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Abstract

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

particularly in those under four years old. During this period, rapid brain growth demands higher 

Docosahexaenoic Acid (DHA) intake. DHA is an essential fatty acid and brain cell component 

derived almost entirely from the diet. DHA improved neurologic outcomes and decreased 

inflammation after controlled cortical impact (CCI) in 17-day old (P17) rats, our established 

model of pediatric TBI. In adult rodents, TBI decreases brain DHA. We hypothesized that CCI 

would decrease rat brain DHA at post injury day (PID) 60, blunted by 0.1% DHA diet. We 

quantitated fatty acids using Gas Chromatography–Mass Spectrometry. We provided 0.1% DHA 

before CCI to ensure high DHA in dam milk. We compared brain DHA in rats after 60 days of 

regular (REG) or DHA diet to SHAM pups on REG diet. Brain DHA decreased in REGCCI, not 

in DHACCI, relative to SHAMREG. In a subsequent experiment, we gave rat pups DHA or 

vehicle intraperitoneally after CCI followed by DHA or REG diet for 60 days. REG increased 

brain Docosapentaenoic Acid (n-6 DPA, a brain DHA deficiency marker) relative to SHAMDHA 

and DHACCI pups (p<0.001, diet effect). DHA diet nearly doubled DHA and decreased n-6 DPA 

in blood but did not increase brain DHA content (p<0.0001, diet effect). We concluded that CCI or 

craniotomy alone induces a mild DHA deficit as shown by increased brain DPA.
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1. Introduction

Nearly 40,000 children sustain severe TBI annually in the United States, adversely affecting 

as many as 1.3 million life-years. [1] Half of all children who survive sustain major 

neurologic disability.[2, 3] Oxidative stress and inflammation exacerbate the damage 

induced by mechanical forces alone. Children younger than age four are at greater risk for 

poor neurologic outcome after severe TBI than are older children and young adults. [4–6] 

These worse outcomes may relate to the immature brain’s low antioxidant reserve [7, 8] and 

vigorous inflammatory response.[9–13]

Effective therapies for TBI at any age are lacking. DHA, or Docosahexaenoic Acid 

(C22:6n-3) is a candidate therapy for childhood TBI for several reasons. First, it is a direct 

antioxidant and anti-inflammatory agent that is already widely available as a nutritional 

supplement for infants and children. [14–17]. Second, in adult and immature rats after 

experimental TBI, DHA improved neurologic outcomes. [18–24] Third, DHA intake may be 

particularly relevant to young children after TBI since baseline DHA needs for a rapidly 

growing brain are already high. Indeed, DHA is the most abundant polyunsaturated fatty 

acid in the brain, second only to Arachidonic Acid (AA, C20:4n-6). To our knowledge, data 

on brain DHA content after TBI incurred during the developmental brain growth period are 

lacking.

Under normal conditions, DHA is not present as a free fatty acid in the brain but instead is 

found esterified into membrane phospholipids of neural cells (neurons, astrocytes, microglia 

and oligodendrocytes), synaptosomes, myelin, and mitochondria thus constituting a critical 

“building block” of the brain. [25–30] Postnatal DHA accrual depends almost entirely upon 

dietary intake because endogenous synthesis of DHA from alpha-linoleic acid (ALA), 

another essential fatty acid, is very limited in mammals.[25, 31] In humans, less than 0.05% 

of absorbed ALA is used to synthesize DHA. [32] DHA is available in specific foods, such 

as fatty fish. The greatest DHA accrual into the brain occurs in utero and during rapid 

postnatal brain growth. [30] Between 30 weeks of gestation to 18 months of life, human 

brain DHA content increases from 90 mg to 3300mg. [30, 33] While greater prematurity is 

associated with larger deficits in DHA accumulation in the fetus [34], a relative DHA 

deficiency can occur in full term infants not fed human milk. [35]

Dietary DHA deficiency alters membrane composition first by increasing the contribution of 

Docosapentenoic Acid or n-6DPA (C22:5n-6) as a substitute for DHA, suggesting a 

requirement for very long chain highly unsaturated fatty acids in the brain. [30, 36, 37] 

Relative to n-6DPA, DHA with its additional double bond is more flexible and isomerizes 

with shorter correlation times, a difference that may be of particular importance to the 

function of integral membrane proteins. [38]
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In adult mice and juvenile rats, a pre-existing DHA deficiency is associated with worse 

outcome after experimental TBI.[39, 40] In light of the importance of adequate dietary DHA 

to support rapid brain growth during development, DHA administration may be particularly 

relevant to the immature brain after TBI. Further, experimental evidence suggesting that rats 

have a greater capacity to synthesize DHA from ALA than do humans heightens the 

potential importance of dietary DHA in human TBI. [32, 41] TBI itself could result in an 

acquired DHA deficiency, because it creates low ATP conditions such that reutilization of 

DHA via re-esterification, a high-energy process, is not possible. [42] In the face of low ATP 

reserves after TBI, DHA released from disrupted neural membranes would be lost. [43] 

High cerebrospinal fluid DHA levels in patients after TBI support the possibility that DHA 

loss accrues after TBI in humans.[44] In rats, TBI decreases long-term brain DHA content. 

[45]

The objective of the present study was to test the hypothesis that TBI during development 

will decrease DHA content, expressed as a percentage of total fatty acids in the injured 

hemisphere at adulthood, blunted by daily DHA supplementation. To test this hypothesis, we 

used our established model of pediatric TBI using controlled cortical impact (CCI) to the left 

parietal cortex or SHAM injury as described by our group. [19, 46–51] This is a classic, 

well-characterized model of pediatric TBI. [52–56] We collected brain hemispheres 

ipsilateral to injury and blood at PID60. CCI We measured DHA, ALA, AA, n-6DPA and 

total fatty acids from rats randomized to DHA-supplemented or regular diet, as outlined in 

the Methods section.

2. Experimental Procedure

2.1 Animals

All experimental protocols were approved by the Animal Care and Use Committees at the 

University of Utah, in accordance with US NIH guidelines and carried out at the University 

of Utah.

Male Sprague-Dawley rats were obtained from Charles Rivers Laboratories (Raleigh, NC) 

on post-natal day (P) 7–10. To minimize litter effects in the experimental groups, Charles 

River culled rats from different litters for shipment to our laboratory to generate groups of 

ten male pups per dam, which we housed in litters of 10 with the lactating dam upon their 

arrival until weaning on P 21—23. We further minimized litter effects on the impact of diet 

or injury by randomizing rat pups in the same litter to either CCI or SHAM surgery within 

the same diet. To decrease the effect of a common dam for rats on a same diet, for 

Experiment 2 we used 2 dams to generate the rat pups in each of the study groups. For 

experiments 1 and 2, we used 7 and 9 rats per group, respectively. For experiment 1, we used 

a total of 3 litters. For experiment 2, we used a total of 4 litters. Rats were housed in groups 

of 3–5 rats per cage after weaning. All cages were kept in a temperature- and light-

controlled (12 h on/12 h off) environment.
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2.2 DHA Administration

All dams and pups received REG diet (Envigo Teklad 2920X), with the exception of rats in 

the DHA groups. The DHA rodent diet (TD.150715, Envigo Teklad, WI) substitutes 0.1% of 

the soybean oil in Envigo Teklad 2920X 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 and is within the reported safe intake for rats and humans (Lien, 2009). 

Nutritional content is listed in Table 3 for the two diets.

P17 rats depend exclusively on dam milk for their intake. We chose not to gavage rat pups 

right after surgery to avoid the risk of pulmonary aspiration. We fed dams the DHA diet one 

day before CCI or SHAM surgery guided by human data that breast milk DHA peaked at 

10hr and lasted 24hrs after ingestion of a DHA supplement.[57]. For Experiment 1, we 

implemented DHA diet on the day before surgery and used three groups: DHACCI, 

REGCCI and SHAMREG. To increase translational relevance by starting DHA on the day of 

injury, while still avoiding aspiration risk, we later conducted a pilot study and then 

Experiment 2 in which we gave rat pups intraperitoneal DHA on the day of injury. For 

Experiment 2, we gave one dose of DHA or Vehicle (VEH) intraperitoneally (IP) to rat pups 

30 minutes after CCI or SHAM injury, to create four groups: DHACCI, REGCCI, 

SHAMDHA and SHAMREG.

For Experiment 1, all litters remained on REG or DHA diet, as received on the day before 

CCI, until PID 60. For Experiment 2, the REG diet was replaced with DHA diet for half the 

dams and their respective litters after surgeries ended that day. All litters remained on REG 

or DHA diet, as received on the day of CCI. For both Experiments, once rats were weaned 

(at P21) they consumed exclusively the DHA/REG chow for the duration of each 

experiment.

To determine the dose of IP DHA, we first conducted a pilot study to compare DHA blood 

levels between rat pups receiving 1, 3 or 7 mg DHA or vehicle IP 15 min after surgery. 

These pilot DHA doses were extrapolated to equal the estimated DHA intake in our rat pups, 

based on average rat milk intake at that age and published data on milk DHA content from 

dams with and without DHA supplementation. [58] DHA or vehicle (VEH) was prepared for 

injection as follows: DHA (0.3 mL of 1ml vial containing 250mg DHA in ethanol, Cayman 

Chemical Company, MI) and VEH (Intralipid, a 20% phospholipid-stabilized soybean oil 

emulsion, Sigma and 70% ethanol) to deliver desired dose in a volume of 0.1 mL per rat 

pup. The ≈7mg dose of DHA raised DHA blood levels (to 141% of VEH-treated rat pups) 

so we elected not to use the lower doses for Experiment 2.

Based on the pilot results, P17 rat pups randomized to DHA received 0.1 mL IP of a 75 

mg/mL DHA solution (7.5 mg DHA) and those randomized to Regular Diet (REG) received 

0.1 mL vehicle IP 15 minutes after either controlled cortical impact (CCI) or control 

(SHAM) procedure ended. The IP dose is approximately 185 mg/kg, close to the expected 

100 −150 mg/kg/day DHA intake by rats consuming 0.1% DHA diet.
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2.3 CCI procedure

CCI was carried out as previously described [48]. At P17, rats undergoing CCI were 

anesthetized with 3% Isoflurane for induction. Anesthesia was maintained with 2—2.5% 

Isoflurane for the duration of surgical preparation using a VetEquip Bench Top Isoflurane 

Anesthesia System (Pleasanton, CA). The rats’ core temperature was monitored via a rectal 

probe and continuously controlled at 37±0.5 °C using a servo-controlled heating pad. Each 

rat was placed into a stereotaxic frame (David Kopf, Tujunga, CA). After shaving, prepping 

with povidone-iodine and incising the scalp, a craniotomy (6-mm×6-mm) was performed 

over the left parietal cortex (centered at the point 4-mm posterior and 4-mm lateral to 

bregma). Care was taken not to perforate the dura. Once the craniotomy was complete, 

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

delivered (Pittsburgh Precision Instruments, Pittsburgh, PA) 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, Isoflurane was increased to 2—2.5% and the bone flap was replaced 

and secured with dental cement (Patterson Dental, Salt Lake City, UT). The scalp incision 

was sutured and triple antibiotic ointment and bupivacaine 0.5% were applied topically. 

Isoflurane was stopped and rats were allowed to recover in a temperature-controlled 

chamber. Once fully awake, rats were returned to their dams and littermates. SHAM rats 

underwent the same surgical craniotomy, equilibration, and closure procedures without CCI.

2.4 DHA brain content at PID 60 (Experiment 1 and 2) and DHA blood content at PID60 
(Experiment 2)

At PID 60, rats were euthanized using isoflurane anesthesia and transcardially perfused with 

PBS. For Expt. 2, blood was collected into EDTA-containing tubes. Brain hemispheres were 

divided and each side (left, or ipsilateral to injury, and right, or contralateral to injury) was 

placed in 2ml bead mill tubes containing 1.4 mm diameter ceramic beads (MoBio Quiagen, 

CA). Brain tissue and blood samples were snap frozen and stored at −80C for later use.

Red cell membrane samples were obtained by thawing frozen blood on ice, followed by 

centrifugation of whole at 500×g for 10 min at 4 °C. The supernatant (plasma) was 

aspirated, then phosphate-buffered saline (PBS) was added as a cell wash buffer to the red 

cell pellet at a v: v ratio of 4:1. The resulting solution was transferred to a 15ml falcon tube. 

The tube was then centrifuged at 500xg for 10 min at 4 degrees C, again the supernatant was 

aspirated, and the process repeated until the pellet was clean. Cell wash buffer 1ml was 

added to the red cell pellet to make a final volume of approx. 2ml, then the tubes were 

frozen at −80C until ready for processing.

Lipids were extracted by transferring frozen tissue into bead-mill tubes then adding 1 mL of 

5% HCl in methanol containing internal standards (FA 13:0 and FA 21:0 at 50 μg/mL) and 

homogenized in one 30-sec cycle using a bead homogenizer (Powerlyzer 24, Quiagen). 

Homogenates were centrifuged at 20,000g for 10 min and the supernatant was transferred to 

13 × 100 mm culture tubes with PTFA lined cap. For red blood cells, lipids were extracted 

by transferring 100 μL of sample into 13 × 100 mm culture tubes with PTFA lined cap and 

then adding 1 mL of 5% HCl in methanol containing internal standards (FA 13:0 and FA 

21:0 at 5 μg/mL). Extracts were derivatized to their methyl esters by heating in a sand bath 
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at 80 °C for a minimum of 4 hrs. The resulting methanolysis reaction products were 

extracted with hexanes (2 × 2 mL), vortexed for 15 sec and then centrifuged for 4 min at 

4,000g. Supernatants were transferred to new culture tube and dried under a gentle nitrogen 

stream. Samples were resuspended in 250 μL ethyl acetate and transferred to GC-MS vials 

with insert. Concurrently a process blank and pooled QC sample were prepared. Samples 

were extracted in randomized order.

GC-FID analyses were conducted using an HP6890 instrument interfaced with a flame 

ionization (FID) detector and equipped with a DB-23 (60 m × 0.25 mm ID, 0.15 μm film 

thickness; Agilent Technologies, Inc.) column and an HP7682 injector. Helium is used as a 

carrier gas with a 10:1 split ratio at an injection volume of 1 μL in a randomized injection 

sequence. The injector temperature is 250 °C. The oven temperature gradient was 

programmed as follows: 50 °C held for 1 min, increased at a rate of 25 °C/min to 175 °C, 

increased at a rate of 4 °C/min to 230 °C and held for 10 min. Detector temperature set at 

280 °C. Hydrogen: 40 mL/min; Air: 450 mL/min; Helium make-up gas: 30 mL/min. The 

fatty acid methyl esters were identified by comparison of retention times with authentic 

standards (Supelco 37 component FAME mix (Sigma), DHA C22:5n3 and n-6DPA C22:5n6 

(Cayman)). Results from GC-FID experiments were collected using Chemstation and 

analyzed using the software packages Agilent GC-MS Translator and Agilent Masshunter 

Quantitative Analysis B.07.00 (Agilent Technologies, Inc.). FAMES were quantitated based 

on peak area ratios relative to spiked internal standard FA 13:0.

2.5 Statistics

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

Analyses for enteral only administration were limited to three groups, so we used one-way 

analysis of variance (ANOVA) and n=6 per group. For the parenteral followed by enteral 

administration, we used two-way ANOVA and n=8 per group. For both studies, we followed 

ANOVA by the Holm-Sidak test for multiple comparisons using GraphPad® Prism 6.0 

(GraphPad® Software, CA).

3. Results

In Experiment 1, brain DHA content of the injured hemisphere did not differ between CCI 

rats treated with DHA diet before and after injury and SHAM rats on a regular diet 

(DHACCI 17.2 ± 2.9 vs SHAMREG 16.5 ± 1.8% total fat, p=0.06) at PID 60. In contrast, 

DHA content decreased in CCI rats on a regular diet compared to SHAM rats on the same 

diet (REGCCI 15.95 ± 1.2% total fat vs SHAMREG 16.5 ± 1.8%, p=0.03) and to CCI rats 

treated with DHA diet before and after injury (REGCCI 15.95 ± 1.2% total fat vs DHACCI 

17.2 ± 2.9 %, p=0.002). Neither brain DPA (DPA5n-6, or C22–5n-6), Arachidonic Acid 

(C20–4n-6) nor the n-3/n-6 ratios differed between these three groups.

In Experiment 2, brain DHA content differed between the four groups at PID 60 (DHACCI 

18.9 ± 0.24, REGCCI 17.5 ± 0.16, SHAMDHA 19.8 ± 0.3 and SHAMREG 18.1 ± 0.19% 

total fat) largely as a factor of diet (p<0.0001) but also as a function of injury (p=0.004) 

driven by differences between SHAMDHA and DHACCI (adjusted p value =0.02) while 

SHAMREG and REGCCI did not differ significantly (adjusted p value=0.2) as shown in 
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Table 1. DHA diet decreased brain n-6 DPA in both SHAMDHA and DHACCI rats relative 

to REGCCI and SHAMREG (DHACCI 0.98 ± 0.13 and SHAMDHA 0.6 ± 0.07 vs REGCCI 

1.37 ± 0.09 and SHAMREG 1.47 ± 0.11% total fat, p<0.001 effect of diet, p=0.03 effect of 

injury). Similarly, DHA diet increased brain n-3/n-6 ratio (DHACCI 1.13 ± 0.02 and 

SHAMDHA 1.21 ± 0.01 vs REGCCI 1.00 ± 0.02 and SHAMREG 1.03 ± 0.01 total fat, 

p<0.0001 effect of diet, p=0.0007 effect of injury). Wet brain weights did not differ between 

groups DHACCI (474 ± 10 and SHAMDHA 482 ± 14 vs REGCCI 459 ± 13 and 

SHAMREG 457 ± 19 mg)

Red blood cell membrane fatty acid profiles in Experiment 2 are shown in Table 2. PID 60 

red blood cell membrane DHA in rats treated after CCI or SHAM surgery with either 

vehicle or DHA increased as a result of diet (DHACCI 3.9 ± 0.25 and SHAMDHA 4.0 ± 0.1 

vs REGCCI 2.1 ± 0.1 and SHAMREG 2.3 ± 0.1 % total fat, p<0.0001 effect of diet, p=0.8 

effect of injury). Red blood cell membrane DPA content in rats treated after CCI or SHAM 

surgery with either vehicle or DHA decreased as a result of diet and injury (DHACCI 0.52 

± 0.05 and SHAMDHA 0.56 ± 0.03 vs REGCCI 0.59 ± 0.03 and SHAMREG 0.8 ± 0.06 % 

total fat, p=0.0007 effect of diet, p=0.007 effect of injury). DHA, but not injury, increased 

red blood cell n-3/n-6 (DHACCI 0.35 ± 0.01 and SHAMDHA 0.36 ± 0.01 vs REGCCI 0.3 

± 0.01 and SHAMREG 0.3 ± 0.02, p=0.001 effect of diet, p=0.6 effect of injury). Red blood 

cell Arachidonic Acid levels did not differ between the four groups.

4. Discussion

In rat pups on a regular (REG) diet, CCI decreased brain DHA content at PID60 relative to 

SHAM rats. In contrast, CCI did not decrease brain DHA in pups fed DHA-rich maternal 

milk and a 0.1%DHA (DHA) diet one day before injury. These results prompted us to 

conduct Experiment 2, in which we used IP DHA to approximate the estimated daily DHA 

intake of DHA-enriched dam milk. Experiment 2 was geared at increasing translational 

relevance of our model by providing DHA on the day of injury, while still avoiding 

aspiration risk. In both experiments, rat pups returned to the dam after CCI or SHAM 

surgery and were fed either DHA or REG diet daily until time of outcome measure.

In Experiment 2, relative to SHAM and CCI rats on DHA diet, brain n-6 DPA increased in 

SHAM and CCI rats on REG diet without an associated significant decrease in DHA 

content, signaling the presence of a mild brain DHA deficit in both REG groups. Dietary 

DHA deficiency alters membrane composition first by increasing the contribution of 

n-6DPA (C22:5n-6) as a substitute for DHA. [30] [36, 37]

In rats, severe DHA depletion decreased rat pup brain DHA and increased the relative 

contributions of AA and n-6DPA, thus maintaining total unsaturated fat brain content. [36] 

Unsaturated fats encompass fatty acids with any double bonds: monounsaturated fats (found 

in olive and peanut oil, for example) have one double bond while polyunsaturated fats have 

more than one double bond. Polyunsaturated fats are further subclassified based on the 

number of double bonds and their location relative to the tail (n-3, n-6 and n-9 groups), the 

number of double bonds (2–6) and the length of the carbon chain. Compared to saturated fat, 

unsaturated fats increase fluidity and other biophysical parameters of the membrane bilayer, 
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such as curvature and permeability. [59] Relative to n-6DPA,DHA with its additional double 

bond is more flexible and isomerizes with shorter correlation times, a difference that may be 

of particular importance to the function of integral membrane proteins. [38] The last of the 4 

double bonds in AA and the last of the 5 double bonds in n-6DPA are located 6 carbons 

away from the tail, hence the categorization of both these PUFAs as n-6 fatty acids. In 

contrast, the last of the 6 double bonds in DHA is located 3 carbons away from the tail and 

thus DHA is categorized as an n-3 fatty acid. A lower dietary n-3/n-6 ratio is associated with 

a greater risk of cardiovascular and inflammatory diseases [60] and with cognitive 

impairment in humans across the life span. [61, 62]

In Experiment 2, diet, but not injury, increased PID 60 red blood cell DHA and omega 3 

fatty acid content in the DHA fed SHAM and CCI rats relative to those on REG diet. In 

contrast to our findings, experimental mild TBI alone altered blood fatty acid profiles in 

adult mice: both AA and DHA-containing plasma phospholipids decreased at chronic time 

points after injury. [63] In humans, a cross-sectional analysis of blood samples from 

demographically matched soldiers classified as having mild TBI, post-traumatic stress 

disorder, or both showed that ratios of AA- to DHA-containing species within phosphatidyl 

choline and phosphatidyl ethanolamine (PC and PE) classes decreased relative to those 

considered cognitively and psychologically normal. [64] We speculate that, in our model, the 

dietary effects were greater than those of injury, as further outlined in reference to the brain 

fatty acid results below.

Similar to our findings in brain, CCI in adult mice decreased cortical and hippocampal 

DHA/AA ratios in PC and PE fractions relative to controls at 3 months after injury. [45] In 

another study, repetitive mild TBI in adult mice also decreased cortical and hippocampal n-3 

(DHA) to n-6 (AA) ratios for PC and PE species late after injury. [65] We cannot compare 

our findings to those in immature brain because, to our knowledge, reports on DHA content 

after experimental TBI in the developing brain are lacking.

DHA deficiency stimulates increased brain accumulation of DPA, a 22-carbon n-6 fatty acid 

derived from AA. [36, 66] In our study, brain n-6DPA increased in SHAM and CCI rats on 

REG diet relative to their DHA-treated counterparts. All four groups received a 20% 

soybean emulsion IP either as a control (vehicle given to SHAMREG and SHAMCCI rats) 

or together with DHA to SHAMDHA and DHACCI rats. We speculate that soybean oil’s 

high content of ALA, an essential fatty acid that can be used by the liver to synthesize DHA, 

may have blunted brain DHA losses such that the DHA deficit was mild, manifest only as 

increased n-6DPA in the REG treated rats. Safflower oil, an oil devoid of n- 3 fatty acids, is 

the primary source of fat in the REG diet though some soybean oil is present to ensure 

adequacy of n-3 fatty acid content. Of note, we did not find that CCI induced a statistically 

significant decrease in DHA nor an increase in n-6DPA relative to SHAM. Injury induced by 

the craniotomy may have sufficed to blunt differences between CCI and SHAM. Indeed, 

craniotomy alone produced a mild TBI in rats, shown by abnormal magnetic resonance 

imaging, increased inflammatory cytokines and impaired motor and cognitive function. 

Controls exposed to anesthesia without craniotomy, on the other hand, did not have any such 

injury. [67]
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As mentioned in the introduction, DHA may improve outcomes after TBI via several 

mechanisms other than DHA repletion. In adult rats after experimental TBI, dietary DHA 

improved cognitive function associated with decreased brain histologic injury, oxidative 

stress and inflammation. [21–24] We used our established model of severe pediatric TBI, 

controlled cortical impact (CCI) in male 17-day old (P17) rats to test effects of DHA before 

and after injury. [48, 68] The P17 rat brain is developmentally similar to the 2–4 year old 

human, the pediatric age at greatest risk of poor TBI outcomes, in terms of key indices such 

as synaptogenesis, synaptic maturation and brain growth velocity.[69–71]. Comparing rat 

pups given a 0.1% DHA diet before CCI (DHACCI pups) to pups on regular diet (REGCCI), 

DHA decreased oxidative stress, edema, white matter injury and lesion volume, associated 

with improved cognitive function.[19] We subsequently evaluated post-CCI DHA initiation, 

a more translationally relevant paradigm, by administering intraperitoneal DHA or vehicle at 

30 minutes after CCI followed by allocation to the 0.1%DHA or REG diet. We found that 

post-CCI DHA administration decreased oxidative stress and improved cognitive function.

[72] DHA decreased pro-inflammatory markers in histologic sections and in flow-sorted 

cells during the first week after CCI.[72] In summary, DHA improved neurologic outcomes 

and decreased brain oxidative stress and inflammation after experimental TBI in adult and 

immature rats.

Our findings are limited to 17- day old male rat pups. While no animal model can replicate 

the human condition, the results of our study provide useful information for further work. 

For example, our future research will explore effects of sex on DHA content and neurologic 

outcomes after CCI. DHA deficiency affects the developing brain in a sex-dependent 

manner: exposure to a low-DHA diet during development decreased brain DHA/ n-6DPA 

ratio in both sexes, but locomotor deficits at particular developmental periods developed in 

male, but not female, rats on the low DHA diet. [66] Differences in endogenous DHA 

synthesis and recycling between rats and humans pose another limitation. However, while 

estimated dietary needs for DHA in adult humans appear to be lower than those inferred 

from rat studies, inferences from developing rodents are more relevant to the developing 

human because both species share similarly high DHA accrual during rapid brain growth 

[73]. Further, in a low ATP environment after TBI, extrapolation of DHA recycling in the 

healthy rat likely overestimates the capacity to conserve brain DHA after injury. [43]

Our results do not account for regional variations in DHA content. We used whole 

hemispheres rather than dissected tissues. Joffre et al. studied adult mouse brain fatty acid 

content differences between the hippocampus, prefrontal cortex, cortex and hypothalamus, 

among other regions. They found that pre-frontal cortex and hippocampus had higher DHA 

content than did the frontal cortex. [74] However, we chose to collect the entire injured 

hemisphere to minimize the greater variability that would result from using dissected tissue 

at a late time point after CCI. Variable amounts of region-specific tissue loss over time 

would be expected to occur between rats despite a consistent delivery of impact to the 

frontoparietal cortex and underlying hippocampus. [75]

To our knowledge, ours is the first study to report DHA content after experimental TBI 

incurred during development. We speculate that the significance of a DHA deficit would be 

even greater in the developing than in the mature brain after TBI. In humans, autopsy 
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findings show that DHA content of PC and PE increases with brain maturation, supporting 

the importance of neural membrane DHA in normal development. [76] While greater 

prematurity is associated with larger deficits in DHA accumulation in the fetus [34], a 

relative DHA deficiency with functional implications can occur in full term infants not fed 

human milk. Healthy infants fed formula without DHA during the period of rapid brain 

growth had poor visual evoked potentials compared to DHA-supplemented infants.[35] 

Indeed, post-mortem studies in humans showed that brain DHA was significantly higher in 

breast-fed infants than in those fed formula containing ALA but not DHA. [77] In a rat 

model of premature birth and post-natal artificial feeding, rat pups raised on a DHA-free diet 

performed poorly on a test of spatial memory and learning, the Morris Water Maze, at 6 

weeks of age compared to rat pups raised on a DHA sufficient (100mg/kg/day) or DHA 

enriched (300mg/kg/day) diet. [78]

4.1 Conclusions

DHA improves functional and anatomic outcomes after experimental TBI. Using our model 

of pediatric TBI, CCI in the 17-day old rat, we found that TBI induces a mild DHA deficit. 

While the deficit is small, it may nevertheless be significant in light of the importance of 

DHA in normal brain development. Future research on rats of both sexes including controls 

without craniotomy will increase understanding of the potential magnitude of brain DHA 

deficit after developmental TBI. This study further supports the need for pre-clinical 

research to explore the potential of DHA as a neuroprotectant in childhood TBI.
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Highlights

• DHA decreased injury, oxidative stress and inflammation in rat pup brain 

after CCI

• In rat pups, CCI and craniotomy each induce a mild brain DHA deficiency

• Diet, but not injury, affected rat pup blood lipid profiles

• DHA treatment blunted brain DHA deficiency after CCI

• DHA neuroprotection likely rests upon effects on inflammation and oxidative 

stress
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Table 1.

Fatty Acid Profiles in Injured Brain (Left Parietal Cortex) 60 days after Injury in Experiment 2.

Fatty Acid DHACCI (Mean ± SEM) REGCCI (Mean ± 
SEM) SHAMDHA (Mean ± SEM) SHAMREG (Mean ± 

SEM)

Saturates 39.27 ± 0.42% 40.24 ± 0.44% 38.91 ± 0.7% 39.46 ± 0.56%

Monounsaturates 21.77 ± 0.21% 21.23 ± 0.27% 21.77 ± 0.22% 21.65 ± 0.1%

Total n-6 PUFAs 16.76 ± 0.20% 17.63 ± 0.28% 16.36 ± 0.27% 17.64 ± 0.29%

20:4n-6 (AA) 14.25 ± 0.11% 14.77 ± 0.21% 14.09 ± 0.23 % 14.67 ± 0.17%

20:3n-6 0.53 ± 0.02 0.49 ± 0.01% 0.49 ± 0.01% 0.49 ± 0.01%

18:2n-6c (LA) 0.79 ± 0.02% 0.77 ± 0.03% 0.80 ± 0.02% 0.78 ± 0.01%

22:5n-6 (n-6 DPA)
0.98 ± 0.13 % 

a,b 1.37 ± 0.09 %
0.6 ± 0.07 % 

a,b 1.47 ± 0.11%

Total n-3 PUFAs 18.91± 0.24% 17.56 ± 0.16% 19.82 ± 0.31% 18.09 ± 0.19%

22:6n-3 (DHA)
18.9 ± 0.24% 

a,b 17.5 ± 0.16%
19.8 ± 0.3 % 

a 18.1 ± 0.19 %

20:3n-3 0.03 ± 0.003% 0.03 ± 0.002% 0.03 ± 0.003% 0.03 ± 0.002%

Fatty acids are expressed in % of total fat ± SEM.

a
Significance denoted for p<0.05 for the significance of diet while

b
significance denoted for p<0.05 for the significance of injury as described in the results.
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Table 2.

Fatty Acid Profiles in Red Blood Celi Membrana 60 uays after Injury in Experiment 2.

Fatty Acid DHACCI (Mean ± SEM) REGCCI (Mean ± 
SEM) SHAMDHA (Mean ± SEM) SHAMREG (Mean ± 

SEM)

Saturates 49.91 ± 0.42% 51.11 ± 0.63% 49.67 ± 0.68% 52.67 ± 0.63%

Monounsaurates 8.39 ± 0.51 % 8.62 ± 0.49 % 8.76 ± 0.54 % 7.63 ± 0.46 %

Total n-6 PUFAs 35.52 ± 0.46 % 35.71 ± 0.47 % 35.33 ± 0.45% 34.8 ± 0.67 %

20:4n-6 (AA) 20.22 ± 0.78 % 20.35 ± 0.1 % 20.02 ± 0.81 % 21.28 ± 0.72 %

18:2n-6c (LA) 13.46 ± 0.68% 13.34 ± 0.86% 13.07 ± 0.69% 11.40 ± 0.68%

22:5n-6 (n-6 DPA) 0.52 ± 0.05 % 0.59 ± 0.03 % 0.56 ± 0.03 %
0.8 ± 0.06 %

b

Total n-3 PUFAs
6.19 ± 0.23 % 

a 4.55 ± 0.13 %
6.33 ± 0. 11% 

a 4.91 ± 0.23 %

22:6n-3 (DHA)
3.89 ± 0.25 %

a 2.08 ± 0.09 %
4.02 ± 0.12 % 

a 2.29 ± 0.13 %

Fatty acids are expressed in % of total fat ± SEM.

a
Significance denoted for p<0.05 for the significance of diet, while

b
significance denoted for p<0.05 for the significance of injury as described in the results.
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