro-inflammatory macrophages in vitro and MHCII+ microglia after TBI produce pro-

inflammatory cytokines and contribute to long-term inflammatory hyperactivity. (Fenn et al., 

2014; Gensel et al., 2017) CCI increased CD68 immunoreactivity in the cortex compared to 

SHAM controls (p<0.0001, main effect of injury) with significant increases at both PID 3 

(p=0.0001) and PID 7 (p=0.005) (Fig. 7). DHA decreased CD68+ microglia/macrophage 

activation in the cortex (p=0.03, main effect of treatment) with significant differences 

between REGCCI and DHACCI at PID3 (p=0.02) (Fig. 7). In the hippocampus, CCI did not 

significantly increase CD68 (p=0.08), and there was no effect of DHA on CD68 expression 

after CCI (p=0.21, main effect of treatment). CCI increased cortical MHCII compared to 

SHAM controls (p=0.0004, main effect of injury) at both time points (p=0.02 at PID3, 

p=0.005 at PID7), however, DHA did not affect cortical MHCII expression after CCI (p=0.2 

main effect of treatment) (results not shown). CCI did not increase hippocampal MHCII 

expression at either time point.

In a separate experiment, we examined the long-term (PID 30) histological effects of CCI 

and DHA. As with earlier time points, there was a significant main effect of CCI in 

microglia/macrophage activation (Iba-1) in the cortex (p=0.049) and the hippocampus 

(p=0.020) at PID 30. There were no significant treatment effects with DHA in the cortex 

(p=0.14, main effect of treatment) or the hippocampus (p=0.10, main effect of treatment). 

Interestingly, there was a trend for a treatment x injury interaction in both the cortex 

(p=0.08) and hippocampus (p=0.10) driven by increased immunoreactivity in the CCI-DHA 

vs. CCI-REG groups in both the cortex (p=0.07) and hippocampus (p=0.06) shown in 

Supplemental Figure 2.

For GFAP, there was no significant main effect of injury in cortex (p=0.52) or hippocampus 

(p=0.19). There was also no significant main effect of treatment on GFAP immunoreactivity 

in the cortex (p=0.62) or hippocampus (p=0.16) (results not shown). For CD68, there was 

also no significant main effect of injury in the cortex (p=0.19) or hippocampus (p=0.27) nor 

a significant main effect of treatment in either brain region (cortex, p=0.76; hippocampus, 

p=0.90)(results not shown). At PID 30, we did not quantify cellular labeling of MHCII nor 

CD206 because reactivity was very low in all groups at this chronic time point.

Previously we observed the DHA administration prior to CCI improved long-term (PID60) 

tissue sparing in rat pups (Schober et al., 2016). While CCI decreased cortical area 

ipsilateral to injury to 73% of SHAM volume at PID 30 (p=0.01), there was no effect of 

DHA treatment on lesion area (p=0.7) in the current study (data not shown).
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Collectively, our histological analyses indicate that CCI leads to acute and long-term 

inflammation in the cortex and hippocampus of rat pups and that post-TBI DHA 

administration decreases acute indices of inflammation, specifically of CD68+ 

macrophages/microglia.

Flow Cytometry and Cell Population mRNA Levels

Our histological evaluation suggests that DHA may decrease pro-inflammatory microglia/

macrophage activation. However, the relative activation state of microglia/macrophage after 

TBI is difficult to determine using a limited number of phenotypic markers. (Morganti et al., 

2016) The number of antibodies for phenotypic evaluation and identification of microglia 

and macrophages are further limited in rats. Therefore, we sought to further determine the 

immunomodulatory potential of DHA treatment and the extent to which microglia (LO, or 

CD11b+ CD45low) vs. macrophages (HI, or CD11b+ CD45high) are affected by treatment 

using a combination of flow cytometry and gene-array analyses. We additionally used flow 

cytometry-derived cell counts to estimate changes in the size of each cell population after 

CCI relative to SHAM controls.

Cell Counts

As noted in the methods, we collected 300-350 mg of saline-perfused brain ipsilateral to 

injury in all groups at the three time points to make single-cell suspensions for each sample. 

We used flow cytometry to sort live single cells into populations of CD11b+ CD45 high (HI, 

macrophage enriched), CD11b +CD45low (LO, microglia enriched) and CD11b (−) (NEG, 

composed largely of oligodendrocytes, astrocytes, neurons and endothelial cells).

CCI increased the total cell yield, estimated by adding counts from the three populations, at 

PID 3 (REGCCI = 234 ± 36 % SHAM and DHACCI = 250 ± 31% SHAM, p<0.001) with a 

trend in the same direction for REGCCI, but not DHACCI, at later time points (PID7 

REGCCI = 172 ± 52% SHAM, p=0.07 and PID30 REGCCI =246 ± 88%, p=0.09, 

respectively). Increased infiltrating macrophages, or HI cells, drove this increased total cell 

yield in both CCI groups at PID3 and in REGCCI rats at PID 7 and 30. At PID3, CCI 

increased HI cells without regard to treatment (REGCCI= 777 ± 176 % SHAM, 

DHACCI=964 ± 110 % SHAM, p<0.0001 for both CCI groups) and in REGCCI only at PID 

7 and 30 (575 ± 318 % SHAM, p=0.04 and 362 ± 194% SHAM, p=0.03, respectively). 

Supplementary Figure 1 shows representative flow cytometry plots of the percentage of 

CD11b +CD45low and CD11b+ CD45 high cells in rat brain after CCI or SHAM injury. 

REGCCI rats had higher HI (infiltrating macrophages) at PID3, 7 and 30 relative to SHAM. 

In summary, CCI increased infiltrating macrophages relative to SHAM at PID 3, 7 and 30. 

DHA treatment abrogated this increase at PID 7 and 30, but not at PID 3.

mRNA Results

As shown in Table 1, we included six genes with high specificity for cell type: Cx3cr1, for 

microglia; Marco, for macrophages; MPO for neutrophils; MBP for oligodendrocytes, 

Rbfox3 for neurons and GFAP for astrocytes. As noted in the methods, NEG cells are 

enriched in oligodendrocytes, neurons, and astrocytes. Cx3cr1 should be high in LO cells, 

while MPO and Marco should be high in HI cells. These predictions were met across our 
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samples, with one notable exception. REGCCI samples at PID3 had unexpectedly high 

levels of Cxrcr1 in NEG cells, even when studies were repeated on different days and 

samples compared between different litters. We did not find differences in CD11b mRNA 

expression between REGCCI and DHACCI rats using real time RT-PCR in the injured brain 

tissue. Based on the 91% sensitivity of the CD11b antibody (as noted in the methods) we 

posited that the REGCCI NEG cells included a fraction of actual CD11b+ cells in a higher 

proportion than did the other three groups. We therefore excluded NEG, HI and LO samples 

from those rat brains from which the NEG cells had Cx3cr1 mRNA counts that were 

statistically extreme outliers. An alternative explanation is that CCI induces co-expression of 

microglial markers such as CX3cr1 in astrocytes, a cell type that is CD11b negative. We are 

actively pursuing studies to test this possibility based on a recent study showing that injury 

leads to the appearance of cells that express both astrocyte and microglial markers in 

humans and mice, and on reports of a similar phenomenon described in a mouse model of 

amyotrophic lateral sclerosis. (Trias et al., 2013; Wilhelmsson et al., 2017)

DHA Decreased Transcription Factors Associated with Pro-inflammatory Activation in PID3 
CD11b (−) cells and PID7 Microglia, but Increased them in PID30 Microglia. DHA did not 
Affect Macrophage Transcription Factor Expression

As noted in Table 1, 4 of the 48 genes are transcription factors. Figures 8, 9 and 10 show 

results of transcription factor mRNA analyses for PID3, 7 and 30, respectively. Neither diet 

nor injury affected PPARy mRNA variant 1 nor variant 2 levels at anytime point. In LO cells 

(microglia-enriched population) at PID7, DHA decreased irf5 and irf8 mRNA relative to 

REGCCI microglia (p=0.0015 for irf5 and p= p=0.0015 for irf8) as shown in Figure 9B. In 

HI cells (macrophage-enriched population) neither Irf5 nor irf8 mRNA differed between 

CCI groups at any time point (Figure 10 A–C). Injury increased Irf5 and Irf8 in NEG cells at 

PID3 (Figure 8A, p<0.0001) and increased Irf5 more in REGCCI than in DHACCI rats 

(p=0.01) albeit at levels far lower than in HI and LO cells. Analyses of these transcription 

factors suggest that DHA decreases interferon-related transcription factors in microglia, 

particularly at PID 7, but not in macrophages.

As noted in Table 1, the remaining genes are involved in inflammation. Figures 11–13 depict 

the mRNA results for each of these, classifying genes typically associated with 

inflammation as “pro-inflammatory” and those associated with repair or resolution of 

inflammation as “anti-inflammatory”.

In CD11b (−) cells, DHA Decreased Pro-inflammatory TNFα, IL-1β, CD86 and CD32 and 
Anti-inflammatory TGF β at PID3. DHA decreased Anti-inflammatory IL-10mRNA at PID3 
and 30, but increased it at PID7. Inflammatory Gene mRNA differed from SHAM over Time 
in REGCCI, but not in DHACCI Rats

In NEG cells at PID3, pro-inflammatory Ccl2, Ccr2, CD68, CD80, CD86, Cybb, Fabp4, 

CD16, CD32, IL18, IL6 and IL-1 β as well as the anti-inflammatory Arg1, Hmox1, IL10, 

IL13, IL4, Socs3 and TGFβ genes increased in both CCI groups relative to SHAM 

(*p<0.0001 for all) as shown in Figure 11A. Several of those genes differed between CCI 

groups as well. DHA treatment blunted increments in CD86 p=0.009, CD32 (Fcgr2b) 

p=0.02, IL-1B p=0.005 and TNF α p=0.002 as well as IL10 p=0.001 and TGF β p=0.002 (# 
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p values <0.025 relative to REGCCI) and in CD68 the decrease neared significance 

(p=0.027). In NEG Cells at PID7, anti-inflammatory IL4r and Nfe2l2 decreased in both CCI 

groups (* p= 0.0008 and 0.0009) relative to SHAM. Anti-inflammatory IL-10 mRNA 

decreased in DHACCI but not in REGCCI rats, relative to SHAM groups (*p=0.0005) as 

shown in Figure 11B. In NEG cells At PID 30, anti-inflammatory IL-10 mRNA decreased in 

DHACCI relative to SHAM and to REGCCI (*p=0.0006, #p=0.0008) as shown in Figure 

11C.

In repeated measures analysis for NEG cells over time, mRNA levels increased in REGCCI 

relative to DHACCI and to the two SHAM groups for the pro-inflammatory genes: CD68, 

CD86, Cybb, Fabp4, CD32, CD16 (p<0.0001 relative to SHAM and p<0.0001 to DHACCI 

for all) and CD80 (p<0.01 relative to all three groups). For the anti-inflammatory genes: 

Arg1, Hmox1, CD206 a similar pattern emerged with REGCCI mRNA greater than the other 

three groups over time (p<0.001 or smaller for all). DHACCI NEGS mRNA levels did not 

differ from SHAM over time in any of the inflammation related genes. The transcription 

factors irf5 and irf8 also increased relative to the other three groups over time in REGCCI, 

but not in DHACCI, NEGS. These data suggest that DHA decreases the pro-inflammatory 

environment of the injured brain in non- macrophage/microglia populations, such as 

astrocytes and endothelial cells.

In Microglia, both Pro- and Anti-Inflammatory Gene mRNA levels Increased at PID 3 and 7 
in REGCCI relative to DHACCI, and at PID 30 in DHACCI relative to REGCCI. Pro-
inflammatory Gene mRNA Increased over Time in REGCCI, but not in DHACCI Rats

To determine the extent to which DHA treatment altered microglia activation after TBI, we 

examined gene expression profiles in FACS sorted cells. In LO cells at PID3, pro-

inflammatory MMP9 (p=0.006) and anti-inflammatory IL10 mRNA levels (p=0.004) 

increased in REGCCI, compared to DHACCI as shown in Figure 12A. Consistent with our 

findings, fish oil gavaged before injury reduced MMP9 mRNA levels in P17 rats in the first 

four days after CCI. (Russell et al., 2014)

In LO cells at PID7, REGCCI had increased mRNA levels of pro-inflammatory Ccr7 

(p=0.02), Cybb (p=0.02), CcL2 (p=0.003), CD68 (p=0.008), CD80 (p=0.003), CD86 

(p=0.001), CD16 (Fcgr2b, p=0.002), CD32 (Fcgr3a, p=0.002), MMP9 (p=0.004), IL-1β 
(p=0.006), IL-18(p=0.004), TNF α (p=0.005) and Socs3 r(p=0.02) relative to DHACCI. 

These results are consistent with our histologic findings that DHA decreased pro-

inflammatory, CD68+, microglial activation after CCI. Numerous studies report that TBI is 

associated with expression of pro-inflammatory and proresolving markers simultaneously. 

(Turtzo et al., 2014) Accordingly, we found that several genes associated with inflammation 

resolution were also higher in REGCCI relative to DHACCI at this time point: TGF β 
(0.001), IL10 (p=0.004), IL 13 (p=0.002), IL 4 (p=0.003) IL4r (p=0.001), Nfe2l2 (p=0.005), 

Retnla (p=0.005) Trem2 (p=0.02) and Hmox1 (p=0.004) as shown in Figure 12B.

In LO cells at PID 30, DHA increased pro-inflammatory Inf Y (p=0.01) and IL-1 β 
(p=0.002) and also increased genes associated with inflammation resolution including 

Hmoxl (p=0.02), Retnla (p=0.02), IL-10 (p=0.005), IL4r (p=0.004), IL13 (p=0.005) and 

Nfe2l2 (p=0.0009), as shown in Figure 12C. In repeated measures analysis overtime, only 
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two genes differed significantly. Pro-inflammatory CCR2 (p=0.003) and CCL22 mRNA 

levels (p=0.02) increased in REGCCI relative to DHACCI. Collectively these data indicate 

that DHA treatment reduced pro-inflammatory microglial activation. This could be due to 

changes in the pro-inflammatory environment as opposed to directly modulating microglia 

activation.

In Macrophages, Pro-inflammatory Gene mRNA levels Increased in REGCCI at PID 7 and in 
DHACCI at PID 30, while both Pro- and Anti-Inflammatory levels Increased in REGCCI at 
PID 3. Compared to Microglia and CD11b (−) Cells, Relatively Fewer Genes Differed 
between Groups

We next evaluated gene expression in recruited (CD45 high) macrophages. Differences 

between CCI groups were few in HI cells (Figure 13 A–C), suggesting that DHA modulated 

inflammation in our model directly acting on brain resident cells rather than on the 

circulating immune cells that entered the brain after CCI. In HI cells at PID3, REGCCI had 

higher mRNA levels of pro-inflammatory CCr2 (p=0.02) MMP9 (p=0.02) and higher anti-

inflammatory IL10 (p=0.02). At PID7, REGCCI had higher mRNA levels of pro-

inflammatory CD68 (p=0.01) but at PID30, DHACCI had higher TNFα mRNA levels 

(p=0.02) than REGCCI. In repeated measures analysis, three pro-inflammatory genes 

differed significantly: Inf Y mRNA levels increased in REGCCI (p=0.04) and CCL2 and 

TNF a decreased in REGCCI (p=0.03 and 0.01, respectively) relative to DHACCI. 

Transcription factor irf5 mRNA increased in DHACCI relative to REGCCI (p=0.04) over the 

three time points.

In summary, cellular mRNA levels show decreasing effects of injury on inflammation-

related genes, both pro- and anti-inflammatory, over time after CCI. For macrophages and 

microglia, our conclusions are limited to comparisons between DHA treated and REG 

treated rats after CCI. DHA decreased pro-inflammatory genes in microglia, particularly at 

PID7, but did not affect inflammation in macrophages at PID3, 7 nor 30 after CCI.

Novel Object Recognition Testing

DHA Improved Performance on Novel Object Recognition Testing at PID14 
after CCI—We previously showed improved cognitive function when we gave DHA 

treatment prior to CCI. (Schober et al., 2016) In the present work, we treated rats with DHA 

after CCI. To assess the effects of DHA on memory function, we utilized the Novel Object 

Recognition (NOR) task. We chose to measure NOR at PID14, based on previous data in our 

model showing injury effect at this time. (Schober et al., 2013) Higher novel exploration 

represents better memory. Scores of 50%, representing 50% of time exploring the novel 

object, are similarto those achieved by chance alone. Novel exploration differed between 

groups by injury (p=0.027) and by diet (p=0.0013). DHACCI had greater novel exploration 

(52.1 ± 4.7 %) than REGCCI (27.6 ± 3%), p=0.0027, as shown in Figure 14. Novel 

exploration did not differ between SHAMDHA and SHAMREG (63.1 ± 6.2 % and 50.2 

± 1.7%, respectively, p=0.15).
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Discussion

Here, we show in a developmental model of TBI that DHA treatment after injury decreased 

oxidative stress, pro-inflammatory microglia activation mRNA and histologic markers, and 

improved recognition memory during the first two weeks after TBI. Generally, inflammatory 

actions of CCI and/or DHA affected pro-inflammatory and anti-inflammatory markers in 

parallel. Most notably within the microglia-enriched population, DHA showed a bi-phasic 

effect on CCI-induced changes: DHA blunted pro-inflammatory mRNA at PID 3 and 7 and 

anti-inflammatory genes at PID 30 after CCI.

We also show that macrophage infiltration, identified using CD11b+ CD45 high cells, 

persisted in rat pup brain for as long as 30 days. This persistence stands in contrast to the 

adult brain where CD11b+ CD45hi macrophage infiltration drops off markedly after the first 

week and resolves by 30 days after CCI. (Jin et al., 2012) We found that post-injury DHA 

treatment decreased macrophage infiltration at day 7 and 30, but not at day 3, compared to 

REG treated CCI rats and that DHA did not affect macrophage inflammation-related mRNA 

levels after CCI. In contrast, microglia (CD11b+ CD45Io) were more sensitive to DHA 

treatment with significant decreases in gene expression associated with pro-inflammatory 

and reparative microglia functions.

The observed decrease in brain NOx levels in DHA treated rats suggests that brain and/or 

cerebrospinal fluid NOx could be a potential biomarker of inflammation and DHA effect in 

future translational studies. These novel observations expand on our previous findings in 

which we used a pre-injury dosing paradigm and pave the way for future pre-clinical work.

We speculate that DHA improved cognitive function at PID14 by decreasing secondary 

injury from oxidative stress and microglial pro-inflammatory activation during the first week 

after CCI. DHA is a known antioxidant, shown to decrease production and/or scavenging of 

free radicals. In vitro, DHA decreased macrophage and microglia free radical production in 

response to an inflammatory stimulus. (Kielar et al., 2000) (Hjorth et al., 2013; Yang et al., 

2018) In fetal rat brain, DHA decreased oxidative injury from ethanol exposure by acting as 

a free radical scavenger as shown by electron spin microscopy.(Green et al., 2001) Our 

findings suggest DHA may decrease free radical production by blunting microglial pro-

inflammatory activation early after TBI. We did not study scavenging effects in our work but 

DHA could have decreased NOx in our model via free radical scavenging directly and/or by 

decreasing nitric oxide production. DHA also could have improved cognitive function via 

other mechanisms, such as repletion of DHA losses after TBI as shown in adult models. 

(Abdullah et al., 2014) Indeed, we found that DHA treatment restored brain DHA content at 

PID 60 (unpublished data). We did not measure DHA dynamics in the brain at earlier time 

points, because the presence of esterified and deesterified DHA early after CCI confounds 

measurement of brain DHA content using standard gas chromatography methods. In future 

work, we will use imaging and radiolabeled DHA to assess brain DHA content at earlier 

time points. Our novel observation of DHA-mediated decreases in brain NOx may provide a 

less-invasive means to examine DHA effects. While published data on NOx in biological 

samples from children after TBI are lacking, elevated NOx in cerebrospinal fluid and micro 

dialysate samples from adult patients after TBI correlates with death and poor outcome. 
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(Clark et al., 1996; Tisdall et al., 2013) Therefore, NOx may be a translationally useful 

marker of injury and inflammation in future pre-clinical or clinical TBI studies.

The therapeutic effects of DHA could result from immunomodulatory effects on microglia. 

Through gene expression studies of CD11b+ CD45Io microglia and CD11b+ CD45hl 

macrophages, in the current study, we observed greater DHA-mediated changes in microglia 

than in macrophage cell populations. Specifically, transcription factors associated with pro-

inflammatory activation decreased in microglia at PID 3 and 7 with DHA treatment. The 

IRF family is critically important in regulating microglia/macrophages maturation and 

polarization. In particular, irf5 is necessary for macrophage maturation and differentiation 

and is associated with pro-inflammatory macrophage polarization. (Chistiakov et al., 2018) 

Irf8 expression is necessary for microgliogenesis. Irf8 over-expression is associated with 

pro-inflammatory microglia activation. (Kierdorf et al., 2013; Masuda et al., 2012; Zeng et 

al., 2017) Both Irf5 and irf8 decreased with DHA treatment in microglia at PID 3 and 7, 

albeit increased at PID 30. Neither transcription factor was affected by DHA in macrophage 

populations. In accordance with these transcription factor expression changes, phenotypic 

genes associated with pro- and anti-inflammatory functions were dramatically different with 

DHA in microglia vs. macrophage populations.

Differences in microglia response after TBI are difficult to compare between immature and 

mature rodents, in part because delivering equivalent injury to animals of different sizes is 

challenging. Current understanding about maturational differences in how microglia respond 

to brain injury derives largely from a small number of studies and indirect comparisons. By 

some indicators, microglial response in immature and mature brain can be similar: for 

example, ionized calcium binding adapter protein 1 (Iba1), a microglial activation marker, 

did not differ between adult and P21 transgenic mice histologically at 2 days after controlled 

cortical impact, CCI.(Mannix et al., 2011). However, our findings are consistent with the 

observation that the immature brain mounts a more vigorous inflammatory response to 

injury. (Claus et al., 2010) While we did not use parallel experiments using adult rats, we 

found that CD11b, CD45hi macrophage infiltration persists at least to PID 30, in contrast to 

findings in adult mice after CCI that flow-sorted CD11b+ CD45hi cells resolved by day 30 

after injury.(Jin et al., 2012)

In regards to the immunomodulatory effects of treatment in young and adult models, DHA 

decreased histologic injury and neurologic impairment in the adult rat after TBI (Abdullah et 

al., 2014; Bailes and Mills, 2010; Begum et al., 2013; Li et al., 2014; Mills et al., 2011; Wu 

et al., 2004, 2011) similar to our observations here in rat pups. Minocycline, an antibiotic 

that inhibits microglial activation and improves outcomes in adult stroke and TBI models, 

decreased microglial activation and improved outcomes in a neonatal hypoxic ischemic 

stroke model.(Fan et al., 2006; Garrido-Mesa et al., 2013; Kohler et al., 2013) However, 

disparity in response after TBI suggests that microglia at different developmental stages 

could respond differently to minocycline after injury. Minocycline had no effect and even 

aggravated damage in a neonatal (P7) TBI model, but improved outcomes in P17 rats after 

CCI.(Chhor et al., 2017; Hanlon et al., 2016; Hanlon et al., 2017; Simon et al., 2018) 

Remaining immunomodulatory agents, shown to succeed in adult models, are yet untested in 

developmental TBI.(Haber et al., 2018; Liu et al., 2017)
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Strain measurements have revealed that CCI has greater injury effects on cortex relative to 

hippocampus. (Mao et al., 2011) While these studies were conducted in adult animals, in the 

current study we observed that CCI increased immunohistochemical labeling for microglia/

macrophages, astrocytes, and CD68 in the cortex. CCI induced a significant increase in 

microglia/macrophage activation in the hippocampus but did not increase astrocytes nor 

CD68. These data indicate that CCI induced a greater inflammatory response in cortex vs. 

the hippocampus. Consistent with this observation, DHA treatment decreased indices of 

inflammation in the cortex but not the hippocampus within the first week of injury. The 

regionally specific therapeutic effect of DHA may be due to a greater magnitude of injury in 

the cortex vs. hippocampus, i.e. a greater therapeutic window for treatment effects in the 

cortex. Future studies evaluating the regional specificity of post DHA treatment on 

inflammation, using FACS and gene expression, as well as, neurogenesis and synaptic 

integrity will provide greater insight into DHA therapeutic potential for pediatric TBI.

Our study is not without limitations. For example, we tested males at a single developmental 

age (17 day old male rats) utilizing one experimental model of TBI, CCI. To address some 

of these limitations, we are currently conducting studies on DHA effects in female rat pups 

and in a fluid percussion large-animal model. The NOx assay, while useful in that it is 

translationally relevant, is only one measure of oxidant stress and could be confounded by 

oxyhemoglobin present in the sample. We used cardial saline perfusion and tissue rinsing to 

minimize this limitation. Similarly, cognitive outcome was evaluated using one measure. 

However, we have previously demonstrated DHA improved learning, as shown by 

performance on the Morris Water Maze. Additionally, the NOR has value as a stress-free 

measure of memory in experimental TBI. Antibodies for pro-inflammatory and 

inflammation-resolving markers are more limited in rats than in mice, and in this study 

options were further reduced by low reactivity to CD206 that may have been a function of 

time point or developmental age. Alternatively, two time points may not have been sufficient 

to capture peak CD206 expression, based on a study in female rats using CCI. Turtzo et al 

reported that CCI increased CD206 expression in the brain ipsilateral to injury relative to 

control only at day 5, but not at any of the other six time points evaluated up to two months 

after injury.(Turtzo et al., 2014) Also, mRNA levels do not imply protein expression, nor do 

protein markers define phenotype. We recognize these limitations and plan to conduct 

functional assays of DHA effects on neuroinflammation after CCI. Finally, distinguishing 

activated microglia from macrophages is challenging in vivo, difficult even in transgenic 

mice. For one, activated microglia and macrophages have overlapping biology. In addition, 

the immune response to injury is dynamic and markers consistent with inflammatory 

activation vary throughout development.

To our knowledge, this is the first study assessing effects of acute post-injury DHA 

administration in a developmental TBI model. Previous work by our group and others 

demonstrated efficacy of DHA given before injury. (Russell et al., 2014; Schober et al., 

2016) While DHA likely has pleiotropic effects after TBI, our results are consistent with the 

possibility that DHA’s neuroprotective effects in our model are associated with modulation 

of microglia away from a pro-inflammatory phenotype during the first week after injury. 

Future areas of inquiry will include functional assays of phagocytic capacity and reactive 

oxygen species production in rat brain-derived macrophages/microglia to assess DHA 
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effects on the inflammatory milieu after CCI and exploration of potential molecular 

mediators of DHA effect; for example, assays to evaluate potential inhibition of inducible 

nitric oxide synthase activation in microglia/macrophages after CCI.

Conclusions

DHA treatment after CCI decreased oxidative stress and histologic and mRNA markers of 

microglial pro-inflammatory activation in rat pup brain during the first week after injury, 

associated with improved short term cognitive function. DHA and CCI each tend to affect 

pro-inflammatory and anti-inflammatory markers in parallel, making it difficult to ascertain 

whether anti-inflammatory markers support a compensatory host response or a direct effect 

of the intervention. We plan to conduct phagocytosis and reactive oxygen species assays in 

our model to better assess the functional effects of CCI with or without DHA on the 

developing rat brain. Acute DHA administration after CCI has neuroprotective effects, 

which may result from DHA’s modulation of microglial activation towards a more 

reparative phenotype early after CCI. Other putative mechanisms of action include direct 

antioxidant effects via free radical scavenging and repletion of DHA losses after TBI during 

a period of rapid brain growth. DHA, or fish oil, is a common nutritional supplement for 

pregnant mothers and is safe for neonates. (Lien, 2009) Given its favorable safety profile in 

children, DHA is a promising candidate therapy for pediatric TBI.
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Figure 1. 
A: Histology Methods

Illustration of areas sampled for gliosis and microglia/macrophage phenotype in the M1 and 

CA1 regions of the cortex and hippocampus.

B: Novel Object Recognition Methods

Schematic representation of Novel Object Recognition testing paradigm: on the left, the two 

variations (A and B) on familiar object positioning (black spheres) during Familiarization. 

On the right, the two variations on novel object positioning (gray triangles in A1 and A2) or 

(B1 and B2) during Novel Object testing, as detailed in the text.
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Figure 2: DHA Decreased Nitrate/Nitrite (NOx) Concentration in the Injured Brain at PID1
DHA blunted the CCI-induced increase in ipsilateral brain (hippocampus and cortex) NOx 

(nitrites/nitrates) at PID1. Cortical NOx levels increased in REGCCI rats, shown in black, 

relative to DHACCI , shown in white (0.25 ± 0.09 vs. 0.05 ± 0.01 mean picomoles NOx/

micrograms protein, p=0.006) at PID1. DHACCI NOx did not differ from SHAM controls.

Schober et al. Page 25

Exp Neurol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: DHA decreased CCI-induced Microgliosis
Results for cortical Iba-1 reactivity proportional area at PID 3 and PID 7 are shown 

graphically on the left. REGCCI and DHACCI are shown in solid black and white bars, 

respectively, while corresponding SHAM groups are shown as spotted gray and latticed 

white for SHAMREG and SHAMDHA rats. CCI significantly increased Iba-1 activation in 

the cortex at both PID 3 and 7 relative to SHAM controls (&p<0.0001 main effect of injury, 

adjusted p value p<0.0001 at PID3 and p<0.01 at PID7. DHA treatment significantly 

reduced microglia/macrophage activation (Iba-1 reactivity) to CCI in PID 3 cortex (REGCCI 

vs. DHACCI, *p=0.006). On the right, representative images of cortical Iba-1 reactivity are 

shown for SHAMREG, REGCCI and DHACCI. The scale bar is 100 microns.
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Figure 4: CCI did not increase hippocampal microgliosis at PID 7. DHA did not decrease CCI-
induced Microgliosis in the Hippocampus at PID3.
Results for hippocampal Iba-1 reactivity proportional area at PID 3 and PID 7 are shown 

graphically on the left. REGCCI and DHACCI are shown in solid black and white bars, 

respectively, while corresponding SHAM groups are shown as spotted gray and latticed 

white for SHAMREG and SHAMDHA rats. CCI transiently increased Iba-1 activation in the 

cortex at PID 3 relative to SHAM controls (& p=0.03) that returned to sham levels by PID7 

(p=0.40). There was no significant effect of DHA treatment on CCI-induced microglia/

macrophage activation in hippocampus. On the right, representative images of hippocampal 

Iba-1 reactivity are shown for SHAMREG, REGCCI and DHACCI. The scale bar is 100 

microns.
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Figure 5: DHA did not affect CCI increased Astrogliosis
Results for cortical GFAP reactivity proportional area at PID 3 and PID 7 are shown 

graphically on the left. REGCCI and DHACCI are shown in solid black and white bars, 

respectively, while corresponding SHAM groups are shown as spotted gray and latticed 

white for SHAMREG and SHAMDHA rats. CCI significantly increased GFAP reactivity in 

the cortex at both PID 3 and 7 relative to SHAM controls (&p=0.001 main effect of injury, 

adjusted p value p<0.01 at PID3 and p<0.05 at PID7). DHA treatment did not affect 

increased GFAP reactivity at either time point (p>0.25 main effect of treatment. On the right, 

representative images of cortical GFAP reactivity are shown for SHAMREG, REGCCI and 

DHACCI. The scale bar is 100 microns.
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Figure 6: CCI decreased hippocampal GFAP reactivity at PID 7
Results for hippocampal GFAP reactivity proportional area at PID 3 and PID 7 are shown 

graphically on the left. REGCCI and DHACCI are shown in solid black and white bars, 

respectively, while corresponding SHAM groups are shown as spotted gray and latticed 

white for SHAMREG and SHAMDHA rats. CCI significantly decreased GFAP reactivity in 

the hippocampus at PID 7 relative to SHAM controls (&p=0.03 main effect of CCI, adjusted 

p value 0.001). There was a trend toward a treatment by time interaction in the hippocampus 

(p=0.06) with GFAP immunoreactivity in DHACCI hippocampus returning toward SHAM 

levels by PID 7. On the right, representative images of hippocampal GFAP reactivity are 

shown for SHAMREG, REGCCI and DHACCI. The scale bar is 100 microns. DHACCI 

GFAP did not differ from sham at either time point.
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Figure 7: DHA decreased CCI-induced CD68 activation in cortex at PID3
Results for cortical CD68 reactivity proportional area at PID 3 and PID 7 are shown 

graphically on the left. REGCCI and DHACCI are shown in solid black and white bars, 

respectively, while corresponding SHAM groups are shown as spotted gray and latticed 

white for SHAMREG and SHAMDHA rats. CCI increased CD68 immunoreactivity 

compared to SHAM controls (&p<0.0001, main effect of injury) with significant increases at 

both PID 3 (p=0.0001) and PID 7 (p=0.005). DHA significantly decreased CD68+ 

microglia/macrophage activation in the cortex (*p=0.03, main effect of treatment) with 

significant differences between REGCCI and DHACCI at PID3 (*p=0.02). In the 

hippocampus, CCI did not significantly increase CD68 (p=0.08), and there was no effect of 

DHA on CD68 expression after CCI (p=0.21, main effect of treatment). On the right, 

representative images of cortical CD68 reactivity are shown for SHAMREG, REGCCI and 

DHACCI. The scale bar is 100 microns.
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Fig 8: Transcription Factor mRNA levels in NEG cells over time.
This graph shows median mRNA values, with the upper and lower quartiles for each gene of 

interest. REGCCI is shown in black, DHACCI in white and combined SHAM groups in 

gray; SHAMDHA and SHAMREG were combined because we found no differences 

between these groups. We performed statistical analyses using RNA values, but used log 

conversion for graphical representation to allow fitting a wide range of RNA values on a 

single y-axis. Asterisks (*) denote within group differences, driven by injury, while # 

denotes differences between the two CCI groups, driven by diet. A At PID3, injury increased 

Irf5 and Irf8 in NEG cells (* p<0.0001). REGCCI Irf5 increased in REGCCI relative to 

DHACCI (#p=0.01). B and C. Transcription factor mRNA levels did not differ between 

groups at PID7 nor at PID30.
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Fig 9: Transcription Factor mRNA levels in LO cells over time.
This graph shows median mRNA values, with the upper and lower quartiles for each gene of 

interest. REGCCI is shown in black and DHACCI in white. We performed statistical 

analyses using RNA values, but used log conversion for graphical representation to allow 

fitting a wide range of RNA values on a single y-axis. Asterisks (*) denote differences 

between the two CCI groups, driven by diet. A. At PID3, REGCCI pparg2 increased relative 

to DHACCI, p=0.01, but the very low mRNA counts in both groups make the results of 

unlikely significance. B. In LO cells (microglia-enriched population) at PID7, DHA 

decreased irf5 and irf8 mRNA relative to REGCCI microglia (p=0.0015 for irf5 and p= 

p=0.0015 for irf8) C. DHACCI irf 8 increased relative to REGCCI, p=0.01.
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Fig 10: Transcription Factor mRNA levels in HI cells overtime.
This graph shows median mRNA values, with the upper and lower quartiles for each gene of 

interest. REGCCI is shown in black and DHACCI in white. We performed statistical 

analyses using RNA values, but used log conversion for graphical representation to allow 

fitting a wide range of RNA values on a single y-axis. Asterisks (*) denote differences 

between the two CCI groups, driven by diet. A-C. Transcription factor mRNA levels did not 

vary between groups at any time point.
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Fig 11: Inflammation-related mRNA levels in NEG cells over time
Log values of median mRNA values for each gene of interest in each of three groups 

(REGCCI in black, DHACCI in white and combined SHAM groups in gray). We combined 

SHAMDHA and SHAMREG because we found no differences between these groups. 

Asterisks (*) denote genes that differed significantly between CCI and SHAM, while the 

pound sign marks those genes that differed also between CCI groups. A. In NEG cells at 
PID3, pro-inflammatory Ccl2, Ccr2, CD68, CD80, CD86, Cybb, Fabp4, CD16, CD32, 

IL18, IL6 and IL-1 β as well as the anti-inflammatory Arg1, Hmox1, IL10, IL13, IL4, Socs3 
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and TGFβ genes (* p<0.0001 for all) increased in both CCI groups relative to SHAM. DHA 

diet blunted increased mRNA levels of several inflammatory genes after injury, namely 

CD86p=0.009, CD32(Fcgr2b) p=0.02, IL-1B p=0.005 and TNF α p=0.002 as well as IL10 

p=0.001 and TGF β p=0.002 (# p values <0.025 relative to REGCCI) and in CD68 the 

decrease neared significance (p=0.027).

B. In NEG Cells at PID7, anti-inflammatory IL4r and Nfe2l2 decreased in both CCI groups 

(* p= 0.0008 and 0.0009) relative to SHAM. Anti-inflammatory IL-10 mRNA decreased in 

DHACCI but not in REGCCI rats, relative to SHAM groups (*p=0.0005) C. In NEG cells 
At PID 30, anti-inflammatory IL-10 mRNA decreased in DHACCI relative to SHAM and to 

REGCCI (*p=0.0006, #p=0.0008).
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Fig 12: Inflammation-related mRNA levels in LO cells overtime
This graph shows median mRNA values, with the upper and lower quartiles for each gene of 

interest. REGCCI is shown in black and DHACCI in white. We performed statistical 

analyses using RNA values, but used log conversion for graphical representation to allow 

fitting a wide range of RNA values on a single y-axis. Asterisks (*) denotes differences 

between the two CCI groups. A. In LO cells at PID3, pro-inflammatory MMP9 (p=0.006) 

and anti-inflammatory IL10 mRNA levels (p=0.004) increased in REGCCI, compared to 

DHACCI. B. At PID7, REGCCI had higher mRNA levels of many pro-inflammatory genes: 
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Ccr7 (p=0.02), Cybb (p=0.02), CcL2 (p=0.003), CD68 (p=0.008), CD80 (p=0.003), CD86 

(p=0.001), CD16 (Fcgr2b, p=0.002), CD32 (Fcgr3a, p=0.002), MMP9 (p=0.004), 

IL-1β(p=0.006), IL-18(p=0.004), TNF α (p=0.005) and Socs3 r(p=0.02) relative to 

DHACCI. Expression of anti-inflammatory genes also increased in REGCCI: TGF β 
(0.001), IL10 (p=0.004), IL 13 (p=0.002), IL 4 (p=0.003) IL4r (p=0.001), Nfe2l2 (p=0.005), 

Retnla (p=0.005) Trem2 (p=0.02) and Hmox1 (p=0.004). C. On PID 30, fewer genes were 

affected but did so in the opposite direction: DHACCI had higher pro-inflammatory Inf Y 

(p=0.01) and IL-1 β (p=0.002), and higher anti-inflammatory Hmox1 (p=0.02), Retnla 

(p=0.02), IL-10 (p=0.005), IL4r (p=0.004), IL13 (p=0.005) and Nfe2l2 (p=0.0009).
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Fig 13: Inflammation-related mRNA levels in HI cells overtime.
This graph shows median mRNA values, with the upper and lower quartiles for each gene of 

interest. REGCCI is shown in black and DHACCI in white. We performed statistical 

analyses using RNA values, but used log conversion for graphical representation to allow 

fitting a wide range of RNA values on a single y-axis. Asterisks (*) denotes differences 

between the two CCI groups. A. In HI cells at PID3, REGCCI had higher mRNA levels of 

pro-inflammatory CCr2 (p=0.02) MMP9 (p=0.02) and higher anti-inflammatory IL10 
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(p=0.02). B. At PID7, REGCCI had higher mRNA levels of pro-inflammatory CD68 

(p=0.01). At PID30, DHACCI had higher TNFα mRNA levels (p=0.02) than REGCCI.
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Figure 14: Novel Object (NOR) Exploration Time.
Higher percent novel exploration time represents better memory. Scores of 50%, 

representing 50% of time exploring the novel object and are no better than those achieved by 

chance alone. DHACCI rats had higher exploration time (52.1 ± 4.7 %) than REGCCI (27.6 

± 3%), p=0.02 as shown by asterisk. Exploration time did not differ between SHAMDHA 

and SHAMREG (63.1 ± 6.2 % and 50.2 ± 1.7%, respectively, p=0.15) and REGCCI less 

than SHAMREG (27.6 ± 3% vs 50.2 ± 1.7%, p=0.009 as shown by the ampersand while 

DHACCI did not differ from SHAM (p=0.2)
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Table 1:
Accession Numbers and Gene Names

Each row shows one of the 48 genes assayed using the NanoString nCounter ® gene expression assay, 

classified in one of four groups as defined in the text and under the column heading “Gene Group”: cell type 

marker, housekeeping, inflammation-related, and transcription factor genes. For each gene, the name used in 

the text is defined under Gene, followed by the full Name and Alternative name(s) if applicable. The 

corresponding Accession Number gives the NCBI Reference Sequence, and the Probe name identifies the 

probe as made by NanoString. Each probe was made to encompass the most common mRNA variants for each 

gene.

Gene Group Gene Name and Alternate Name(s) Accession Number Probe Name

Cell Type Aif1 Allograft inflammatory factor 1 also known as Iba1 
(Ionized calcium- binding adapter Protein1 )

NM_017196.2 NM_017196.2:290

Inflammation Arg1 Arginase 1 NM_017134.2 NM_017134.2:995

Inflammation Arg2 Arginase 2 NM_019168.1 NM_019168.1:1095

Inflammation Ccl2 C-C motif Chemokine Ligand2 or Monocyte 
Chemoattractant Protein 1 (MCP-1)

NM_031530.1 NM_031530.1:190

Inflammation Ccl22 C-C motif Chemokine Ligand 22 NM_057203.1 NM_057203.1:140

Inflammation Ccr2 C-C motif Chemokine Receptor 2 NM_021866.1 NM_021866.1:55

Inflammation Ccr7 C-C motif Chemokine receptor 7 NM_199489.4 NM_199489.4:390

Inflammation Cd68 Cluster of Differentiation 68 or Macrosialin NM_001031638.1 NM_001031638.1:615

Inflammation Cd80 Cluster of Differentiation 80 NM_012926.1 NM_012926.1:486

Inflammation Cd86 Cluster of Differentiation 86 NM_020081.1 NM_020081.1:140

Cell Type Cx3cr1 C-x3-c motif Chemokine Receptor 1 NM_133534.1 NM_133534.1:370

Inflammation Cxcl1 C-x3-c motif Chemokine Ligand 1 or Fractalkine NM_030845.1 NM_030845.1:605

Inflammation Cybb cytochrome b-245 beta chain or Nox2/Gp91-phox 
(NADPH Oxidase catalytic subunit)

NM_023965.1 NM_023965.1:772

Inflammation Fabp4 Fatty Acid Binding Protein 4 NM_053365.1 NM_053365.1:24

Inflammation Fcgr2b Fc Fragment Of IgG Receptor IIb or CD32 NM_175756.1 NM_175756.1:1000

Inflammation Fcgr3a Fc Fragment Of IgG Receptor IIIa or CD16 NM_207603.1 NM_207603.1:660

Inflammation Hmox1 Heme Oxygenase 1 NM_012580.2 NM_012580.2:897

Inflammation Ifng Interferon gamma NM_138880.2 NM_138880.2:186

Inflammation Il10 Interleukin 10 NM_012854.2 NM_012854.2:185

Inflammation Il13 Interleukin 13 NM_053828.1 NM_053828.1:200

Inflammation Il18 Interleukin 18 NM_019165.1 NM_019165.1:110

Inflammation Il1b Interleukin 1-Beta NM_031512.1 NM_031512.1:440

Inflammation Il4 Interleukin 4 NM_201270.1 NM_201270.1:50

Inflammation Il4r Interleukin 4 Receptor NM_133380.2 NM_133380.2:875

Inflammation Il6 Interleukin 6 NM_012589.1 NM_012589.1:55

Transcription Factor Irf5 interferon regulatory factor 5 NM_001106586.1 NM_001106586.1:1970

Transcription Factor Irf8 interferon regulatory factor 8 NM_001008722.1 NM_001008722.1:552

Inflammation Marco Macrophage receptor with collagenous structure NM_001109011.1 NM_001109011.1:1594
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Gene Group Gene Name and Alternate Name(s) Accession Number Probe Name

Inflammation Mmp9 Matrix Metalloproteinase 9 NM_031055.1 NM_031055.1:2565

Cell Type Mpo Myeloperoxidase NM_001107036.1 NM_001107036.1:1276

Inflammation Mrc1 mannose receptor C-type 1 or CD206 NM_001106123.1 NM_001106123.1:425

Inflammation Nfe2l2 nuclear factor, erythroid derived 2, like 2 NM_031789.1 NM_031789.1:1315

Inflammation Nos2 nitric oxide synthase 2; or nitric oxide synthase, 
inducible

NM_012611.2 NM_012611.2:20

Transcription Factor Pparg_v1 Peroxisome Proliferator-activated Receptor Gamma 
transcript variant 1

NM_013124.3 NM_013124.3:69

Transcription Factor Pparg_v2 Peroxisome Proliferator-activated Receptor Gamma 
transcript variant 2

NM_001145366.1 NM_001145366.1:18

Cell Type Mbp Myelin Basic Protein NM_001025291.1 NM_001025291.1:121

Inflammation Ptgs2 prostaglandin-endoperoxide synthase 2 or COX2 NM_017232.3 NM_017232.3:1605

Cell Type Rbfox3 RNA binding fox-1 homolog 3 or NeuN NM_001134498.2 NM_001134498.2:374

Cell Type Gfap Glial Fibrillary Acid Protein NM_017009.2 NM_017009.2:728

Inflammation Retnla Resistin-like molecule alpha or FIZZ1 NM_053333.1 NM_053333.1:135

Inflammation Socs3 Suppressor Of Cytokine Signaling 3 NM_053565.1 NM_053565.1:597

Inflammation Tgfb1 Transforming Growth Factor Beta NM_021578.2 NM_021578.2:610

Inflammation Tnf Tumor Necrosis Factor Alpha NM_012675.2 NM_012675.2:305

Inflammation Trem2 Triggering Receptor Expressed on Myeloid Cells 2 NM_001106884.1 NM_001106884.1:148

Housekeeping Actb Beta Actin NM_031144.2 NM_031144.2:19

Housekeeping Gapdh Glyceraldehyde 3 Phosphate Dehydrogenase NM_017008.2 NM_017008.2:850

Housekeeping Hprt1 Hypoxanthine Phosphoribosyltransferase 1 NM_012583.2 NM_012583.2:20

Housekeeping Rpl32 Ribosomal Protein L32 NM_013226.2 NM_013226.2:384
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