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Omega-3 Supplementation 

Abstract 

Optimal maternal omega-3 levels during gestation and infancy are important for proper 

offspring neurodevelopment as deficits have been linked to disorders such as ADHD/ASD. This 

relationship is modeled in selectively bred seizure-prone (FAST) and seizure-resistant (SLOW) 

rat strains. The present study examined the effect of maternal omega-3 supplementation on 

behaviour and kindling rates of FAST and SLOW offspring. Results indicate supplementation 

significantly increased memory in FAST rats while reducing impulsivity in FAST rats and 

kindling rates in SLOW rats. Of concern, supplementation significantly reduced pup viability in 

FAST rats, and lead to a reduction in blood plasma levels of omega-3 fatty acids in both strains. 

This negative effect on pup viability indicates omega-3 supplementation, in individuals 

predisposed to disorders such as SD/ADHD/ASD, may result in irregular neurodevelopment 

which is fatal and, thus, caution must be taken when considering supplementation during 

pregnancy. 
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Introduction 

Over the last thirty years, science has begun to methodically examine the aetiology of 

neurodevelopmental disorders (NDD). These disorders typically involve symptoms that arise out 

of impaired growth and development of the central nervous system (CNS) resulting from genetic, 

immune, metabolic and/or nutritional causes (Richardson, 2006; Richardson & Ross, 2000). 

NDDs such as Attention Deficit Hyperactivity Disorder (ADHD) and Autistic Spectrum 

Disorders (ASD) have come to be of grave concern in North America due to their escalating 

rates of diagnosis over the past decade, as well as the economic and social challenges they 

present. 

ADHD was first reported in 1955 by Ounstead, who used the term "hyperkinetic 

syndrome" to describe the disorder. According to the DSM-IV (American Psychological 

Association, 2000), ADHD is characterized by a persistent pattern of inattention, impulsivity 

and/or hyperactivity that is present for at least six consecutive months prior to the age of seven, 

and in more than one setting. Although ADHD is one of the most common childhood and 

adolescent disorders, it remains difficult to diagnose due to the large number of associated 

symptoms that can appear in an array of combinations. It has been speculated that ADHD 

affects between 3-5% of school-age children, however, estimated rates increase to 10% when 

diagnostic criteria are less stringent (Biederman & Faraone, 2005). 

Recently, ADHD has been classified as part of the ASD, a group of disorders defined by 

symptoms such as impaired social interaction and communication as well as restricted and 

repetitive behaviours (American Psychological Association, 2000). Autism, Asperger's 

syndrome and Pervasive Developmental Disorder Not Otherwise Specified (PDD-NOS) are all 
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included under the rubric of ASD, and together this collection of disorders, excluding those with 

ADHD alone, reportedly affects between 0.2-0.6% of the population (Gabis, Pomeroy, & 

Andriola, 2005). Research has also shown both ADHD and ASD are hereditary, however, rates 

vary greatly with ADHD heritability reported to be between 0.39 and 0.91 (Faraone & 

Biederman, 1994; Ronald et al., 2006) and ASD heritability between 0.64 and 0.92 (Ronald et 

al., 2006). It is likely that these variations are associated with the diagnostic inconsistencies 

mentioned earlier. 

Clinical Comorbidities 

Although at this time the cause(s) responsible for the manifestation of NDDs such as 

ADHD/ASD are not fully understood, the high clinical co-diagnosis of these disorders and 

epilepsies suggests that they may have a common underlying cause. For example, despite 

ADHD affecting about 3-7% of the general pediatric population, the rate of diagnosis in children 

suffering from epilepsy is about 2.5 fold greater (Hesdorffer et al., 2004; Kaufmann, Goldberg-

Stern, & Shuper, 2009; Sherman, Slick, Connolly, & Eyrl, 2007). Furthermore, the reverse 

relationship has been observed in children diagnosed with ADHD, where rates of epilepsy 

diagnosis are 2.7 times greater than in otherwise normal healthy individuals (1%) (Davis et al., 

2010). ASD has also been shown to be highly comorbid with epilepsy with up to 40%) of 

individuals diagnosed with ASD (not including ADHD, 0.2-0.6%) also being epileptic (Gabis, et 

al., 2005). 

Secondary research investigating multiple diagnoses of ADHD/ASD and seizure 

disorders (SD) suggests that epilepsy is more severe (earlier seizure onset, more frequent 

seizures) in children diagnosed with ADHD than in those who have not been diagnosed with 



Omega-3 Supplementation 3 

ADHD (Davis, et al., 2010). This increase in severity of behavioural symptoms is likely related 

to greater electroencephalographic abnormalities (5.6-30.1%)) in children with multiple diagnoses 

(e.g., ASD and epilepsy) compared to healthy children, or those with a single diagnosis (3.5%) 

(Kaufmann, et al., 2009). 

The precise neurological mechanisms involved in a predisposition towards and/or clinical 

expression of SD/ADHD/ASD remain unknown, however, documented high co-morbidity 

between these disorders is most likely due to one of three reasons (Kaufmann, et al., 2009). 

First, an independent circumstantial relationship may exist; all of these disorders affect young 

individuals at a high rate and, thus, a high rate of natural overlap might be expected. Second, 

there may be a direct causal relationship between these disorders, where epileptic brain activity 

results in, or aggravates, ADHD/ASD symptoms, or vice-versa. Finally, there may be an 

underlying causal mechanism that is ultimately responsible for the co-manifestation of these 

disorders. Potential mechanisms might include genetic or environmental factors or an interaction 

between environmental and genetic/epigenetic factors. This final possibility is of particular 

interest given the link between fatty acid (FA) deficiencies and ADHD/ASD and epilepsy 

(Young, Gean, Chiou, & Shen, 2000), and the high heritability rates of ADHD (39-91%)/ASD 

(64-92%) (Ronald, et al., 2006) and epilepsy (80%) (Kieldsen et al., 2003). 

Previous investigations have explored neuroanatomical and neurophysiological 

mechanisms as well as genetics as possible areas responsible for the manifestation of these 

disorders (Ballard et al., 1997). The observed association between increasing rates of 

ADHD/ASD diagnosis and the increase in consumption of foods high in fat and low in 

nutritional value within North America, however, has also led to scientific speculation that 
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nutrition may play a causal role (Ottoboni & Ottoboni, 2003; Simopoulos, 2001). The success of 

the ketogenic diet (high fat, low carbohydrate/protein) in reducing seizure prevalence in both 

humans and animals, as well as improving behavioural symptoms exhibited by individuals 

diagnosed with ADHD (MacCraken & Scalisi, 1999; Pulliainen et al., 2000), further indicates 

these disorders may be related based on FA metabolism irregularities (Agale, Kulkarni, 

Ranjekar, & Joshi, 2010; Freeman & Vining, 1999; Freeman et al., 1998; Gilby, Crino, & 

Mclntyre, 2007; Murphy, Likhodii, Hatamian, & Mclntyre Burnham, 2005; Wainwright, 2002; 

Yuen & Sander, 2004). Indeed, continued research has indicated FA deficiencies are associated 

with the development of ADHD/ASD and SD. Specifically, individuals diagnosed with 

ADHD/ASD show reduced plasma levels of essential FAs (EFA) compared to healthy controls 

(Chalon, 2009; Johnson, Ostlund, Fransson, Kadesjo, & Gillberg, 2009; Raz & Gabis, 2009). 

While a precise FA deficiency has not been linked with the development of SD, research 

(discussed below) has indicated omega-3 supplementation leads to a decrease in severity of 

symptoms and promotes neuroprotection (Cysneiros et al., 2009), thus indicating EFAs may play 

a role in seizure disorders (Scorza et al., 2008; Tavriger, 1966; Yuen & Sander, 2004; Yuen et 

al., 2005). 

An in-depth investigation into the role of EFAs in central nervous system functioning 

will contribute to the understanding of how EFAs might be influencing the onset of SD and 

NDDs such as ADHD/ASD, how symptomology associated with these disorders have been 

affected by omega-3 supplementation throughout child- and adulthood, and introduce a possible 

treatment that may prevent disorder manifestations altogether. 
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Essential Fatty Acids (EFAs) 

EFAs are considered essential as they must be ingested through a dietary source due to 

the body's inability to synthesize this complex group of molecules. They have been classified 

into two categories: omega-3 (n-3) and omega-6 (n-6), which differ chemically according to the 

location of the first double bond in the molecule. The primary omega-3 FA (ALA, 18:3(n-3)) 

and omega-6 FA (LA, 18:2(n-6)) precursors are molecules that serve as a starting compound for 

the synthesis of longer polyunsaturated FAs (PUFAs), including eicosapentaenoic acid (EPA, 

20:5(n-3)), docosahexanoic acid (DHA, 22:6(n-3)) and arachidonic acid (AA, 20:4(n-6)) (see 

Figure 1). FA precursors (ALA, LA) are typically found in plants (flax seed, walnuts), while 

PUFAs can be synthesized from these precursors or consumed directly from more complex 

organisms such as fatty fish (salmon, tuna, and mackerel) (Cetin, Alvino, & Cardellicchio, 

2009). 

DHA is an essential omega-3 PUFA and is associated with normal growth and 

functioning of nervous tissue (Genuis & Schwalfenberg, 2006; Helland, Smith, Saarem, 

Saugstad, & Drevon, 2003). Optimal DHA levels during development of the fetal and infant 

brain are essential for proper neurogenesis and neurotransmission, and thus dictate cognitive 

development, visual acuity, hand eye coordination and attention span (Innis, 2007). In contrast, 

deficiencies are associated with reduced cognitive and behavioural performance resulting from 

aberrant neurodevelopment in areas such as neuronal arborisation and myelin synthesis (Clark-

Taylor & Clark-Taylor, 2004; Raz & Gabis, 2009). Indeed, FA deficiencies throughout 

pregnancy and lactation have been shown to delay myelin growth and maturation in the frontal 

lobes in offspring (Saugstad, 2004). Moreover, human research has demonstrated 
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neurocognitive deficits as a consequence of reduced DHA levels during development may 

manifest as deficits in attention and an increased risk for ADHD (Brookes, Chen, Xu, Taylor, & 

Asherson, 2006; Raz & Gabis, 2009), schizophrenia (Chalon, 2009; McNamara & Carlson, 

2006) and certain types of epilepsy (Young, et al., 2000). Similarly, rats with reduced omega-3 

FA levels show hyperactivity and reduced memory and learning compared to healthy controls 

(Agale, et al., 2010; Gilby, Crino, et al., 2007; Murphy, et al, 2005; Wainwright, 2002), further 

indicating optimal DHA levels are necessary for proper neurodevelopment. 
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Essential Fatty Acid Supplementation 

Based on the reported association between EFA deficits and neurodevelopemental 

disorders, researchers have investigated the possibility of treating SD and ADHD/ASD through 

supplementation of omega-3 FAs. Results of these investigations have been conflicting with 

some studies indicating a positive effect of FA supplementation (Ferrari et al., 2008; Johnson, et 

al., 2009; Raz & Gabis, 2009; Richardson, 2006; Scorza, et al., 2008; Yuen & Sander, 2004), and 

others showing mixed (Amminger et al., 2007; Voigt et al., 2001; Yuen & Sander, 2004) or 

neutral results (Chalon, 2009; Yuen, et al., 2005). 

Although both omega-3 s and omega-6s are of importance for normal body functioning, a 

large percentage of studies examining the effects of supplementation involve only omega-3s or a 

mixture of the two. Three possible explanations for this preference might include, 1) EFA 

deficiencies exhibited by individuals diagnosed with ADHD/ASD are largely omega-3 based 

(Stevens et al., 1995), therefore, the first attempt at treatment would be through supplementation 

of only omega-3s; 2) Omega-6s usually promote an inflammatory reaction and thus, omega-6 

supplementation carries a risk for negative consequences, whereas omega-3 FAs are anti

inflammatory and doses of greater than 20mg/kg are well-tolerated within the body without 

negative side effects (DeGiorgio, Miller, Meymandi, & Gornbein, 2008); and 3) Omega-3 may 

be the chosen supplement based on convenience. Typical EFA supplements consist of only an 

omega-3 blend (EPA/DHA) obtained from fish oil, which is inexpensive and easily obtainable. 

Some supplements consist of an omega-3/omega-6 mixture, however, the percentage of omega-

3s is consistently higher than the percentage of omega-6s. Both types of EFAs are vital 

components of the cell membrane, which affect membrane fluidity due to their chemical 
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structure. Changes in membrane fluidity due to EFA supplementation are linked to numerous 

secondary areas of neuronal functioning, including neurotransmission, enzyme and ion channel 

regulation, and gene expression (Young, et al., 2000). 

Studies have proven supplementation to be quite successful against ADHD symptoms 

(Antalis et al., 2006; Johnson, et al., 2009; Raz & Gabis, 2009). A meta-analysis involving 

omega-3 supplementation in individuals suffering from ADHD found a significant increase in 

plasma omega-3 levels and a reduction in ADHD associated behaviours in individuals that 

received supplementation (Raz & Gabis, 2009). Furthermore, research involving DHA 

supplementation alone revealed similar results with 26% of participants reporting a reduction in 

ADHD symptoms after three months of supplementation, while 47% of participants showed this 

improvement after six months of supplementation (Johnson, et al., 2009). 

In contrast, a second meta-analysis investigating ADHD and omega-3 supplementation 

found that while individuals diagnosed with ADHD reliably showed reduced blood levels of 

DHA prior to treatment, supplementation did not increase these levels or lead to a reduction in 

ADHD type behaviour (Chalon, 2009). Voigt et al. (2001) also found that although 

supplementation of DHA over a four month period led to an increase in blood plasma omega-3 

levels, there was no effect on the behavioural symptoms associated with ADHD. However, these 

discrepancies may have been due to the many variations in experimental design between these 

large patient-based studies, including differences in experimental design, mode of 

administration, duration of supplementation, and outcome measures. Thus, based on these 

results, the treatment of ADHD via omega-3 supplementation certainly warrants further 

investigation. 
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The investigation into the efficacy of omega-3 FA supplementation as a treatment for 

epilepsy has also yielded mixed results (Cysneiros, et al., 2009; Ferrari, et al., 2008; Scorza, et 

al., 2008; Yuen & Sander, 2004; Yuen, et al., 2005). Supplementation of a DHA/EPA mixture 

leads to an increase in blood concentrations of DHA and EPA, as well as reduced seizure 

susceptibility, however, decreased seizure frequency was only sustained for the first half of a 

twelve week study by Yuen et al. (2005). Long term studies have indicated more positive 

results. A thirteen month study involving DHA/EPA supplementation found increased blood 

serum levels of DHA accompanied by decreased seizure duration and severity in epileptic 

patients (Ferrari, et al., 2008; Scorza, et al., 2008; Yuen & Sander, 2004). Furthermore, 

supplementation research has indicated associated treatment effects are due to increased 

neuroprotection associated with inflated omega-3 FA levels (Cysneiros, et al., 2009). 

Maternal Omega-3 Fatty Acid Supplementation 

Maternal health/diet is of utmost importance for fetal development. This is of particular 

necessity with respect to FAs intake during gestation, as the fetus must rely solely on maternal 

dietary intake at this time to receive appropriate levels of EFAs for proper neurodevelopment. 

Several studies have highlighted this relationship and results indicate dietary omega-3 intake 

during pregnancy has a direct influence on fetal neurodevelopment (Agale, et al., 2010; Donahue 

et al., 2009; Harris, Connor, & Lindsey, 1984; Innis, 2007; Makrides et al., 2009), which is 

permanent (Church, Jen, Jackson, Adams, & Hotra, 2009; Decsi & Koletzko, 2005; Hanebutt, 

Demmelmair, Schiessl, Larque, & Koletzko, 2008; Jen et al., 2009; Saste et al., 1998; van Goor 

et al., 2009). 
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Prenatally, the fetus has access to maternally ingested or synthesized EFAs via placental 

transfer. Indeed medium positive correlations in omega-3 levels have been reported between 

maternal diet and maternal blood (.38), maternal diet and umbilical cord blood (.34) and 

maternal blood and umbilical cord blood (.37) (Donahue et al., 2009). This clearly suggests that 

not only does the fetus have access to these maternal EFAs but a significant maternal-offspring 

transfer does occur. Also, research investigating proper omega-3 nutrition during gestation has 

indicated early neurodevelopmental success, as measured by reduced latency to reach 

developmental milestones, is positively correlated with umbilical cord DHA levels (Bouwstra et 

al., 2006; Makrides et al., 2009). 

Postnatally, maternal-infant EFA transfer occurs via lactation. Although throughout 

pregnancy nutrient levels available to the fetus are primarily associated with maternal dietary 

intake, postnatal infant EFAs are primarily obtained due to the breakdown of maternal fat stores 

(70%>) (Sauerwald et al., 2001). EFAs available for maternal-offspring transfer throughout 

breastfeeding, however, appear to be malleable to outside influences. Specifically, research has 

indicated omega-3 supplementation in lactating women significantly increased breast milk levels 

of omega-3s compared to non-supplemented individuals (Dunstan et al., 2007; Dunstan et al., 

2003). Neo-natal research has investigated the relationship between maternal omega-3 breast 

milk levels and offspring plasma omega-3 levels both short and long term (Decsi & Koletzko, 

2005; Singh, 2005). Interestingly, as measured at three days and six months of age, offspring 

DHA levels showed a medium positive correlation with maternal DHA levels in the breast milk. 

Longitudinal maternal omega-3 supplementation studies found that at the age of four child 

mental processing scores showed a significant positive relationship with maternal DHA intake 

during pregnancy and breastfeeding. As well, these children showed greater psychomotor 
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development and hand-eye coordination when compared to controls (Decsi & Koletzko, 2005; 

Singh, 2005). These results indicate the ability of maternal omega-3 supplementation to affect 

early neurodevelopment in offspring leading to biological and cognitive changes in the 

developing fetus and young infant. 

Seizure-prone versus Seizure-resistant Rat Strains 

The ability of the brain to undergo relatively permanent changes in structure/function in 

a short period of time following exposure to an outside stimulus directly demonstrates the brain's 

neuroplastic properties (Goddard & Douglas, 1975). Although this concept is nearly dogmatic 

today, Goddard (1967; Goddard, Mclntyre & Leech, 1969) was one of the first to report this 

phenomenon in the late 1960s based on observations pertaining to his learning, memory and 

kindling research. Specifically, kindling involves an initial stimulation of a brain structure with 

high frequency pulses of electrical current producing a sub-convulsive afterdischarge. Repeated 

exposure to that same stimulation intensity, however, produces progressively longer 

afterdischarges (AD), leading to the recruitment of secondary brain structures, such as the motor 

system. When this occurs, overt seizure behaviours are generated. The progressive nature of 

kindling is observed through the use of an electroencephalograph (EEG), and the associated 

observable behavioural manifestations, which have been classified into 5 progressive stages of 

seizure (Racine, Steingart, & Mclntyre, 1999). Stage 1 is defined as freezing behaviour with 

staring and mastication; stage 2, manifests with severe jaw mastication and drooling; stage 3, 

reflects mild to severe bilateral fore- and hind limb clonus without rearing; stage 4, appears as 

rearing with back extended, in addition to severe forelimb clonus; and, finally, stage 5, rearing 

with falling, is associated with a clonic/tonic convulsive seizure. Once animals have reached the 
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"kindled" state (exhibited a stage 5 seizure), the resulting changes in brain structure/function and 

excitability are relatively permanent. 

Animal models have often been used in research as a practical method of investigating 

human disorders. Over a decade ago, Racine et al. (1999) developed two rat strains with 

differential genetic predisposition to seizure sensitivity based on kindling rate, which is defined 

as the number of stimulations required to produce a stage 5 seizure. These strains were 

developed through selective breeding processes based on amygdala kindling rate; this selection 

ultimately produced seizure-prone fast kindling (FAST) and seizure-resistant slow kindling 

(SLOW) rats. The original parental population consisted of 24 Long Evans Hooded (LEH) 

(female =12, male = 12) and 24 Wistar rats (female =12, male = 12). Both strains were first 

kindled to one stage-5 seizure and then bred appropriately based on their kindling rates; those 

with higher and lower kindling rates were mated within their own kindling rate groups. Pairings 

in the parental generation (PI) consisted of random LEH and Wistar crosses. All viable 

offspring resulting from these pairings in subsequent iterations (Fl-Fl 1) underwent identical 

kindling and mating procedures as occurred in PI, with the proviso that only rats more distantly 

related than second cousins were paired. Statistically significant differential kindling rates 

between the two developing strains were established by the sixth generation of pairings, yet the 

strains continued to be bred based on kindling rates until the eleventh generation. Since that 

time, the strains have not been re-derived, and continue to show highly reliable differences in 

kindling rates regardless of the brain structure being stimulated (Racine, et al., 1999). 

Besides differential kindling rates, numerous behavioural differences have been reported 

between the seizure-prone and seizure-resistant strains, including differences in overall activity 
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levels, impulsivity, learning and memory, attention, anxiety and aggression. Specifically, both in 

the home cage and novel environments, such as the Open Field (OF) paradigm, the seizure-prone 

FAST phenotype exhibit relative hyperactive behaviour (Gilby, Crino, et al., 2007; Gilby, Jans, 

& Mclntyre, 2009; Gilby, Thome, Patey, & Mclntyre, 2007). On average, FAST rats are up to 

four times more active than their SLOW counterparts in the OF. Overnight examination of home 

cage activity levels using an activity monitor also revealed FAST rats move significantly more 

than SLOW rats when in their natural environment (Gilby, et al., 2009). 

Differential hyperactivity/impulsivity-like behaviours have also been observed between 

the strains in the Restraint/impulsivity paradigm. As defined by the Merriam-Webster Online 

Dictionary (2010), impulsivity means to be "prone to act on impulse" with impulse being defined 

as "1) the act of driving forward with sudden force, 2) a force so communicated as to produce 

motion suddenly, 3) a propensity or natural tendency usually other than rational". When animal 

mobility is restricted through restraint, FAST rats struggle up to 40% of the time restrained, 

whereas SLOW rats struggle only 10% of that time (Mclntyre et al., 1999). FAST rats appear to 

be unable to lie still and instead show repeated, sudden bouts of violent struggling, which is 

believed to represent an impulsive act in addition to hyperactive behaviour. This behaviour 

exhibited by the FAST strain is particularly relevant as both the SLOW and "normal" outbred 

rats (Long-Evan Hooded, Wistar) show some struggling at the beginning of the testing period but 

stop struggling completely in the latter half of the assessment (Gilby, Thorne, et al., 2007; 

Mohapel & Mclntyre, 1998). Arguably, the specific behaviour of the FAST rats can be 

described as "the act of driving forward with sudden force" or "a force so communicated as to 

produce motion suddenly". 
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A second indication of enhanced impulsivity in FAST rats would be via examination of 

natural reproductive behaviour exhibited by the two strains. When introduced to a novel female 

in estrous, SLOW rats take an average of 40 seconds to first explore and then mount the female, 

whereas the FAST rats will attempt to mount within an average of 10 seconds. Indeed, strain 

differences are magnified when the rats were introduced to a novel female not in estrous. In that 

situation, SLOW rats explore but do not attempt to mount the female (normal behaviour based 

on rat social cues), whereas FAST rats, on average, still attempt to mount the female within 10 

seconds (Gilby, Crino, et al., 2007). Thus, FAST rat behaviour indicates social cues are not 

highly relevant to FAST rats, likely due to a lack of attention and/or the inability to recognize 

cues that normally mediate social behaviours - a relationship often paralleled in individuals with 

ASD (Richardson, 2006; Wing & Potter, 2002). 

In addition to FAST rats not following appropriate behavioural cues in a sexual 

paradigm, further evidence of abnormal social behaviour has been observed in FAST pups. 

Reinhart et al. (2004) reported that FAST pups maintain infantile play behaviours much later in 

development than SLOW pups. FAST rats also often exhibit repetitive behaviours such as 

circling behaviours in their home cage as well as excessive grooming of themselves and/or their 

pups (Gilby, Crino, et al., 2007). 

Strain differences have also been observed with respect to learning and memory 

(Anisman & Mclntyre, 2002; Azarbar, Mclntyre, & Gilby, 2010; Gilby, Crino, et al., 2007; 

Gilby, et al., 2009; Gilby, Thome, et al., 2007; Mclntyre & Gilby, 2007; Mclntyre, Kelly, & 

Dufresne, 1999; Mclntyre, Poulter, & Gilby, 2002). Spatial and place learning capacity as well 

as both short and long term memory have been assessed in the strains using the Morris Water 
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Maze (MWM). Although these strains do not tend to differ in latency to locate the platform on 

the first testing day, SLOW rats show a higher rate of learning and greater memory retention 

compared to the FAST rats across the subsequent testing period, as indicated by reduced latency 

to reach the platform assessed over numerous testing trials. The FAST strain also show a further 

increase in latency to reach the platform when distracting cues are introduced (hanging cues), 

indicating FAST rats may have reduced attention compared to SLOW rats (Anisman & 

Mclntyre, 2002). 

Differential anxiety levels and tendency towards aggressive-like behaviours have also 

been associated with the two strains. SLOW rats spend a greater amount of time in the closed 

arms of the Elevated Plus Maze compared to FAST rats, indicating a greater level of anxiety. 

While the FAST rats typically exhibit lower levels of anxiety, they show a higher incidence of 

aggressive type behaviours, as illustrated by a higher level of fighting behaviours with same-sex 

sibling in their home cage compared to the SLOW rats (Gilby & Mclntyre, 2007). 

Thus the collection of behaviours exhibited by seizure-prone (FAST) rats, include an 

increase in activity and aggression levels as well as impulsive and repetitive behaviours, along 

with a decrease in learning, memory, anxiety and attention compared to seizure-resistant 

(SLOW) rats. In addition, FAST rats also ignore or lack the ability to pick up on normal social 

cues and exhibit abnormal social interactions compared to SLOW rats. Remarkably, these 

behaviours are highly reminiscent of ADHD/ASD type symptomology, thus indicating a possible 

link between the manifestation of seizure disorders and ADHD/ASD within the FAST strain. 

Neurodevelopmental and neuroanatomical research regarding the strains revealed further 

indication that FAST rats show a high comorbidity with ADHD/ASD type symptomology. With 
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regards to neurodevelopment, SLOW pups open their eyes and show cliff avoidance plus 

righting reflex behaviours significantly earlier than FAST pups (St. Onge, unpublished data), a 

finding that is paralleled in clinical research where children with ADHD/ASD/SD take longer to 

reach developmental milestones than healthy individuals (Hanebutt, et al., 2008; Innis, 2007; 

Makrides, et al., 2009). Also indicative of improper neurodevelopment, FAST rats reliably show 

a decreased in white matter volume compared to SLOW rats, a neuroanatomical difference that 

appears to reflect myelination differences between the strains (Gilby, Crino, et al., 2007; Gilby, 

Thome, et al., 2007). 

Lastly, recent experimentation has revealed that FAST rats have lower circulating levels 

of specific EFAs compared to SLOW rats (Gilby, unpublished data). Although strain differences 

include a reduction of complex omega-3 FAs DHA (22:6(n-3)) and EPA (22:5(n-3)) compared to 

the SLOW rats, suggesting the strains show metabolic differences in lipid handling. Although 

the underlying lipid handling mechanism is unclear, individuals diagnosed with ADHD/ASD 

also show decreases in omega-3 FAs compared to healthy controls which, in association with 

behavioural, neuroanatomical and neurodevelopmental evidence, suggests the seizure-prone 

FAST rats may be a possible model for investigating the relationship between omega-3 FA and 

the manifestation of ADHD/ASD and seizure disorders. 

Recent experimentation (Gilby, et al., 2009) investigated the effect of omega-3 

supplementation in adult rats. Although omega-3 supplementation did not significantly alter 

hyperactivity, learning deficits or the normal heighten seizure susceptibility in FAST rats, it 

significantly lowered their levels of measured impulsivity to levels normally observed in the 

SLOW rats (Gilby, et al, 2009). Supplementation of omega-3s in SLOW rats did not result in 
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differential behavioural patterns from SLOW controls, however, it did increase their relative 

seizure susceptibility and reduced DHA/EPA FA levels to those associated with the FAST strain 

(Gilby, et al., 2009). Based on these results, indicating that omega-3 supplementation in the 

adult rat leads to measurable changes in behaviour and seizure susceptibility, the next step would 

be to examine if maternal omega-3 supplementation would prevent ADHD/ASD type behaviour 

and reduce seizure susceptibility in offspring. 

Purpose of Study 

There is clear evidence of essential FA irregularities in ADHD/ASD and epilepsy, which 

has led to omega-3 FA supplementation being employed as a treatment option for these 

disorders. However, there have been no studies to date that use maternal supplementation as a 

method for prevention of these disorders. Given the relationship between maternal and fetal 

plasma omega-3 FA levels, the purpose of this thesis is to determine whether maternal 

supplementation during both pregnancy and lactation will improve ADHD/ASD-like 

characteristics in FAST rats. Thus, FAST and SLOW mothers received high doses of omega-3 

EFAs via oral (gavage) fish oil supplementation or treatment (FTx, STx) throughout pregnancy 

and lactation. Control mothers of both strains received either gavage to control for the 

procedural stressor (FC-G, SC-G) or no gavage (FC, SC). Adult offspring from these mothers 

underwent behavioural and kindling testing in order to determine if omega-3 supplementation 

during gestation and infancy affects the traits that normally characterize these strains as adults. It 

is hypothesized that maternal fish oil (omega-3) supplementation during gestation and 

throughout lactation will result in permanent neurological alterations in the FAST strain, and by 

extension, will reduce ADHD/ASD-like behaviours and seizure sensitivity. Behavioural and 
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kindling results in line with those predicted would indicate potential for maternal omega-3 

supplementation in correcting aberrant developmental trajectories, preventing the manifestation 

of FAST traits altogether. The effect of maternal omega-3 supplementation in the non-deficient 

SLOW rats is not easily predicted, however, based on reports indicating that omega-3s are 

tolerated well by the body even at very high levels (Gochfeld & Burger, 2005), negative effects 

are not expected. 

Experimental Design 

A 2 (Strain) x 3 (Group) experimental design was implemented for this study. FAST and 

SLOW rats were randomly assigned to three groups per strain - two controls and one treatment. 

Mothers in the treatment group received daily omega-3 supplementation beginning two weeks 

prior to gestation, which continued until the pups were weaned on post natal day (PND) 23. 

Control mothers were divided into two groups - one group received a sham gavage procedure 

while the second group remained untreated. Once pups were weaned, they were double housed 

and allowed to mature until PND 60 when behavioural testing commenced. Testing included 4 

consecutive days of Open Field (OF), followed by 5 consecutive days of Morris Water Maze 

(MWM), and concluded with one day of restraint testing. After behavioural testing was 

completed, offspring underwent amygdala electrode implantation surgery and later kindling until 

6 stage-5 seizures were recorded. Subsequent to the kindling procedure, animals were perfused, 

and their brains were removed and sliced in order to determine electrode placement accuracy. 

The ideal number of offspring would be 10 per group/per strain (from 60 mothers), with a 

maximum of two male pups per litter being tested. Offspring numbers were expected to be 

dependent on pup viability as well as possible effects of gavage and treatment stress. 
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Material and Methods 

Animals 

A total of 80 female rats and 90 male rats were used in this study. Forty male rats were 

used for breeding purposes (20 SLOW Adults, 20 FAST Adults), while 50 offspring pups (29 

SLOW pups, 21 FAST pups) were used in this study. All animals were bred and raised in the 

Carleton University Life Sciences Facility and treated in accordance with guidelines from the 

Canadian Council on Animal Care (CCAC) and a research protocol approved by the Carleton 

University Animal Care Committee. All rats were housed in opaque shoebox cages (44 cm long 

x 24 cm wide x 20 cm deep) and given ad libitum access to food (5075, Charles River, St-

Constant, Quebec, Canada) and water. Housing rooms were maintained on a 12:12 light/dark 

cycle (lights came on at 8 a.m.), at 21 degrees Celsius, and between 40-60%) humidity for the 

duration of the experiment. All possible efforts were made to minimize animal usage and their 

discomfort. 

Treatment 

FAST and SLOW female rats were randomly assigned to control and treatment 

conditions (33 FAST TX, 17 FAST C-G, 15 SLOW TX, 15 SLOW C-G). In order to achieve the 

highest likelihood of determining if omega-3 FA supplementation would affect 

neurodevelopment in this experiment, pups were exposed to omega-3 supplementation for the 

equivalent of approximately 2.5 human years (6 weeks) at a high dose (20mg/kg) (Bioriginal, 

Fish Oil Blend: 18/12 EPA/DHA, Saskatoon, Canada). Maternal rats were supplemented 

beginning two weeks prior to mating until pups were weaned at postnatal day (PND) 23. Fish oil 

was administered orally via gavage using disposable plastic gavage tubes (13G x 90mm, 
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Insotech Solomon). Treatment was given by the use of gavage in order to administer a specific 

dose, avoid oxidation of the fish oil and parallel the human supplementation process (typically 

ingested in pill form). In order to control for the possible confounding stress associated with the 

gavage procedure, one group of female control rats was sham gavaged daily in a manner 

identical to the treated rats, while a second group of control females were left unhandled during 

the treatment period (these SC and FC mothers not included in animal numbers). Offspring were 

housed with their mother until weaning, after which pups were allowed to mature before 

undergoing a series of behavioural tests previously shown to be reliable in presenting strain 

differences. Following the triad of behavioural tests, rats underwent amygdala implantation 

surgery and were kindled in order to determine if maternal omega-3 supplementation led to 

kindling or other seizure characteristics that were different between seizure-prone and seizure-

resistant strains. 

Due to fertility issues in some groups, total offspring numbers (N= 50) represent the 

culmination of results obtained from testing four cohorts. Cohorts 1 and 4 had at least one litter 

representing each of the six treatment groups, however, pairings in cohorts 2 and 3 did not result 

in any viable litters of FAST treated offspring. 

Behavioural Tests 

One or two male pups (PND 73-90) from each litter were behaviourally assessed using 

our standard test battery, which reliably produces differential behaviour patterns in FAST and 

SLOW rats. Specifically, each rat completed 4 consecutive days of Open Field (OF) testing 

followed by 5 days of the Morris Water Maze (MWM) and one day of Restraint (R) testing. All 

animals underwent the behavioural testing in the same sequence. 
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Open Field 

The open field testing apparatus comprised of a white open-top box with 50 cm wooden 

walls and a 100 x 100 cm plexiglass floor. The floor was gridded into 25 equal 20 x 20 cm 

squares with black tape. A video camera was mounted directly above the testing apparatus so 

behaviours could be recorded and re-scored at a later date if necessary. On each testing day, rats 

were placed in the center square and the latency to move from the center square, as well as the 

number of lines crossed within the 10 minute period were recorded (Gilby, Thome, et al., 2007). 

The amount of urine/feces excreted was also recorded as an index of relative stress levels in the 

novel environment. The apparatus was cleaned with 50% ethanol and allowed to dry between 

test subjects. 

Morris Water Maze 

Each rat was tested in the MWM 24 hours after completion of the Open Field. The water 

maze consisted of a white polypropylene pool with a depth of 80 cm and a diameter of 158cm. 

The pool was filled to 55 cm with a water temperature of 21-23 degrees Celsius and made 

opaque by the addition of white powder paint. The pool was divided into four equal quadrants 

and a clear circular Plexiglass platform (14 cm diameter-) was placed in the middle of the second 

quadrant and submerged 2 cm below the waterline for the first four days of testing. On the fifth 

and final day of testing (swim test), the platform remained in the same location, however, was 

raised 2cm above the waterline, covered in a dark towel for traction or gripping by the rat, and 

the latency to reach and mount the visible platform was recorded. 

Each day of testing involved four trials and each trial began by placing the rat in the pool, 

facing the wall, in one of the four quadrants (i.e., north, south, east or west). Latencies to locate 
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and sit atop the submerged platform were recorded. Starting positions were randomly selected 

with the provision that all starting positions were used each day, and the same quadrant order 

was used for all animals on a given day. Rats that did not locate the platform after sixty seconds 

were manually placed on the platform. Each trial was followed by a 60 second interval wherein 

the rats were placed in a warm, dry, clear shoebox cage. Trials were videotaped from overhead 

to permit re-scoring if necessary. 

Restraint 

All rats were assessed in the Restraint test the day following completion of the MWM. 

Each rat was placed in the wide end of a triangular plastic restraint bag with a small hole in the 

narrow end to allow the rat's nose to protmde. Once securely in the bag, the wider end was 

taped shut allowing the rat's tail to protmde. The restraint bag was made snug enough to allow 

for only minimal movement of the rats. Each 'bagged' rat was then placed on a table for 10 

minutes of observation. Time spent stmggling during the first five minutes as well as the total 

time spent stmggling was recorded. The number of vocalizations and amount of urine/feces 

excreted was also recorded. Rats were tested one at a time and returned to their home cage 

immediately following removal from the restraint bag. 

Kindling Surgery 

Rats were deeply anesthetized using an intraperitoneal injection (i.p.) of sodium 

pentobarbital (60mg/kg) and supplemented with isoflorane if needed. A ground and 5 jeweller's 

screws were inserted into the skull prior to electrode implantation to assist in the head cap 

assembly (Molino and Mclntyre, 1972). The ground consisted of a male Amphenol pin 

previously soldered to a two inch wire attached to a jeweller's screw. 
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Each bipolar stimulating/recording electrode (2 twisted strands of 0.127 mm diameter 

Diamel-insulated Nichrome wire attached to two male Amphenol pins) were stereotaxically 

implanted in the amygdala. The stereotaxic co-ordinates (Paxinos and Watson, 1986) used for 

amygdala implantation were 2 mm posterior to bregma, 5 mm lateral to the midline and 8.5 mm 

ventral to the surface of the skull. Once the electrodes were in place and secured with dental 

acrylic, the attached Amphenol pins were inserted into a plastic head cap and again secured with 

dental acrylic (Molino and Mclntyre, 1972). Following surgery, rats receive a subcutaneous 

injection of meloxicam (Metacam, 0.2mg/kg) and were placed in a clean cage on a heating pad. 

Once active again, all rats were given mash and returned to the colony room for a two week 

recovery period prior to seizure afterdischarge threshold determination. 

Afterdischarge Threshold Determination & Kindling Procedure 

Two weeks following surgery, the afterdischarge (AD) threshold (ADT) was determined 

in the right amygdala, and twenty four hours later, the ADT was determined on the contralateral 

side. The ADT is defined as the minimum stimulus intensity required to provoke an AD, a 

spike-and-wave discharge that outlasts the stimulus by 2s or more (Mclntyre, et al., 1999). To 

determine the threshold, a 2s, 60 Hz sine wave stimulus of progressively increasing intensity (25, 

35, 50, 75, 100, 150, 200, 250, 300, 350 jiA) was presented until an AD was triggered. The 

inter-stimulus interval was 1 min. Kindling began 24 hours following ADT determination and 

was achieved via daily unilateral stimulation of the selected amygdala (pre-determined based on 

its ADT, i.e., lowest intensity), at the appropriate stimulus intensity, until six stage -5 (Racine, et 

al., 1999) generalized convulsive seizures were elicited. Once kindling was complete, the ADT 
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was re-determined in the kindled amygdala in the manner previously described. Twenty four 

hours later, the ADT was re-determined for the contralateral amygdala. 

The ADT intensity and associated AD duration are measures of importance as they 

reflect local amygdala excitability. The number of daily stimulations required to elicit the first 

stage-5 seizure (kindling rate) was also assessed for each animal, as well as the cumulative AD 

duration required to elicit the first stage-5 seizure. These latter parameters are relevant to the 

ease of network recmitment, and are well known to be different in the seizure-prone and seizure-

resistant rat strains. The behaviour of the rats during the kindling trials, including the severity of 

seizure, as indexed by the Racine scale (Racine, 1972), was recorded daily. Measures used to 

gauge generalized seizure severity (i.e., stage 5 seizures evoked in fully kindled rats) included 

the latency to forelimb clonus, duration of behavioural seizure, duration of stage 5 clonic seizure 

behaviour, and cumulative AD duration. These measures were recorded for each of the 6 stage-5 

trials. 

Histology 

At the end of the experiment, all rats were perfused intracardially with 0.9% saline 

followed by 4% paraformaldehyde. Brains were left in situ for twenty-four hours prior to 

extraction and stored in 4% paraformaldehyde. Brains were then transferred to 30% sucrose for 

at least 3 days prior to freezing and sectioning on a sliding microtome. Forty micron coronal 

sections were collected through the electrode tracts, then mounted on gelatine-coated slides and 

stained with cresyl violet to confirm electrode tip placement in the amygdala. 
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Cresyl Violet 

Sections were dehydrated in a series of steps involving placement in increasing ethanol 

concentrations (70, 75, 95, 100%, 2 minutes each), defatted with Clearene (3 minutes), 

rehydrated in decreasing ethanol concentrations and stained with 0.1% Cresyl Violet acetate (3 

minutes). The sections were then rinsed twice in distilled water and placed in a differentiator for 

2-3 minutes. The differentiator consisted of 0.8% glacial acetic acid. Sections were then 

dehydrated once more through a series of increasing ethanol concentrations. Finally, the sections 

were placed in Clearene, once again, until cover slipped. The sections were cover slipped using 

Permount and electrode placements were visualized using a Leica light microscope. Data from 6 

subjects was removed from subsequent analysis as visual analysis indicated stimulating 

electrodes tip was not in the amygdala. 

Blood Plasma Extraction 

Following 1 hour of food deprivation, blood was collected from all mothers on weaning 

day (PND 23). Blood was extracted from the heart via cardiac puncture and collected in 5 ml 

lithium-heparin spray coated tubes (VWR International, LLC). Following centrifugation at 2800 

rpm for 10 minutes at 4°C, supernatant samples (500 \i\) were collected in an Eppendorf tube and 

stored at -20 degrees Celsius until shipped to the Animal Health Laboratory at the University of 

Guelph (Ontario, Canada) for free fatty acid analysis. 

Plasma Analysis 

In order to confirm global differences in fatty acid levels between strains, and determine 

if maternal omega-3 fatty acid supplementation resulted in differential fatty acid levels plasma 
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concentrations, non-esterified fatty acids (NEFA) were compared between the six groups 

measured at the Animal Health Laboratory, University of Guelph (Ontario, Canada). 

Statistical Analysis 

Open Field, MWM and Restraint performances were compared between groups using 

repeated measures ANOVA. With regards to kindling and blood plasma NEFA levels, all 

measures were compared between groups using ANOVA. Follow-up comparisons of simple 

effects for significant interactions were conducted using Bonferroni corrected t-tests. Significant 

values were set at P<0.05. 
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Behavioural Results 

Open Field Test 

The number of lines crossed within a given timeframe is used to index relative levels of 

locomotor activity in a novel environment (Boeck et al., 2009; Lalonde & Strazielle, 2009; Tang, 

Wanchoo, Swann, & Dafny, 2009). In this study, repeated measures ANOVA revealed a 

significant main effect of strain [F(l,45)=65.696, p<.0001] where FAST rats crossed a greater 

number of lines over the 4 days than Slow rats. Within the FAST strain, both treatment and 

procedural effects were revealed on the second day of testing [F(2,19)=4.97, p<0.05] where, 

although non-gavaged controls (p<0.05) and omega-3 supplemented (p<0.01) rats showed 

similar performance, both were significantly less active than gavaged control FAST rats. 

Habituation also typically differs between FAST and SLOW rats (Gilby, et al., 2009) and 

involves a reduction in activity levels over trials as the animal habituates to the novel 

environment. Statistical analysis of this measure indicated a significant strain x day interaction 

[F(3,135)=6.418, p<0.001], which reflects habituation by SLOW, but not FAST, rats over testing 

days. Once again, a non-significant effect of treatment [F(2,45)=0.814, p=0.561, n.s.] indicated 

omega-3 supplementation did not affect habituation in either strain. See Figure 2. 
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Figure 2: Relative activity levels in the open field paradigm. Mean (+/- S.E.M.) number of 

lines crossed by FAST versus SLOW control and treated rats over a 10 minute exposure to the 

open field paradigm across four days. Significant strain difference. P<0.05. 
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Morris Water Maze (MWM) 

The primary indication of relative learning and memory capacity in the MWM involves 

the latency to locate and mount a hidden (submerged) platform over successive trials. Typically, 

subsequent to the initial day of testing, SLOW rats show enhanced performance relative to FAST 

rats (Anisman & Mclntyre, 2002; Gilby, Crino, et al., 2007). In this study, a two way repeated 

measures ANOVA revealed a significant strain effect [F(l,39)=32.153, pO.OOOl], confirming 

the impoverished FAST performance levels, but no main effect of treatment when all 6 groups 

were included in the analysis. However, when analysis was confined within strains, maternal 

omega-3 fatty acid supplementation was found to significantly reduce latencies in FAST rats 

[F(2,18)=60.984, p<0.0001]. Indeed, on the 4th day of testing omega-3 supplemented FAST rats 

had a greater latency to reach the platform that non-gavaged controls (p<0.0001) who also took 

significantly more time to locate the platform than the gavaged-control rats (FTx. p<0.0001, FC 

p<0.002). See Figure 3. 

An investigation of daily strain and treatment effects across trials revealed strains reached 

the platform in the same amount of time on the first day of testing [F(l,39)=2.65, p=0.116, n.s.], 

however, significant differences were revealed across all subsequent days (day 2 [F(l,39)=9.609, 

p<0.01], day 3 [F(l,39)=21.82, pO.OOOl] and day 4 [F(l,39)=45.673, pO.OOOl]), where SLOW 

rats located the platform faster than FAST rats. Clearly, no effect of treatment was detected over 

the initial three days of testing (day 1[F(2,39)= 840, p=439, n.s.], day 2 [F(2,39)-0.214, p 

=0.809, n.s.] and day 3 [F(2,39)=0.044, p=0.97, n.s.]), or in SLOW rats on the fourth day of 

testing [F(l,22)=3.748, p=0.0658, n.s.]. On the fourth day of testing, however, omega-3 
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supplementation significantly decreased latency to reach the platform in FAST rats compared to 

within-strain controls [F(l,19)=37.622, pO.OOOl]. See Figures 4-7. 

On the fifth and final day of testing, the platform was raised above the waterline to enable 

visualization. This served as a 'swim test' to ensure similar swim speeds amongst groups when 

the memory components of the task were removed. Importantly, no strain [F(l,39)=2.430, 

pO.127, n.s.] or treatment [F(2,39)= 1.070 p=0.353, n.s.] effects were evident on Day 5, 

indicating similar swimming abilities across all groups and treatments. See Figure 8. 
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Figure 3: Relative learning and memory levels in the MWM. Mean (+/- S.E.M.) latencies to 

reach the platform for FAST versus SLOW control and treated rats across four testing days in the 

Morris Water Maze paradigm. Significant strain difference. P<0.05. 

* Signficant difference between FAST treated and within strain controls. PO.05. 
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Figure 4: Relative learning and memory levels on Day 1 in the MWM. Mean (+/- S.E.M.) time 

required to reach the platform for FAST versus SLOW control and treated rats across four trials 

on the first testing day in the Morris Water Maze paradigm. 
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Figure 5: Relative learning and memory levels on Day 2 in the MWM. Mean (+/- S.E.M.) time 

required to reach the platform for FAST versus SLOW control and treated rats across four trials 

on the second testing day in the Morris Water Maze paradigm. Significant strain difference. 

P<0.05. 
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Figure 6: Relative learning and memory levels on Day 3 in the MWM. Mean (+/- S.E.M.) time 

required to reach the platform for FAST versus SLOW control and treated rats across four trials 

on the third testing day in the Morris Water Maze paradigm. Significant strain difference. 

P<0.05. 
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Figure 7: Relative learning and memory levels on Day 4 in the MWM. Mean (+/- S.E.M.) time 

required to reach the platform for FAST versus SLOW control and treated rats across four trials 

on the fourth testing day in the Morris Water Maze paradigm. Significant strain difference. 

P<0.05. 
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Figure 8: Relative swimming abilities in the MWM swim test. Mean (+/- S.E.M.) time required 

to reach the elevated platform for FAST versus SLOW control and treated rats on the fifth day of 

testing. 
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Restraint 

The tendency of FAST rats to stmggle more than SLOW rats in the restraint paradigm 

has been consistently reported by previous studies (Anisman & Mclntyre, 2002; Gilby, Crino, et 

al., 2007; Gilby, et al., 2009) and is used to index relative impulsivity/hyperactivity. In this 

study, a two way ANOVA revealed strain x treatment interactions with regards to the percentage 

of total time rats spent actively stmggling across the 5 minute test trial [F(2,39)=9.049, pO.001]. 

Post hoc analysis confirmed SLOW rats struggled significantly less than FAST rats across the 

testing period. Furthermore, omega-3 supplementation led to a significant reduction in FAST 

stmggling behaviour relative to their controls [F(2,18)=4.726, pO.05] and an increase in 

stmggling behaviours in treated SLOW rats. 

Statistical analysis of the total 10 minute test period revealed a significant strain x 

treatment interaction [F(2,39)=3.370, pO.05], where SLOW rats showed a significantly greater 

percentage of stmggle than FAST rats. Furthermore, although the treatment effect in SLOW rats 

that received omega-3 supplementation carried into the 10 minute analysis [F(2,21)= 15.797, 

pO.OOOl], this effect was not present in FAST rats [F(2,18)0.294, pO.749, n.s.]. See Figure 9. 
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Figure 9: Relative hyperactivity/impulsivity in the restraint test. Mean (+/- S.E.M.) percentage 

of time spent stmggling by FAST versus SLOW control and treated rats in the five and ten 

minute restraint tests. Significant strain difference. P<0.05. 

* Significantly different from the two within-strain control groups 
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Kindling 

Measurements associated with local amygdala excitability prior to kindling 

Statistical examination of ADTs within the left and right amygdalae prior to kindling did 

not reveal a significant main effect of strain [F(l,37)=2.361, pO.133, n.s.] or treatment 

[F(2,37)0.197, pO.822, n.s.], indicating that pre-kindling ADTs were similar between the 

strains and that neither maternal gavage nor omega-3 supplementation altered ADT intensities in 

either FAST or SLOW rats. See Figure 10. 

As has been observed in previous research (Gilby, et al., 2009), upon initial ADT 

elicitation FAST rats exhibited longer mean after discharge durations (ADDs) than SLOW rats 

[F(l,37)=13.740, pO.001]. Omega-3 supplementation, however, did not significantly affect 

mean ADD within SLOW [F(2,21)-1.048, pO.368, n.s.] or FAST rats (2,14)=1.861, pO.192, 

n.s.]. See Figure 11. 

Importantly, as is generally observed (Azarbar, et al., 2010; Gilby, et al., 2009), no 

significant overall correlation was evident between stimulus intensity and ADD (r2 0.143) 

during ADT elicitation, suggesting relative ADDs are not affected by the intensity of the 

precipitating stimulus, but rather reflective of an innate resistance to seizure propagation. 
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Figure 10: Mean pre-kindled ADT associated with local amygdala excitability. Mean (+/-

S.E.M.) pre-kindling afterdischarge threshold of FAST versus SLOW control and treated rats. 
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Figure 11: Mean pre-kindled ADD associated with local amygdala excitability. Mean (+/-

S.E.M.) pre-kindling afterdischarge duration in FAST versus SLOW control and treated rats. 
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Measures of epileptogenesis/neuroplasticity 

Kindling rate is an accepted measure of epileptogenic capacity and is defined as the 

number of once daily stimulations necessary to elicit a fully generalized (stage 5) seizure. As 

these strains were developed based on KR, differential rates were expected, with FAST rats 

kindle significantly faster than SLOW rats (Racine, et al., 1999). Analysis of KR data in this 

study confirmed the expected strain difference [F(l,37)=106.528, pO.OOOl] as well as a 

significant treatment effect [F(2,21)=4.608, p<0.05] where maternal omega-3 supplementation in 

SLOW, but not FAST, rats led to a decrease in the number of stimulations required to elicit a 

stage 5 seizure compared to SLOW controls (pO.001). See Figure 12. 

SLOW rats typically acquire greater cumulative ADDs than FAST rats before they 

achieve their first stage-5 seizure (Gilby, et al, 2009), a result which was replicated in this 

experiment [F(l,35)=7.22, pO.05]. As observed in the kindling rate analysis, omega-3 

treatment affected cumulative ADDs in SLOW (pO.Ol) rats compared to SLOW control. No 

treatment effect was measured in FAST [F(2,14)0.070, pO.932, n.s.] rats. See Figure 13. 
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Figure 12: Mean kindling rate to the first stage-5 seizure. Mean kindling rate (+/- S.E.M.) of 

FAST versus SLOW control and treated rats. Significant strain difference. P<0.05. 

Significantly different from within-strain controls. PO.05 
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Figure 13: Mean cumulative ADD to the first stage-5 seizure. Mean Cumulative ADD (+/-

S.E.M) of FAST versus SLOW control and treated rats. Significant strain difference. P<0.05. 

* Significantly different from within-strain control. PO.05. 
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Generalized seizure profiles 

Once rats were fully kindled, behavioural and electrographic characteristics of six 

generalized stage 5 seizures were examined in order to determine if maternal omega-3 

supplementation resulted in differential within-strain fully generalized seizure patterns. Specific 

daily measurements included latency to seizure behaviour onset, duration of partial seizure 

behaviour (stage 1-4), duration of fully generalized (stage 5) seizure behaviour and the total 

ADD associated with Stage 5 elicitation. Once kindled, typical strain differences include a 

decreased latency to seizure behaviour onset as well as an increased duration of partial and fully 

generalized seizures and ADDs in FAST versus SLOW rats (Anisman & Mclntyre, 2002; 

Azarbar, et al , 2010; Gilby, et al., 2009). 

While analysis of latency to seizure behaviour onset did not reveal the typical strain 

effect [F(l,35)=1.156, pO.290; n.s.], a significant main effect of procedure was identified in 

FAST rats [F(2,18)=4.984, p<0.02] where non-gavaged control rats exhibited seizure behaviours 

faster than within-strain gavaged rats. No treatment/procedural effects were present within the 

SLOW strain [F(2,20)O.340, pO.681). See Figure 14. 

As expected, typical strain differences were apparent when analyzing the mean duration 

of partial seizures [F( 1,3 8)= 19.21, pO.001] where FAST rats showed longer mean duration of 

partial seizure behaviours compared to SLOW rats. The treatment effect did not escape the 

procedural effect within FAST rats where non-gavaged controls had significantly higher mean 

durations of partial seizure behaviour [F(2,37)0.499, pO.611] compared to gavaged FAST rats. 

See Figure 15. 

In this study, a two way ANOVA revealed a main effect of strain where, in alignment 

with previous research (Gilby, et al., 2009; Mclntyre & Gilby, 2007; Mclntyre, et al., 1999; 
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Mclntyre, et al., 2002), FAST rats showed a longer mean duration of fully generalized seizure 

[F(l, 38)=12.923, pO.001] compared to SLOW rats. 

Examination of the effect of omega-3 supplementation revealed a significant effect with 

regards to the duration of stage 5 seizure in SLOW rats [F(2,20)=3.889, pO.05], wherein 

seizures exhibited by SLOW rats were significantly shorter in treated rats than controls. Omega-

3 supplementation did not have an effect on the duration of stage-5 seizures in FAST rats 

[F(2,18)0.642,p0.538,n.s.]. See Figure 16. 

In this experiment, analysis revealed a significant strain effect [F(l, 38)=29.49, 

pO.OOOl], where SLOW rats had significantly shorter mean ADDs compared to FAST rats. No 

significant effect of treatment was apparent [F(2,37)O.700, pO.503], indicating maternal 

omega-3 supplementation did not significantly affect mean ADDs in either strains. See Figure 

17. 
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Figure 14: Mean latency to onset of partial seizure (stage 1-4) associated with elicitation of 6 

stage-5 seizures. Mean latency to exhibit seizure behaviours (+/- S.E.M.) in FAST versus 

SLOW control and treated kindled rats. 

* Significantly different from all other groups. PO.05 
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Figure 15: Mean duration of partial seizure (stage 1-4) behaviour associated with elicitation 

of 6 stage-5 seizure. Mean duration of partial seizure (+/- S.E.M.) in FAST versus SLOW 

control and treated kindled rats. 

* Significantly different from within- strain gavaged groups. PO.05 



Omega-3 Supplementation 50 

SLOW Control C 

f SLOW Control 

SLOW Treatment 

! FAST Control C 

I FAST Control 

! FAST Treatment 

Figure 16: Mean duration of fully generalized seizure behaviour associated with elicitation of 

6 successive stage-5 seizures. Mean duration of stage-5 seizure (+/- S.E.M.) in FAST versus 

SLOW control and treated kindled rats. 

* Significantly different from within-strain controls. PO.05 
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Figure 17: Mean ADD associated with elicitation of 6 successive stage-5 seizures. Mean 

afterdischarge duration (+/- S.E.M.) in FAST versus SLOW control and treated kindled rats. 
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Offspring Viability 

In order to assess the effect of maternal omega-3 fatty acid supplementation on fertility 

success, the percentage of successful pregnancies per group was calculated. Results indicate an 

astounding negative effect of omega-3 supplementation in FAST rats where offspring viability 

success was a mere 15%, while in FAST gavaged control rats was approximately 50%. Omega-

3 supplementation seemingly did not affect SLOW rats as both control and treated rats showed 

an offspring viability rate of 65%. See Figure 19. 
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Figure 18: Mean Offspring Viability. Mean amount of successful litters in Fast versus SLOW 

gavaged control and treated rats. 
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NEFA 

FAST rats typically show reduced levels of plasma NEFA levels compared to SLOW rats 

(Gilby, et al., 2009). Analysis of results specific to this experiment again found significant strain 

differences [F(l,36)=5.289, p<0.05] with SLOW rats showing increased NEFA levels compared 

to FAST rats. A significant effect of treatment [F(l,36)=6.088, p<0.02] was also revealed where 

maternal omega-3 supplementation led to a reduction in measured plasma NEFA levels in both 

FAST (pO.05)and SLOW (pO.Ol)strains. See Figure 19. 
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Figure 19: Mean plasma NEFA levels. Mean maternal NEFA levels (+/- S.E.M.) in Fast versus 

SLOW control and treated rats. Significant strain difference. P<0.05. 

* Significantly different from within-strain controls. P< 0.05. 
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Discussion 

Dietary supplementation with omega-3 FA has been shown to increase plasma omega-3 

levels and simultaneously reduce negative ADHD/ASD behavioural symptomology (Joshi et al., 

2006; Richardson & Puri, 2002; Sinn & Bryan, 2007; Sorgi, Hallowell, Hutchins, & Sears, 

2007). Positive effects of omega-3 FA supplementation have also been observed in epilepsy 

patients with typical results including a reduction in seizure severity, duration and frequency 

(Cysneiros et al., 2010; Yuen & Sander, 2004). Indeed, FA supplementation more generally has 

been associated with remediation of symptoms associated with various central nervous system 

disorders (Genuis & Schwalfenberg, 2006; Helland, et al., 2003; Horrobin & Bennett, 1999; 

Uauy, Hoffman, Peirano, Birch, & Birch, 2001). An extremely successful example would 

include the ketogenic diet (high in fats, low in carbohydrates and protein), which is rapidly 

becoming a treatment of choice for many epilepsy patients given its reported ability to fully 

arrest seizures in epilepsy patients that once averaged over 10 seizures a day in the presence of 

typical anticonvulsant treatments that have failed (Freeman & Vining, 1999; Lefevre & Aronson, 

2000). Accordingly, animals consuming a ketogenic diet show a significant reduction in cerebral 

excitability, which contributes to reduced seizure susceptibility as measured in the kindling 

paradigm (de Almeida Rabello Oliveira et al., 2008; Kim do & Rho, 2008). Although the effect 

of the ketogenic diet has only been rudimentarily investigated with regards to Autism, results 

have indicated a reduction in several Childhood Autism Rating Scale (CARS) parameters in 

autistic children after six months of dietary modification (Evangeliou et al., 2003). Given these 

and previous data generated within our own laboratory (Azarbar, et al., 2010; Gilby, Crino, et al., 

2007; Gilby, et al., 2009; Gilby, Thorne, et al., 2007), it was predicted that in this study maternal 

omega-3 supplementation might lead to a reduction in the natural tendency towards heightened 
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seizure sensitivity, hyperactivity/impulsivity and relative learning deficits in FAST rats. Effects 

of omega-3 supplementation were also assessed in the seizure-resistant SLOW rats, a natural 

comparison strain for FAST strain. 

In this study, maternal omega-3 supplementation throughout gestation and lactation 

ultimately produced differential effects in SLOW and FAST rats. In FAST rats, it reduced 

measured impulsivity as well as marginally increased long term memory, whereas in SLOW rats 

it increased seizure susceptibility and reduced both cumulative ADDs necessary to elicit a fully 

generalized seizure and the duration of the fully generalized seizure. Dramatic secondary effects 

of maternal omega-3 supplementation included reduced offspring viability in FAST, but not 

SLOW rats, as well as a measured reduction in plasma NEFA levels in both strains. 

Pup Viability 

Breeding success and offspring viability in the laboratory can be influenced by many 

factors, including temperature, humidity, cage environment and stress. In this study, there was a 

profound and potentially novel effect of maternal omega-3 supplementation on pup viability 

within FAST, but not SLOW rats. Compared to gavaged FAST controls, pup viability within the 

FAST treated group was reduced by 35% indicating a negative effect of omega-3 

supplementation that was unrelated to the stress of maternal gavage during pregnancy and 

lactation. In this experiment, although fertility success was only slightly affected as measured by 

pups being born, within 3 days of birth fast treated pups were cannibalized by the mothers - an 

action which normally indicates a biological irregularity within those pups. While, as discussed, 

results of previous research and this experiment have both revealed omega-3 supplementation 

leads to an increase in seizure susceptibility in SLOW rats. As previous research (Gilby, et al., 
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2009) has also indicated this tendency of increased seizure susceptibility in FAST rats 

subsequent to omega-3 supplementation in adulthood, it is conceivable that maternal omega-3 

supplementation actually created spontaneous, and lethal seizures in FAST offspring. Indeed 

spontaneous seizures in FAST offspring following low dose omega-3 supplementation in 

pregnant FAST and SLOW females have already been documented within our laboratory 

(unpublished data). If reliable, mothers with a history of epilepsy, ADHD or ASD in their family 

would be ill-advised to consume high doses of omega-3 s during pregnancy, as it may lead to 

improper or even fatal neurological development in the fetus. 

Plasma Non-esterified Fatty Acids (NEFA) 

Previous research (Gilby, et al., 2009) indicates FAST rats have significantly lower 

circulating levels of plasma NEFA compared to SLOW rats. This result was replicated in the 

present study. Further detailed investigation has indicated FAST rats are deficient in DHA 

(22:6(n-3)) and DPA (22:5(n-3)) omega-3 FAs (unpublished data), which are specifically present 

in fish oil. As omega-3s are EFAs that must be ingested, or synthesized via elongation of 

precursors also obtained through the diet, these observed strain differences are of particular 

interest given FAST and SLOW rats were maintained on identical diets. Observed strain 

differences, therefore, appear to be indicative of differential lipid handling between FAST and 

SLOW rats. Clinically, reduced plasma omega-3 levels have been associated with the 

behavioural manifestation of ADHD/ASD symptomology (Antalis, et al., 2006; Biederman & 

Faraone, 2005; Colter, Cutler, & Meckling, 2008; Sinn & Bryan, 2007) and psychiatric disorders 

such as depression and schizophrenia (Fenton, Dickerson, Boronow, Hibbeln, & Knable, 2001). 

Although the mechanism relating behavioural symptomology observed in these disorders and 
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reduced omega-3 FA levels is not known at this time, it continues to be a topic of significant 

interest within these fields of research. 

As observed in this and previous experiments (Gilby, et al., 2009), omega-3 

supplementation leads to a decrease in overall NEFA levels. Although initially counter intuitive, 

this decrease in NEFA levels associated with supplementation is likely due to an overall 

reduction in biosynthesis of FA, as they are readily available due to supplementation (Lee & Lip, 

2003). Secondary research investigating this phenomenon suggests reduced NEFA levels are 

associated with increased |3-oxidation or inhibition of triglyceride-synthesizing enzymes (Harris 

& Bulchandani, 2006). With regards to clinical implications, these results indicate although 

omega-3 supplementation may be successful in reducing ADHD type behaviour, long term 

supplementation may introduce the possibility of negative biochemical consequences. As 

omega-3 supplementation research in relatively novel, the long term effects of such a treatment 

are unclear. On the other hand, because the treatment has been shown to have important 

consequences for the patients in a variety of contexts, it will certainly continue to be a highly 

investigated area of behavioural neuroscience. 

Behaviour 

While typical strain differences were revealed through OF testing, maternal omega-3 

supplementation did not affect measured hyperactivity in either FAST or SLOW rats. The lack 

of treatment effect on relative hyperactivity in FAST rats was unexpected, however, is in 

accordance with previous published data using omega-3 to treat these strains as adults (Gilby, et 

al., 2009). Clinical research investigating the efficacy of omega-3 supplementation on ADHD-

associated hyperactivity in children, in fact, has produced mixed results (Chalon, 2009; Raz & 
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Gabis, 2009). The reason for this is unclear, but is most likely owing to the vast differences in 

experimental design employed in those studies, including mode of administration, duration of 

supplementation, and the outcome measures evaluated. Thus, no clear clinical relevance can be 

extrapolated from our lack of effect on hyperactive behaviours in the FAST rats. 

The MWM is a task generally used in animal modeling to provide information relevant 

to the animal's capacity for learning and memory, particularly spatial short (STM) and long term 

memory (LTM). Characteristic strain differences with SLOW rats showing increased STM and 

LTM compared to FAST rats was observed in this study. Furthermore, maternal omega-3 

supplementation significantly enhanced the performance of FAST rats on the fourth day of 

testing indicating supplementation did lead to some improvement in the FAST strain relative to 

their within-strain controls. This significant effect of treatment is interesting considering 

previous research involving direct supplementation in adults (Gilby, et al., 2009) did not report 

any benefit for the FAST rats in the MWM from omega-3 supplementation. It may well be 

relevant, however, that the version of MWM utilised in this study, and in Gilby (2009), is the 

most simple variant of this task (no distracting cues, platform remained in the same location 

throughout the experiment, etc.). Thus, it is conceivable that the benefits of omega-3 

supplementation may have greater detectability when more difficult MWM variants are 

employed. Certainly, a vast array of clinical research has confirmed reduced memory 

performance in individuals diagnosed with ADHD/ASD compared to healthy individuals (Liu & 

Wang, 2002), and a small study by Richardson (2006) reported increased STM in patients that 

received omega-3 supplementation. Experimentation involving the use of omega-3 

supplementation as a method of treatment/prevention of ADHD-type behavioural characteristics 
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is still in its infancy, and thus, any discrepancies between laboratory and clinical studies on this 

topic will be of the fodder of future research. 

Using the restraint task as a behavioural gauge, maternal omega-3 supplementation 

reduced struggling behaviours in FAST rats, while it increased struggling in SLOW rat. 

Although observed behaviour in FAST rats was akin to results of previous research (Gilby, et al., 

2009), the increase in SLOW behaviour was puzzling. Important to note, however, strain typical 

differences were still measurable with FAST rats exhibiting significantly greater struggling 

behaviours than SLOW rats. With respect to the effects in FAST rats, similar results have been 

shown in the clinical conditions that the FAST rats model, where omega-3 supplementation led 

to a reduction in impulsive-like behaviours in highly impulsive ADHD/ASD type individuals 

(Schachter et al., 2005). The reason omega-3 supplementation increased struggling behaviour in 

the SLOW rats is difficult to determine, and may relate to the kindling results discussed below. 

Indeed, it may be reflective of a normalizing effect of omega-3 supplementation, as SLOW rats 

are not to be confused with 'normal' outbred rat strains. It is also noteworthy that both the open 

field and restraint testing paradigms can provide information relevant to the relative tendency of 

an animal towards hyperactivity. The fact that maternal omega-3 treatment altered FAST and 

SLOW behaviour in the restraint task, but not in the open field clearly demonstrates that 

behavioural assessments using these two measures are not interchangeable or isomorphic. 

Restraint activity is not merely another measure of hyperactivity. It is suggested, therefore, that 

the measured differences between restraint and OF performances highlight impulsivity in the 

restraint paradigm. 
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Kindling 

In the kindling model of epilepsy, the primary measure of interest is the kindling rate 

(KR). As revealed in this study, FAST rats typically exhibit faster KRs than SLOW rats, thus 

indicating they are more seizure-prone than SLOW rats (Gilby, Crino, et al., 2007; Gilby, et al., 

2009; Mclntyre, et al., 1999; Mclntyre, et al., 2002). Analysing treatment effects in this context 

indicated that maternal omega-3 supplementation increased relative seizure sensitivity in SLOW 

but not FAST rats, as evidenced by the significant reduction in KR compared to their within 

strain control. Indeed, it may appear that increased seizure sensitivity following maternal 

omega-3 supplementation in SLOW but not FAST rats is paradoxical, however, the lack of 

measured treatment effect in FAST rats may be due to the inability of seizure sensitivity to 

increase due to its already heightened levels in these animals (i.e., a 'floor effect'). These results 

are in line with previous research using omega-3 treatment in these strains (Gilby, et al., 2009). 

Typically FAST rats exhibit higher seizure sensitivity than SLOW rats as expressed by 

longer afterdischarge durations (ADD) resulting from a single stimulation, thus indicating they 

are also less capable of shutting down post- stimulation epileptic activity than SLOW rats (Gilby, 

et al., 2009; Mclntyre, et al., 2002). In this experiment, maternal omega-3 supplementation did 

not significantly alter strain-specific ADDs at the ADT indicating this treatment may be effective 

in enhancing epileptogenic capacity (KR) but does not alter the brain's capacity to terminate or 

arrest electrographic seizures. 

Examination of the generalized convulsive stage-5 seizure profile revealed typical strain 

differences with regards to all measures taken except for latency to onset of partial seizures. 

Although in association with their increased seizure susceptibility FAST rats typically exhibit 
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seizure behaviours more quickly than SLOW rats (Gilby, et al., 2009), the lack of strain 

difference may be due to the relatively quick onset of behaviour expressed by all animals. 

Further examination revealed maternal omega-3 supplementation did not significantly alter the 

latency to onset or the duration of partial seizures in SLOW rats, however, it did significantly 

reduce the duration of fully generalized stage-5 seizures. Thus the treatment exacerbated the KR 

or spread of seizures in the SLOW rats but facilitate the truncation or shortening of the seizure. 

This result suggests that the mechanisms of seizure spread and those of seizure arrest are likely 

independent. 

Gavage 

A potential concern involving the experimental design in this study included the use of 

gavage as the method of omega-3 supplementation administration. Humans would typically 

receive omega-3 supplementation orally in pill form and, although gavage has been observed to 

negatively impact experimental results due to increased animal stress (Balcombe, Barnard, & 

Sandusky, 2004; de Meijer, Le, Meisel, & Puder, 2010), the desire here was to supplement 

animals in a way that would mimic the clinical route of administration and ensure dosing 

remained accurate and consistent. As previously mentioned in the Methodology section, in order 

to ensure any observed effects of omega-3 supplementation were not confounded by the negative 

effects of gavage, the behaviour and kindling data of gavage per se was assessed. Importantly, 

the procedural effects of gavage were generally not found to significantly affect outcome 

measures assessed in this experiment. One exception to this was the latency to onset of 

behavioural seizures and the duration of partial (stage 1-4) seizure behaviours in fully kindled 

FAST rats. Specifically, non-gavaged FAST control rats required significantly less time to begin 

a convulsive seizure and had longer seizures than all other groups. As these two measures are 
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directly related, this result indicates that gavage induced stressed within FAST mothers may 

significantly reduce seizure susceptibility in offspring. These measured differences, however, 

were not paired with differences in pre-kindled measures (KR, mean or cumulative ADD), 

suggesting gavage-induced stress may only affect specific aspects of the kindling phenomenon in 

fully kindled rats. 

Conclusion 

Multiple experiments indicate beneficial effects of omega-3 FA supplementation as a 

treatment of clinical disorders such as ADHD/ASD when used individually or in conjunction 

with pharmaceutical treatments (Chalon, 2009; Johnson, et al., 2009; Raz & Gabis, 2009). 

However, the results of the present study indicate the additional possible harmful effects of such 

treatments, both in FAST and SLOW rats, independent of seizure sensitivity predisposition. In 

those with a low seizure sensitivity (SLOW rats), maternal omega-3 supplementation increased 

seizure sensitivity yet truncated seizure durations, and in those with a high seizure sensitivity 

(FAST rats) maternal omega-3 supplementation altered fetal development in such a way that it 

greatly reduced offspring viability. Positive results with regards to this experiment include an 

increase in learning and memory as well as a decrease in impulsive behaviours in FAST rats, 

indicating omega-3 FA alters ADHD/ASD-like behaviours in seizure prone rats as predicted 

from the human data. 

Future Directions 

Given the findings of this study, a primary research objective will be to establish the 

mechanism responsible for strain differences in lipid handling. Molecular research has indicated 

FAST rats are capable of producing essential fatty acids from their precursors, however, the rats 
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problem may lie in brain/blood level imbalances of FAs. Recent results analyzed subsequent to 

the commencement of this experiment have also indicated FAST rats show deficits in poly

unsaturated omega-6 fatty acids, thereby suggesting behavioural and kindling differences 

between strains may not only be due to omega-3 fatty acid differences, but rather wide spread 

metabolic irregularities. All of these metabolic venues will be addressed in future studies. The 

ultimate goal of these studies with the strains is to understand the manner in which lipid handling 

impacts different individuals in a variety of behavioural contexts. Our view is that highly 

specific individual diagnosis will be the way of the future in medicine, where each person will be 

screened for their own unique metabolic profile and will receive treatments appropriate to their 

exact condition, a condition that certainly will be the negative mirror image of some other 

individual, paralleling our findings with the FAST and SLOW strains. 
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