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Abstract

Attention–deficit hyperactivity disorder (ADHD) is a heterogeneous psychiatric disorder affecting

5-10% of children. One of the suggested mechanisms underlying the pathophysiology of ADHD is

insufficient energy supply to neurons. Here, we investigated the role of omega 3 fatty acids in

altering neural energy metabolism and behavior of spontaneously hypertensive rats (SHR), which

is an animal model of ADHD. To this end, we employed Proton Magnetic Resonance

Spectroscopy (1H MRS) to evaluate changes in brain neurochemistry in the SHR following

consumption of one of three experimental diets (starting PND 21): Fish Oil Enriched (FOE),

Regular (RD) and Animal Fat Enriched (AFE) diet. Behavioral tests were performed to evaluate

differences in locomotor activity and risk-taking behavior (starting PND 44). Comparison of

frontal lobe metabolites showed that increased amounts of omega 3 fatty acids decreased total

Creatine levels (tCr), but did not change glutamate (Glu), total N-acetylaspartate (tNAA), Lactate

(Lac), Choline (Cho) or Inositol (Ino) levels. Although behavior was not significantly affected by

different diets, significant correlations were observed between brain metabolites and behavior in

the open field and elevated plus maze. SHR with higher levels of brain tCr and Glu exhibited

greater hyperactivity in a familiar environment. On the other hand, risk-taking exploration of the

elevated plus maze's open arms correlated negatively with forebrain tNAA and Lac levels. These

findings support the possible alteration in energy metabolites in ADHD, correlating with

hyperactivity in the animal model. The data also suggest that omega 3 fatty acids alter brain

energy and phospholipid metabolism.
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Introduction

Attention–deficit hyperactivity disorder (ADHD) is a heterogeneous psychiatric disorder

characterized by three core symptoms, namely inattention, hyperactivity and impulsivity. It

affects approximately 5%-10% of children worldwide [1] with an onset in childhood and can

persist into adulthood. ADHD can result in impairments in social relations, academic

performance and execution of daily activities. In some cases it is accompanied by learning

disabilities, anxiety, conduct disorder and mood disorders [1].

Although the pathophysiology of ADHD remains unclear [2], several factors have been

implicated in its etiology. One hypothesis suggests that ADHD is the consequence of neural

energy dysregulation, due to a malfunction in the astrocyte/neuron lactate shuttle leading to

reduced availability of lactate (Lac). The immediate effect of such a deficit is that during

tasks that demand rapid, sustained neuronal firing, neurons may lack the energetic resources

to maintain a rapid, precisely-timed, firing pace. The long-term consequence can be

developmental impairments in myelination of axons due to decreases in Lac levels

influencing oligodendrocyte synthesis of fatty acids and myelin [3, 4].

Other studies have implicated glutamate (Glu), an excitatory neurotransmitter, in the

pathophysiology of ADHD, possibly due to its interaction with dopamine and

norepinephrine [5] and/or its link to glycolysis and the astrocyte/neuron lactate shuttle [6].

In addition, several neuroimaging studies conducted in human populations with ADHD have

utilized Proton Magnetic Resonance Spectroscopy (1H MRS), which is a non-invasive

method to quantify brain metabolites including Glu, and showed higher Glutamate

+Glutamine (Glx) to total creatine (tCr) ratio (Glx/tCr) and Glu/tCr ratio in the prefrontal

cortex and striatum, and lower Glx to inositol (Ino) ratio (Glx/Ino) in the anterior cingulate

cortex (ACC) compared to healthy controls [7-9].

Yet another factor that has been implicated in the pathophysiology of ADHD is diet.

Currently in western society, we consume a great quantity of highly processed foods, rich in

sugar, sodium and saturated fat and low in omega 3 fatty acids, starting from a very early

age. The “Western diet” has been implicated in increased hyperactivity, as well as increased

odds of having ADHD [10, 11]. Fatty acids that are often low in the Western diet are

essential for brain development. Deficits in omega 3 fatty acids have been linked to different

health and neurodevelopmental problems including ADHD, and a deficiency in omega 3

fatty acids produces symptoms such as a lack of attention or hyperactivity. Indeed, children

with ADHD have been found to have reduced red blood cell omega 3 fatty acids compared

to typically developing children [12-15]. Deficits in dietary omega 3 fatty acid have also

been linked to alterations in glutamatergic and serotoninergic neurotransmission, as well as

mesocortical and mesolimbic dopaminergic system dysfunction [16, 17]. Furthermore,

animal studies have shown that dopamine neurotransmission is also affected in animals with

diets deficient in omega 3 fatty acids or offspring of animals deficient in omega 3 fatty

acids, with an important decreases in dopaminergic transmission in the prefrontal cortex

consistent with the findings in ADHD [17, 18].

Liso Navarro et al. Page 2

Behav Brain Res. Author manuscript; available in PMC 2015 August 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Since the pathophysiology of ADHD remains unknown and many families refuse classical

psychopharmacological treatment with psychostimulants for their children, we set out to

explore the role of omega 3 fatty acids in an animal model of ADHD to determine whether

dietary management may hold potential treatment benefits [19]. In this study, we

hypothesized that feeding a diet supplemented with omega 3 fatty acids, with an increased

omega 3 to omega 6 fatty acid ratio, would improve energy metabolism and thereby impact

on monoaminergic and glutamatergic systems and improve myelination.

To perform these studies, we utilized an animal model of ADHD, the spontaneously

hypertensive rat (SHR), which presents with the behavioral characteristics of inattention,

impulsivity and hyperactivity [20, 21]. Although this model has some weaknesses, such as

the incoherence of results in response to Methylphenidate [22, 23], no animal model can

fully mimic a human psychiatric disorder. The SHR animal model meets many of the criteria

necessary for consideration as an adequate animal model of ADHD [24, 25]. Additionally, it

has been shown that SHR have less Polyunsaturated Fatty Acids (PUFA), specifically

Docosahexaenoic Acid (DHA), in brain membrane, when compared to the control strain

Wistar Kyoto Rats (WKY) [26].

To test our hypothesis, we applied 1H MRS techniques to assess the neurochemistry,

through measurement of total Cr and Glu levels within the frontal cortex and behavioral

alterations (hyperactivity and risk-taking behavior) in the SHR animal model fed a diet

supplemented with fish oil and rich in omega 3 fatty acids (FOE). We focused on the frontal

cortex due to its involvement in the pathophysiology of ADHD [27-29]. According to our

hypothesis, we expected to see changes in total Cr as the main metabolite implicated in

energy metabolism as well as in Glu due to its role in stimulating glycolysis and the

astrocyte/neuron lactate shuttle [6]. We expected that these changes would be in agreement

with those observed in human studies. To the best of our knowledge, there has been no MRS

study investigating neurochemical changes in the brain of the SHR animal model related to

diet. As secondary findings, we expected to uncover changes in N-acetylaspartate (NAA)

and choline compounds (Cho) levels as markers of improved myelination and in lactate

(Lac) levels as a result of increased availability and more efficient neurotransmission due to

the FOE diet. Lastly, we expected to see an improvement in the behavior - that is decreased

hyperactivity - in the group fed a diet supplemented with omega 3 fatty acids.

Methods

Animal Preparation

Male SHR (n=35), weighing 25-35 g (post natal day, PND, 21), were obtained from Harlan

Laboratories. They were housed in pairs in Plexiglas cages in an environment controlled for

temperature (22-24°C) and humidity, with a reversed 12 hour light/dark schedule (lights off

at 09:00 and on at 21:00). Food and water were provided ad libitum. The rats were randomly

divided into three groups upon arrival and each group was fed with one of three different

diets from their day of arrival to the completion of the experiments: Fish Oil Enriched Diet,

(FOE, n=12); Regular Diet, (Prolab IsoPro RMH 3000) (RD, n=11); Animal Fat Enriched

Diet, (AFE, n=12). The three test diets were provided by TestDiet and LabDiet, FOE and

AFE were custom-made diets whereas RD was a typical laboratory diet. Caloric distribution
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was calculated based on the diet formulation. All three diets were analyzed for fatty acids

via gas chromatography (Table 1) at the Diagnostic Center for Population and Animal

Health, Michigan State University (East Lansing, MI). All the experiments were done during

the day, which was night time for these animals, i.e. their active time.

Rats were weighed on PND 58. All rats were acquired and cared for in accordance with the

guidelines published in the NIH Guide for the Care and Use of Laboratory Animals. This

study was approved by IACUC Committee of the University of Massachusetts Medical

School.

Imaging Data Acquisition and Analysis

All imaging experiments were performed using a 4.7T/40cm horizontal magnet (Oxford,

UK) equipped with 450 mT/m magnetic field gradients and interfaced with a Biospec

Bruker console (Bruker, Germany). A 1H radiofrequency (RF) coil configuration (Insight

NeuroImaging Systems, Worcester, MA) with 12 cm inner diameter was used. Throughout

the imaging experiment, rats were anesthetized with isoflurane (1-1.5%) delivered through a

nose cone and custom-fitted with a head restrainer containing a built-in saddle coil. The

body temperature of the animal was monitored and maintained at 37°C with a feedback

controlled heating pad. The imaging sessions took place at least 72 hours after the

completion of the final behavioral experiment (PND 63-65).

For each imaging session, anatomical images were acquired using a multi-slice fast spin-

echo sequence (RARE) (TR: 3000 ms, TE: 48 ms, RARE factor: 8, matrix size: 256 × 256,

FOV: 3.2 cm × 3.2 cm, slice number: 18, slice thickness: 1 mm). For the Proton Magnetic

Resonance Spectroscopy (1H MRS) data acquisition was performed using single voxel

Point-REsolved Spectroscopy Sequence (PRESS) (TR: 2500 ms, TE: 20 ms, Naverage: 256)

with VAPOR for water suppression, following shimming using the FASTMAP sequence.

The voxel (4 mm × 4 mm × 4 mm) was placed at the frontal cortex of each animal using

high-resolution anatomical images (Fig. 1a). PRESS was run with exactly the same voxel

placement and parameters except for water suppression was off and the Naverage was set to

16.

The proton spectra were fit using LCModel (Version 6.3.0). LCModel analyzes in vivo

proton spectrum as a linear combination of model in vitro spectra from individual metabolite

solutions [30, 31]. LCModel has a built-in (simulated) radial basis sets for the PRESS

sequence we are using. LCModel produces absolute fits (for L-Alanine (Ala), Aspartate

(Asp), Creatine (Cr), PhosphoCreatine (PCr), GABA (γ-Aminobutyric acid), Glucose (Glc),

Glutamine (Gln), Glutamate (Glu), Glycerophosphocholine (GPC), PhosphoCholine (PCh),

Glutathione (GSH), Inositol (Ino), L-Lactate (Lac), N-Acetylaspartate (NAA), N-

Acetylaspartylglutamate (NAAG), scyllo-Inositol (Scyllo), Taurine (Tau), total Choline

(tCh), total N-Acetylaspartate (tNAA), total Creatine (tCr), Glutamate and Glutamine (Glx),

lipids and macromolecules), metabolite quantifications (in Institutional Units), and percent

standard deviation of the estimated concentration of each metabolite (CRLB) as a measure

of the reliability of the fit. The spectral inclusion criteria (CRLB) were total Creatine (tCr),

Glutamate (Glu), total N-acetyl aspartate (tNAA), and total Choline (tCho) less than 15%

and Inositol (Ino) less than 25%. Fig. 1b demonstrates a sample fitted spectrum. In addition,
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previous work has shown that omega 3 fatty acids alter the fluidity of cell membranes

resulting in increases in T2 [31]. To account for the possible T2 relaxation effect, the

absolute metabolite quantities were corrected by a factor of 1/fwhm (for each individual fit

estimated by LCModel using the unsuppressed water peak). Data from two rats (one from

FOE and another one from RD) were excluded because their T2 values were more than 2

standard deviations from the mean for their groups.

Behavioral Experiments

Open Field—Locomotor activity was measured using the open field test. The apparatus

consisted of a black Plexiglas open-field box (100 cm × 100 cm × 40 cm). Rats were placed

within the box for 30 min and were allowed to explore freely while their motion was video-

tracked. Rats were habituated by introducing them to the open field starting at PND 23 and

PND 24, then at PND 38 to 42 for five days. At PND 55, they were reintroduced to the open

field for five consecutive days. Only the last day was considered a testing day; this method

was chosen since children with ADHD showed more hyperactivity in familiar environments

compared to a novel environments [32]. Moreover, previous studies showed that test

animals, habituated to testing apparatus, behave similarly to humans [23, 33]. Observer 5.0

for Windows software (Noldus Information Technology, Waginingen, Netherlands) was

utilized to analyze parameters such as total distance travelled and time spent in certain

regions of the open field. For our behavioral data analysis, the total arena as well as a

thigmotaxis zone, a region between the wall of the arena to 10 cm off the wall was recorded.

In addition, the experimental groups were randomized and the arena was cleaned between

animals.

Elevated Plus Maze—We measured risk-taking behavior using the elevated plus maze

test [34-39]. Each rat was placed in the center of a raised plus-shaped maze with two

opposite arms enclosed with walls and the other two arms exposed. The animal was allowed

to explore freely for 5 min, during which time its movement was video-recorded. The rats

were tested on the elevated plus maze test at PND 44. Quantification of the time spent in

each arm of the maze was assessed.

Statistical Analysis

Descriptive analysis followed by the D'Agostino & Pearson omnibus normality test was

performed to ensure normal distribution of the data. For the metabolite concentrations, we

performed an outlier analysis and excluded the data that were more than 2 standard

deviations from the mean. One-way ANOVA (with covariant of weight at PND 58) were

performed to compare the behavioral measures as well as the brain metabolite levels across

the three animal groups fed with different diets. Co-varying by weight was necessary due to

the effect of the animal's weight on the coil loading, and this effect was needed to be taken

into account for “absolute quantification”. Pearson correlation coefficients were used to

investigate the relationship between the brain metabolite levels and the behavioral measures.

All statistical analyses were performed using SPSS 20 software packages. All data are

presented as mean ± standard error. A p value of less than 0.05 was considered significant.
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Results

Diet Effect on Weight

There was no significant effect of the diet on the weight of the rats in the three groups

(Table 2).

Imaging Experiments

One-way ANOVA revealed that tCr levels were significantly different among the three

groups of rats receiving different diets (F(2,27) = 3.58; p < 0.042, Table 3). Rats fed the

FOE diet with the highest omega 3 content had the lowest levels of Cr. There was no

difference among the other metabolite levels of rats fed with the different diets (Table 3).

Behavioral Experiments

Open Field—No differences were observed in behavioral measures such as total distance

travelled, distance travelled in the thigmotaxis zone, and the total time spent within the

different regions of the open field, between animals fed with different diets (Table 4).

Elevated Plus Maze (EPM)—One-way ANOVA did not reveal significant differences in

time spent in the open and closed arms of the elevated plus maze by the different groups of

rats (Table 4).

Multi-modal Analysis

We tested for possible correlations between the brain metabolite levels obtained from 1H

MRS spectra and the behavioral measurements in the open field and EPM to explore the

potential link between brain neurochemistry and behavior.

We found that total distance travelled within the open field correlated positively with tCr

(r=0.43, p<0.02, Fig. 2a), Glu (r=0.37, p<0.04, Fig. 2b), Ino (r=0.42, p<0.02, Fig. 2c), and

tCho (r=0.45, p<0.01, Fig. 2d) levels. In addition, for the elevated plus maze test, the time in

the open arms correlated negatively with tNAA (r=-0.44, p<0.01, Fig. 2e) and Lac (r=-0.72,

p<0.001, Fig. 2f) levels.

Discussion

The present study provides new insights into the effect of a diet enriched with omega 3 fatty

acids on the behavior and the neurochemistry of the SHR animal model of ADHD. The SHR

received three food sources that differed mainly in their omega 3 fatty acid concentration

and in the ratio of omega 6 to omega 3 fatty acids. The AFE diet was used, as it resembles

the FOE diet in terms of calories from fat, thereby constituting another control group to

investigate a possible bias in behavioral results due to an increased amount of fat. To the

authors' knowledge, this is the first study that has utilized assessment of in vivo brain

metabolites using 1H MRS in this animal model, exhibiting symptoms similar to ADHD.
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Neural Energy Dysfunction

In agreement with our hypothesis that supplementing omega 3 fatty acids, and an adequate

ratio of omega 3 to omega 6 would improve energy metabolism, a potential deficit in ADHD

[3, 4], we demonstrated significant differences in total Cr concentrations among groups,

with increased concentrations in the AFE group and reduced concentrations in the FOE

group. The reported total Cr concentration is composed of Creatine and PhosphoCreatine -

(PCr). Cr is a critical part of the energy supply mechanism within the cell. ATP and Cr are

byproducts of a reaction between PCr and ADP which is mediated by cytokine kinase (in a

reversible enzyme reaction) [40, 41]. If the cell has an increase in energy demand, more

ATP will be needed and hence there will be a higher need for PCr. Unfortunately with 1H

MRS we can only measure the total Cr and we are not able to distinguish between the

contributions of Cr and PCr. However, it is possible that the increase in total Cr could be

mediated by PCr in order to generate more ATP which can potentially counterbalance the

energy deficit that may exist in ADHD [3, 4]. On the other hand, it also has been shown that

Cr can be neuroprotective in neurons, minimizing the neurotoxicity that can be caused by an

increase of Glu [42], thus we can speculate that the higher concentration of total Cr for RD

and AFE groups could be a compensatory mechanism to counterbalance the neurotoxic

effect of excess of Glutamate (Glu) observed in ADHD.

The decrease of Cr levels in the FOE group could be a consequence of one of two possible

mechanisms: one mechanism could be mediated through monoaminergic transmission,

which is dysregulated in the SHR. Joardar (2006) showed that administration of DHA to

astrocytes in cell culture upregulated β-adrenergic transmission, and increased the glycogen

cumulated in the astrocytes [43]. This extra glycogen can then be converted to Lac by

glycogenolysis/glycolysis and subsequently will increase the availability of energetic

resources, rendering the compensatory mechanism no longer necessary. This hypothetical

framework is reinforced by observations from humans using 1H MRS, where Cr was

decreased in ADHD patients after or during treatment with methylphenidate (MPH) [9, 44],

which is known to influence the monoaminergic system [45]. It should be noted that our

results were based on the frontal cortex, and some of the above listed findings were from

other brain regions, such as the dorsolateral prefrontal cortex and cerebellum [44], and

striatum [9]. Although, Carrey (2007) reported nonsignificant differences in Cr

concentrations within prefrontal cortex after MPH treatment, Yang (2010) reported lower

levels of Cr in ADHD subjects than in healthy controls [46]. A second possible explanation

could be that in the group fed the FOE diet, there was improvement in myelination as a

result of the increased availability of DHA, since it is known to play an important role in

myelination in early life [47]. One would speculate that myelination in ADHD will be

altered due to impairment of the energy supply to the oligodendrocytes [3], so an

improvement in myelination will lead to better and more efficient neurotransmission. Such

an increase in efficiency would translate into a more proficient use of resources leading to a

restoration of the energetic balance and thereby rendering the compensatory mechanism no

longer necessary.
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Role of Glutamate in Neural Energy Dysfunction

We also observed changes in Glu concentrations with the different diets; although our

results did not reach statistically significant levels, Glu levels were reduced in the FOE

group. Deficit in ATP (necessary to restore the gradients) could disturb the normal function

of the Na+/K+ pump, required for Glu uptake [48], resulting in an accumulation of

extracellular Glu. To sustain glycolysis, Glu uptake is necessary for the activation of the

astrocyte-neuron-lactate shuttle [6]. The decrease in Glu levels seen with our FOE diet could

be explained by our diet affecting different targets, i.e. restoration of energy dysregulation,

as explained above. In addition, PUFA have different functions in the central nervous

system: they can have anti-inflammatory actions, modulate ion channels, influence genetic

transcription, signal transduction [47, 49], and the fluidity of membranes, since the

functional activity of the Na+/K+ ATPase is influenced by the fatty acid composition of the

membrane [50]. Indeed any one of these mechanisms could be implicated in Glu uptake

regulation. Altogether, our results are in agreement with another recent study with the SHR

animal model fed a diet enriched in omega 3 fatty acids, that revealed decreased levels of

Glu in the striatum (measured using HPLC), coupled with decreased spontaneous

locomotion [51]. Furthermore, our results are also in agreement with the findings in humans,

showing an increase in Glu/Cr ratio and Glx/Cr ratio in an ADHD population compared to

healthy controls [7, 8, 46, 52]. Other reports demonstrated a decreased Glu to Cr ratio after

treatment with MPH [9, 53, 54].

Relationship between Brain Metabolites and Behavior

Along with MRS measures we also performed behavioral experiments, to investigate the

locomotor activity and levels of risk taking for all groups. The locomotor measurements,

within a familiar environment did not reveal any significant differences among the

experimental groups fed different diets. However, our results show strong correlation

between the total distance traveled and the brain Cr and Glu levels. The rats with higher

levels of brain Cr and Glu exhibited more hyperlocomotion in a familiar environment. This

finding supports the hypothesis and observation that there is an alteration in Glu levels and

possibly energy metabolism related to hyperactivity. Moreover, the data also show a positive

correlation between the brain Ino and tCho levels and distance travelled in the open field.

tCho is the precursor of Acetylcholine and a marker of membrane turnover, the major

contributors to the tCho peak are Phosphocholine, Glycerophosphocoline and free Choline.

Inositol participates in phospholipid metabolism and is considered to be a glial marker [55,

56]. ADHD studies show a decrease in tCho compounds in ADHD children [44, 57], an

increase in tCho [58] or altered phospholipid turnover [59]. The variability in these results

can be accounted for by the different brain regions studied, methodologies, and the influence

of medication. Studies of Ino also yielded disparate results such a decrease of Ino in ADHD

[44, 57] or a decrease after pharmacological treatment [53]. Our results would support the

latter, since increased hyperactivity was found to correlate with increased Ino. On the other

hand, increased tCho and Ino have been observed in inflammatory processes such as gliosis

which could lead to an alteration of astrocyte function [60]. Our results suggest that the

correlation between the level of tCho and Ino and behavioral activity could be the

consequence of an astroglyosis. Dysfunction in astrocytes can lead to a cascade of

consequences which impact at several levels, i.e. energetic metabolism or monoaminergic
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transmission [61]. Inflammatory mechanisms have been proposed to be possible factors in

ADHD [62, 63]; nonetheless it remains unclear. Although our results are not significant, it

has been shown that PUFA can prevent inflammation in astrocytes [64].

In order to study risk taking behaviors, that is one feature of ADHD [65, 66], we measured

thigmotaxis in the open field as well as the time spent in the open arm of the EPM test.

Neither test yielded significant differences among experimental groups fed different diets.

Nonetheless, when we correlated the risk taking measures with the brain metabolites, we

found a significant negative correlation between time spent in the open arm and NAA and

Lac levels. Rats that displayed increased exploratory activity had the lowest brain Lac

levels, consistent with the hypothesis that ADHD-like behavior is a consequence of deficient

Lac supply to neurons [67]. A long-term consequence of a deficiency in NAA and Lac can

be developmental impairments in myelination of axons, since oligodendrocytes use NAA

and Lac to synthesize myelin, which is also in agreement with the energy deficiency

hypothesis of ADHD [67, 68].

Limitations

The major limitation of this study was that the animals started their special diets, enriched in

animal fat or fish oil, after weaning, which may be late to induce large changes in

neuroplasticity. Although based on the work from Morgan and colleagues [69], the time

frame in our study may be sufficient to reflect brain metabolite changes; however, others

[70] have shown that in animals born with depletion in omega 3 fatty acids, the effects could

possibly be reversed with supplemental diet when the supplementation was given from birth,

but when the diet was given starting at weaning, recovery was only partial [70]. The onset of

feeding (at weaning) and the duration of the diet (almost 6 weeks) may account for the lack

of significant behavioral differences. In addition, hypertension, which is an inherent

characteristic of the utilized animal model, could be considered as a confounding factor,

SHR animals start developing hypertension at about 6 weeks of age, and hypertension

continues to increase gradually with age. Our data acquisition was started at PND 44 and

was completed by 9 weeks of age, thus making hypertension not a relevant factor, for the

scope of this study. Moreover, studies suggest that hypertension does not impact behavior or

memory in young animals [21, 25, 71, 72].

Summary

Our study is an example of how non-invasive techniques, like 1H MRS, can be utilized to

further validate animal models and to investigate treatment responses. These studies confirm

the feasibility of employing animal models within a translational framework to explore

underlying mechanism in psychiatric disorders.

In summary our study shows that a diet rich in omega 3 fatty acids produced changes in

brain metabolites and phospholipids, which are in agreement with findings reported in the

human literature after classic treatment. Furthermore we demonstrated a relationship

between brain metabolites and behavior that reinforces the hypothesis of an energetic

dysfunction in ADHD as well as providing evidence to support inflammation as a possible

mechanism in the pathophysiology of ADHD.
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Highlights

• Spontaneously hypertensive rats (SHR) are utilized as an animal model of

ADHD.

• Studied omega 3 fatty acids in altering neural energy metabolism / behavior in

SHR.

• The increase in omega 3 fatty acids associated with a reduction in Creatine

levels.

• Omega 3 fatty acids possibly altering brain energy and phospholipid

metabolism.

• Significant correlations were observed between brain metabolites and behavior.
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Fig. 1.
a) Representative voxel placement for PRESS sequence. b) Representative 1H MRS

spectrum (TR: 2500 ms, TE: 20 ms, Naverage: 256).
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Fig. 2.
Frontal cortex brain metabolite levels plotted against the behavioral measurements, showing

positive correlation with the total distance travelled in the open field and negative

correlation with the time spent in the open arms of the EPM test. a) Frontal cortex total Cr

levels correlated with the total distance travelled in open field test (r = 0.43, p < 0.02). b)
Frontal cortex Glu levels correlated with the total distance travelled in the open field test (r =

0.37, p < 0.04). c) Frontal cortex Ino levels correlated with the total distance travelled in the

open field test (r = 0.42, p < 0.02). d) Frontal cortex tCho levels correlated with the total

distance travelled in the open field test (r = 0.45, p<0.01). e) Frontal cortex total NAA levels

correlated negatively with time spent in the open arms of the EPM (r = -0.44, p < 0.01). f)
Frontal cortex Lac levels correlated negatively with time spent in the open arms of the EPM

(r = -0.72, p < 0.001). For this analysis, data from all the experimental groups were pooled.
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Table 1

Caloric distribution and fatty acid composition of the three diets.

5% Fish Oil Enriched (FOE) Regular Diet (RD) 5% Animal Fat Enriched (AFE)

Calories provided by

Energy (Kcal/g) 3.62 3.46 3.62

 Protein 24.6% 26% 24.6%

 Fat 20.7% 14% 20.7%

 Carbohydrates 54.7% 60% 54.7%

Fatty acids (% of fat)

 Omega 3 Total 16.71% 2.77% 1.56%

  Docosahexaenoic Acid (DHA) 6.67% 1.03% 0.53%

  Eicosapentaenoic Acid (EPA) 8.33% 1.17% 0.75%

  Docosapentaenoic Acid (DPA) 1.59% 0.27% 0.21%

 Omega 6 Total 24.59% 38.01% 33.01%

  Linoleic Acid 23.30% 37.16% 30.85%

  Arachidonic Acid 0.73% 0.35% 0.38%

 Ratio n6:n3 1.47:1 31.65:1 21.22:1
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Table 2

Average weights (± standard error) of the rats at PND58.

FOE (N = 10) RD (N = 9) AFE (N = 12)

Weight (g) 212.7 ± 4.17 217.0 ± 4.77 216.7 ± 2.06
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Table 3

Average concentrations (± standard error) of selected metabolites as determined by 1H
MRS in frontal lobe of SHR fed three different diets (Institutional Units)

FOE (N = 10) RD (N = 9) AFE (N = 12)

tCr* 7.59 ± 0.64 8.45 ± 0.26 9.22 ± 0.43

Glu 14.19 ± 1.19 15.72 ± 0.49 16.29 ± 0.80

tNAA 9.41 ± 0.70 10.77 ± 0.45 10.92 ± 0.55

Ino 4.24 ± 0.46 5.20 ± 0.16 5.28 ± 0.33

tCho 1.74 ± 0.12 1.89 ± 0.07 2.04 ± 0.14

Lac 3.13 ± 0.47 (N = 7) 2.70 ± 0.41 (N=3) 4.18 ± 0.63 (N = 9)
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Table 4

Average measurements (± standard error) from the behavioral tests.

FOE (N = 10) RD (N = 9) AFE (N = 12)

Open Field Total distance (cm) 13,356 ± 938 14,389 ± 780 13,938 ± 997

Distance in the thigmotaxis zone (cm) 9,471 ± 685 9,451 ± 725 9,163 ± 882

Time in the thigmotaxis zone (sec) 1,332 ± 76.58 1,230 ± 70.60 1,112± 94.81

Elevated Plus Maze Time in the open arm (sec) 21.90 ± 4.73 13.78 ± 4.03 13.83 ± 2.90
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