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Abstract

Insufficient availability of n-3 polyunsaturated fatty acids (PUFA) during pre- and neonatal
development decreases accretion of docosahexaenoic acid (DHA, 22:6n-3) in the developing
brain. Low tissue levels of DHA are associated with neurodevelopmental disorders including
attention deficit hyperactivity disorder (ADHD). In this study, 15t-and 2"d-litter male Long-Evans
rats were raised from conception on a Control diet containing a-linolenic acid (4.20 g/kg diet), the
dietarily essential fatty acid precursor of DHA, or a diet Deficient in a-linolenic acid (0.38 g/kg
diet). The Deficient diet resulted in a decrease in brain phospholipid DHA of 48% in 15Ulitter pups
and 65% in 2"%-litter pups. Activity, habituation, and response to spatial change in a familiar
environment were assessed in a single-session behavioral paradigm at postnatal days 28 and 70,
inclusive. Activity and habituation varied by age with younger rats exhibiting higher activity, less
habituation, and less stimulation of activity induced by spatial novelty. During the first and second
exposures to the test chamber, 2"-litter Deficient pups exhibited higher levels of activity than
Control rats or 15%litter Deficient pups and less habituation during the first exposure, but were not
more active after introduction of a novel spatial stimulus. The higher level of activity in a familiar
environment, but not after introduction of a novel stimulus is consistent with clinical observations
in ADHD. The observation of this effect only in 2"%litter rats fed the Deficient diet suggests that
brain DHA content, rather than dietary n-3 PUFA content, likely underlies these effects.
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1. Introduction

Neurodevelopmental disorders such as attention deficit hyperactivity disorder (ADHD)
involve alterations in attention, response to novelty, habituation, and other processes. Such
disorders typically have onset during childhood. Of note, ADHD is reported to affect as
many as 5% of school-aged children [1]. Accordingly, it is desirable to study mechanisms
underlying activity and attention-related processes in animal models at various points in
development, particularly at ages corresponding to childhood in humans. Rodents are
typically used in these studies; however, the rate of maturation in rodents is sufficiently
rapid that the training required for many of the well established tests of attentional function,
such as the sustained attention task [2,3], which is analogous to the continuous performance
task used in humans [4,5], can span several critical developmental periods in rodents (e.qg.,
pre-adolescence, peri-adolescence, adolescence, etc.), potentially confounding the
interpretation of the results. Overt symptoms of ADHD include restlessness, fidgeting, and
generally unnecessary gross body movements [6,7] which are more pronounced in familiar
environments than in novel environments [8,9]. Previously, we developed a behavioral
paradigm for rats that enabled inferences about habituation and attention to a novel stimulus
in a familiar environment implemented in a single test session without prior training of the
animals [10]. In this study, this paradigm was used to assess the behavior of rats at various
points in development from peri-adolescence to young adulthood, demonstrating its utility
for studying the behavior of developing rats.

In addition, this study assessed the effects of low dietary and brain n-3 (omega-3)
polyunsaturated fatty acid (PUFA) content during development. Epidemiologic and clinical
findings indicate that low dietary and tissue levels of n-3 PUFAs are associated with ADHD
and may thus contribute to its etiology. Of note, patients with ADHD exhibited lower
plasma or erythrocyte levels of docosahexaenoic acid (DHA; 22:6n-3) and other PUFAs
than normal controls [11-15], and lower n-3 PUFA status correlated with higher scores of
hyperactivity [15]. In addition, children with ADHD had higher levels of ethane in exhalant
than normal controls suggesting that the rate of oxidative metabolism of n-3 PUFAs may be
higher in these individuals and that these individuals may consequently have a higher dietary
requirement for these fatty acids [16]. ADHD is also associated with a polymorphism in a
fatty acid desaturase (FADS?2), further supporting a role for altered fatty acid metabolism in
affected individuals [17]. Clinical and preclinical studies suggest that the prenatal and early
postnatal periods represent critical intervals when inadequate accumulation of n-3 PUFAs
may be particularly detrimental (for review see: [18]). Clinical trials with DHA and other
n-3 PUFA supplements, however, have yielded mixed results (for review see: [19-21]). To
further assess the potential role of n-3 PUFAs in ADHD, the effects of diet-induced
manipulation of the percentage of DHA in brain phospholipids on ADHD-related behaviors
were also determined in rats across post-weaning development.

2. Methods

All experiments were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the University of Kansas Medical Center Animal
Care and Use Committee.

2.1. Animals and husbandry

Male, Long-Evans rats were raised from conception on diets containing (Control) or
deficient in a-linolenic acid (18:3n-3), the precursor of DHA (22:6n-3). Each rat in a group
was from a different litter. Sample sizes for ages 28, 35, 42, 49, 56, and 70 days,
respectively, were 15tlitter Control: 13, 9, 9, 16, 17, and 14; 2" litter Control: 11, 13, 14,
11, 15 and 11; 15U litter Deficient: 15, 17, 19, 20, 14, and 19; 2"%-litter Deficient: 12, 9, 9, 9,
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13, and 12. Rats were housed in a temperature- and humidity-controlled facility with a 12-
hour light-dark cycle and given food and water ad libitum. Breeding stock (females 80-89
days; male proven breeders; Harlan, Indianapolis, IN) were obtained 5 days prior to the
beginning of the treatment and were handled regularly. During the acclimation period, rats
were fed Teklad laboratory Rodent Diet (W) #8604. Dams were individually housed and
randomly placed on the experimental diets at the time of initial mating as previously
described in detail [22]. Litters were culled to 8 on postnatal day 1 (P1) with preference for
males. Pups were weaned on postnatal day 20, group-housed, and fed the maternal diet until
the completion of the study. Dams were re-mated 7 days after weaning of the 15Ulitter to
produce 2M%-litter pups. Rats were weighed regularly and were accustomed to handling prior
to the behavioral testing.

2.2. Experimental diets

The Control diet was prepared from a purified basal mix (TD00235; Teklad, Indianapolis,
IN) with pure unhydrogenated soybean oil (70 g/kg diet), and was identical in composition
to Teklad AIN-93G, which meets all current nutrient standards for rat pregnancy and growth
[23]. Accordingly, the Control diet contained 4.20 g/kg diet a-linolenic acid (18:3n-3) and
33.81 g/kg diet linoleic acid (18:2n-6). The Deficient diet was the same as the Control diet,
except it was prepared with safflower oil (66.5 g/kg diet) and soybean oil (3.5 g/kg diet), and
thus contained 0.38 g/kg diet a-linolenic acid (18:3n-3) and 45.96 g/kg diet linoleic acid
(18:2n-6).

2.3. Apparatus

Modified force-plate actometers [24] were used to assess response to environmental spatial
change. The modified plexiglass actometer chamber consisted of a “main” compartment (28
x 42 cm) and a small “alcove” (14 x 14 cm) separated from the main compartment area by a
removable guillotine-type door (Fig. 1). Spatial resolution of the actometer was less than 2
mm and temporal resolution was 0.02 sec.

2.4. Behavioral Procedure

All testing occurred between 10:00 h and 13:00 h and was conducted under dim, indirect
lighting conditions. Rats were tested on P28, 35, 42, 49, 56, and 70, with different rats used
at each time point. On the test day, rats were transported in their home cages to the testing
room and weighed 1 hr prior to testing. Activity and response to spatial change in the test
environment were measured during a 3-stage, 90-min session in modified force-plate
actometer chambers (Fig. 1) as previously described [10]. Initially, each rat was placed in
the main compartment (Period 1 - Habituation) with the door to the alcove closed. After 30
min, the rat was removed from the main compartment, placed in the home cage for 10 min,
and then returned to the unchanged main compartment (Period 2 — Return to a familiar
environment) for 20 min. After Period 2, the rat was again removed from the main
compartment to the home cage for 10 min, and then returned to the main compartment with
the door to the alcove open (Period 3 - Novel stimulus in familiar environment) for 20 min.
Movements of the rat in the main compartment and alcove were automatically quantified by
the x-y coordinates of the center of force derived from the force plate software [24]. At the
end of the test session, rats were euthanized by decapitation. Brains were rapidly removed,
frozen on dry ice, and stored at —80° C.

2.5. Brain total phospholipid fatty acid composition

Whole brain total phospholipid fatty acid composition was determined as previously
described [25] in one hemisphere from 5-6 brains randomly selected from each group.
Phospholipids were isolated by thin layer chromatography. The band containing total
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phospholipids was removed and transmethylated with boron trifluoride methanol (Sigma, St.
Louis, MO) to yield fatty acid methyl esters. Individual fatty acid methyl esters were
separated on a Varian 3400 gas chromatograph with an SP-2330 capillary column (30 m,
Supelco, Inc., Belfonte, PA), with helium used as the carrier gas. The resulting peaks were
identified by comparison to authentic standards (PUFA 1 and 2; Supelco, Inc. and 22:5n-6,
Nu-Chek Prep, Elysian, MN) and expressed as percent of total fatty acids on the basis of
peak area.

2.6. Data analysis

3. Results

Data are presented as the group means + SEM. The dependent variables for the test
procedure were activity, assessed as distance traveled (m), and time spent in the alcove
(expressed as the percentage of the observation period). Data were analyzed in 5-min time
blocks. Between-time block comparisons of interest were within-period habituation,
recovery of activity upon replacement in the test chamber in Period 2, and stimulation of
activity by the novel spatial stimulus in Period 3. In order to control for differences in
baseline activity [26], these between-time block parameters were calculated as the relative
activity in the first and last time blocks of the relevant behavior period(s) for each rat.
Accordingly, habituation for Period 1 was defined as ratio of the distances traveled in time
blocks 6 and 1. Period 2 recovery was the ratio of distances traveled in time blocks 9 and 6.
Period 2 habituation was the ratio of distances traveled in time blocks 12 and 9. Period 3
stimulation was the ratio of distances traveled in time blocks 15 and 12. Period 3 habituation
was the ratio of distances traveled in time blocks 18 and 15.

Data were analyzed for statistically significant effects by various ANOVA procedures,
followed by Tukey’s or Dunnett’s tests (SYSTAT v.12; Systat Software, Inc, Chicago, IL).
Outliers in the biochemical data identified by Systat were removed. Significance was
assumed at P<0.05. Behavioral data were initially analyzed for all four experimental groups
(15t-litter Control, 2"-litter Control, 15Ulitter Deficient, and 2"-litter Deficient). Because
behavior, as well as brain fatty acid composition and weight were highly similar for 15t-and
2"d.itter Control diet groups, these groups were combined into a single “Control” group (n
= 24-33 at various ages) for the final analysis of the behavioral data.

3.1. Effects of experimental treatments on brain fatty acid composition and growth

In agreement with previous findings [22], three-way ANOVA with factors of diet, litter, and
age indicated significant main effects on brain DHA content of diet (F(1,103)=688.29,
P<0.0001), litter (F(1,103)=18.63, P<0.0001), and an interaction of diet with litter
(F(1,103)=4.92, P<0.05) (Fig. 2). Post hoc analysis of marginal means indicated that the
percentage of DHA in brain phospholipids was not different between 15t- and 2Md-litter
Control pups. Brain DHA of 15&litter Deficient pups was 52% of 15Ulitter Controls
(P<0.001). Brain DHA of 2Md-litter Deficient pups was 35% of 2M-litter Controls (P<0.001)
and was significantly lower than in 15tlitter Deficient pups (P<0.001).

In agreement with previous studies [27], the decrease in brain DHA in pups raised on the
Deficient diet was accompanied by a compensatory increase in the percentage of
docosapentaenoic acid (DPA, 22:5n-6), which exhibited significant main effects of diet
(F(1,105)=1843.32, P<0.001), litter (F(1,105)=7.06, P<0.001), and age (F(5,105)=3.86,
P<0.01), and interactions of diet with litter (F(1,105)=4.92, P<0.05) and diet with age
(F(1,105)=2.76, P<0.05). Post hoc analysis of marginal means indicated that the percentage
of DPA in brain phospholipids was not different between 15t-and 2"%-litter Control pups.
Brain DPA of 15t- and 2"d-litter Deficient pups was 11-times that of their respective control
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groups (P<0.001), and was 10% higher in 15-litter Deficient pups than 2"d-litter (P<0.01).
The main effect of age on brain DPA was such that the percentage of this fatty acid was
22% lower at P70 than at P28 (P<0.01).

The percentage of arachidonic acid (AA) in brain phospholipids exhibited significant main
effects of litter (F(1,105)=20.36, P<0.001) and age (F(5,105)=5.67, P<0.001). Brain AA was
8% higher in 15tlitter pups than in 2"%-litter pups (P<0.001), and decreased with age such
that this fatty acid was 13% lower at P70 than at P28 (P<0.001).

Body weight exhibited significant main effects of age (F(5,323=1124.66, P<0.0001) and
litter (F(1,323=14.28, P<0.0001) by three-way ANOVA with factors of diet, litter, and age,
such that 2"d-litter pups weighed 4% less than 15"-litter pups (P<0.001). There was no main
effect of diet or any significant interaction of factors (Fig. 3).

3.2. Effects of age on behavior in rats raised on the Control diet

Analysis of the data indicated that behavior of 15t-and 2"d-litter Controls was highly similar.
Because brain fatty acid composition and body weight were also highly similar in these
groups, data from 18t-and 2"d-litter Controls were combined into a single Control group for
all subsequent analyses.

At all ages, Control rats exhibited habituation to the environment, recovery of activity when
replaced in a familiar environment, and stimulation of activity by the novel spatial stimulus,
in agreement with our previous study [10]. For distance traveled (Fig. 4A), repeated-
measures ANOVA with factors of age and time block indicated significant main effects of
age (F(5,334)=25.07, 40.828, and 39.231 for Periods 1-3, respectively; all P<0.01), time
block (F(5,1720)=1457.56 for Period 1, F(3,1032)=2093.04 for Period 2, and
F(3,1032)=749.93 for Period 3; all P<0.01) and interactions of age with time block
(F(25,1720)=2.35 for Period 1, F(15,1032)=6.01 for Period 2, and F(15,1032)=3.67 for
Period 3; all P<0.01). In all test periods, distance traveled decreased across time blocks.
Distance traveled also decreased with increasing age in a graded manner. Accordingly, the
total distance traveled for the entire test period was significantly greater (P<0.05) at P28,
P35, and P42 than at P70 during Periods 1, 2, and 3; and also at P49 during Period 3 (Fig.
4B).

Time spent in the alcove during Period 3 varied by time block by repeated-measures
ANOVA (F(3,1032)=332.73, P<0.01), such that all rats spent increasingly more time in the
alcove during Period 3, in agreement with previous findings [10]. However, there was no
effect of age or interaction of age with time block (not shown).

Habituation, recovery of activity in a familiar environment, and stimulation of activity
induced by spatial change also varied by age (Fig. 5). Younger rats exhibited less
habituation such that habituation was significantly less at P28 than at P70 during all three
test periods and also at P35 during Period 3 (P<0.01). Younger rats also exhibited less
recovery of behavior when replaced in the familiar environment in Period 2, which was
significantly less at P28 and P35 than at P70 (P<0.05). The stimulation of activity induced
by the introduction of a spatial change in Period 3 was also smaller in younger rats, and was
significantly less at P28 and P35 than at P70 (P<0.01).

3.3. Effects of diet and litter on behavior across development

Distance traveled, habituation, recovery of activity in a familiar environment, stimulation of
activity induced by spatial change, and alcove time, were analyzed for effects of treatment
(i.e., Control, 15-litter Deficient, and 2"-litter Deficient) and interactions with age.
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In Period 1, distance traveled exhibited significant main effects of age (F(5,332)=23.21,
P<0.001), treatment (F(2,332)=10.21, P<0.001), and time block (F(5,1660)=1278.28,
P<0.001), and interactions of age with time block (F(25,1660)=2.68, P<0.001), and
treatment with time block (F(10,1660)=3.43, P<0.001) by repeated-measures ANOVA with
factors of age, treatment, and time block (Fig. 6). The interaction of age, treatment, and time
block was not quite significant (F(50,1660)=1.35, P=0.052). Post-hoc analysis of the
marginal means indicated that 2"0-litter Deficient rats were 14% more active than Controls
(P<0.01), and 12% more active than 15tlitter Deficient rats (P<0.01) overall. Although the
interaction of age, treatment, and time block was not quite significant (P=0.052), this effect
appeared to be most pronounced at P42 and P49. Habituation in Period 1 exhibited
significant main effects of age (F(5,332)=6.78, P<0.001) and treatment (F(2,332)=4.09,
P<0.05) by two-way ANOVA with factors of age and treatment. Post hoc analysis indicated
that 2"d-litter Deficient rats exhibited less habituation during Period 1 than Controls or 15t
litter Deficient rats (P<0.05) (Fig. 7).

In Period 2, distance traveled exhibited significant main effects of age (F(5,332)=36.61,
P<0.001), treatment (F(2,332)=9.35, P<0.001), and time block (F(3,996)=619.73, P<0.001),
and an interaction of age with time block (F(15,996)=3.60, P<0.001) by repeated-measures
ANOVA with factors of age, treatment, and time block (Fig. 6). Post-hoc analysis of the
marginal means indicated that 2"-litter Deficient rats were 15% and 18% more active than
Controls and 15t-litter Deficient rats, respectively (P<0.01). Period 2 recovery of activity
exhibited significant main effects of age (F(5,330)=4.68, P<0.01) and treatment
(F(2,330)=4.33, P<0.01) by two-way ANOVA with factors of age and treatment. Post hoc
analysis indicated that 2"d-litter Deficient rats exhibited less recovery of activity in Period 2
than Controls or 15-litter Deficient rats (P<0.05) (Fig. 7) Habituation in Period 2 exhibited
only a main effect of age (F(2,330)=7.685, P<0.001).

In Period 3, distance traveled exhibited significant main effects of age (F(5,332)=37.39),
P<0.001) and time block (F(3,996)=1773.65, P<0.001), and interactions of age with time
block (F(15,996)=5.83, P<0.001) and treatment with time block (F(6,996)=3.10, P<0.01) by
repeated-measures ANOVA with factors of age, treatment, and time block (Fig. 6).
However, post hoc analysis of the marginal means indicated that distance traveled by the 15t
or 2"d-litter Deficient groups was not different from Controls during any time block.
Stimulation of activity by the alcove in Period 3 exhibited significant main effects of age
(F(5,331)=18.36, P<0.001) and treatment (F(2,331)=5.83, P<0.01) (Fig. 7), as well as an
interaction of age with treatment (F(10,331)=1.91, P<0.05). Post hoc analysis indicated that
2"d.itter Deficient rats exhibited less stimulation of activity in Period 3 than Controls or 15%-
litter Deficient rats (P<0.05) overall, and that this effect was most pronounced at P42 and
P70 (not shown). Habituation in Period 3 also exhibited significant main effects of age
(F(5,331)=24.14, P<0.001) and treatment (F(2,331)=5.03, P<0.01), but was different only
between 2"%-litter and 15t-litter Deficient rats (P<0.01). Alcove time indicated a significant
effect only of time block (F(3,996)=256.59, P<0.001) (hot shown).

4. Discussion

The behavioral paradigm used in this study assessed exploratory behavior, habituation, and
response to a spatial change in a familiar environment in a single test session and required
no prior training of the animals. Thus, the procedure enabled the evaluation of behavior at
discrete points during development. The behavioral changes occurring during habituation of
the exploratory response reflect an elementary form of behavioral plasticity involving
learning, memory, arousal level, and attention [26,28], processes that are highly relevant to
developmental disorders such as ADHD. This test assessed within-period “habituation”,
which involves gaining familiarity with a novel environment; adaptation in the form of
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between-period habituation, which involves memory of the prior period [26]; and response
to spatial change. As in previous studies [29-31], the present data showed that activity of
rats in this paradigm decreased with age, and older rats exhibited more habituation during
each test period, and exhibited greater novelty-induced stimulation of activity. Mature
patterns of behavior (i.e., not different from behavior at P70) began to emerge by P42 (Figs.
4 and 5). While this change in behavior likely reflects neurodevelopmental maturation of the
animals, it must be noted that the size of the rats also increased as they matured. This raises
the possibility that the changing size relationship of the rat and the apparatus may contribute
to the changes in activity. However, the rats’ weight increased linearly throughout the study
whereas activity plateaued around P56-P70, indicating that weight was not the critical
factor. Even so, the length and volume of the rats were not measured; thus, it is not possible
to eliminate the potential contribution change in size may have made to the changes in
activity. Nevertheless, the present characterization of rats’ behavior with this procedure
enables the assessment of the effects of other manipulations on those parameters in the
developing rat.

Several lines of evidence suggest that low dietary and/or tissue levels of DHA and other n-3
PUFAs are associated with ADHD [11-21]. The present findings indicate that 2"9-litter rats
raised on the n-3 PUFA-deficient diet (65% decrease in brain DHA relative to Controls),
exhibited higher levels of activity during Periods 1 and 2 in the test chamber, less
habituation during Periods 1 and 3, less recovery of activity when replaced in the now-
familiar chamber in Period 2, and less stimulation of activity induced by the novel spatial
stimulus in Period 3 regardless of age (Figs. 6 and 7). Although the 2"%-litter rats fed either
diet were slightly smaller than the 15t-litter, there was no main effect of diet on weight gain
across development. Furthermore, at P56 when a difference in weights was apparent
between treatment groups (P<0.05 by ANOVA and Tukey’s test), the heavier 2M-litter
Deficient animals were more active than the lighter Control rats, contrary to what would be
predicted from the developmental profile of rats in this test paradigm (Fig. 4). Thus, the
differences in behavior at P56 cannot be attributed to differences in weight. Accordingly,
this pattern of behavior suggests that rats with substantially decreased brain DHA exhibit a
more immature pattern of behavior. Furthermore, that 2M-litter Deficient rats exhibited less
habituation during Period 1, and were more active when replaced in the now-familiar
environment in Period 2 but not after the introduction of a novel spatial stimulus (which
produced a powerful stimulatory effect) in Period 3, is consistent with clinical observations
in ADHD [8,9]. The higher levels of activity of the 2nd-litter Deficient rats was most notable
at P42 and P49, suggesting that the effects of decreased brain DHA content may be most
pronounced in the periadolescent period. However, as this study did not examine rats older
than P70, future studies must determine whether higher levels of activity persists throughout
out life or represents a delay in maturation.

Altered motor function in animals with inadequate accumulation of brain DHA during
development has been reported in several previous studies, though the specific effects
varied. We have previously shown increased locomotor activity in rats raised on an n-3
PUFA deficient diet; however, this effect was observed in adult [32,33], and not in immature
rats [33]. Additionally, the rats in those studies had a smaller decrease in brain DHA than
those studied here (—20% and —33%). This discrepancy may also have been due to
differences in the methods and apparatus used (manually-counted line crosses or photocell
cages V. the force-plate actometer) and the length of the observation period (20-30 min. v. 2
hrs). In other studies, the DHA content of rats’ frontal cortex was inversely related to levels
of nocturnal locomotor activity, though these findings differed from the present results in
that rats with low DHA exhibited increased locomotor response to novelty [34]. On the other
hand, adult rats with a 70% decrease in brain DHA demonstrated less exploratory behavior
in a novel environment [35]. Finally, rhesus monkeys with long-term deficiency of n-3
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PUFAs exhibited more stereotyped behavior and locomotor activity than control animals
[36]. Taken together, these studies support a role inadequate DHA accretion in the
modulation of systems affecting motor function, though the relationship between DHA level
and specific behavioral effects appears complex.

The underlying pathology of ADHD involves dysregulation of the CNS dopamine systems,
most notably frontolimbic dysfunction [37]. Dopamine also plays a role in the
neurochemistry underlying the behavioral processes studied here [26]. A number of
alterations in the CNS dopamine systems have been noted in adult rats with decreased brain
DHA content from conception. Rats with multi-generational n-3 PUFA deficiency, which
produces about a 75% decrease in brain DHA, exhibited decreases in the densities of
dopamine-immunoreactive vesicles, D, receptor mRNA, and the vesicular monoamine
transporter (VMAT)>) in the frontal cortex [38—42]. The density of dopamine vesicular
transporter (VMAT>) and amphetamine-stimulated dopamine release also were decreased in
the nucleus accumbens; however, basal dopamine release and the density of D, dopamine
receptors were increased in this brain region [42,43]. Increased expression of D1 and D,
dopamine receptors in cortex, limbic regions, and striatum; decreased expression of tyrosine
hydroxylase in the substantia nigra and ventral tegmental area; and decreased expression of
the monoamine vesicular transporter (VMAT)) in striatum and hippocampus have also been
reported in rats raised on an n-3 PUFA-deficient diet that contained even less a-linoleic acid
than the diet used in this study [44]. Rats prepared identically to the 2n%-litter Deficient pups
used in this study had one-third fewer dopamine neurons in both the substantia nigra pars
compact and the ventral tegmental area compared to controls [45]; however, no differences
in the densities or affinities of D1 or D, dopamine receptors and the dopamine transporter in
the striatum, nucleus accumbens, or striatal and nigral dopamine content or turnover were
detected between 15t or 2nd-litter Deficient rats and Controls that could explain differences
in behavior observed in this study (unpublished observation). Accordingly, the observed
alterations in behavior may be the result of changes in other dopaminergic parameters that
remain to be determined. Furthermore, in addition to affecting the dopamine systems,
inadequate accretion of DHA affects visual function at both the retinal and cortical levels
[46]. The decreases in tissue DHA accretion in our animals would thus be anticipated to
result in poorer than normal vision. However, normal vision in rats is notably poor even with
adequate dietary n-3 PUFAs. Under the low light testing conditions used in this study,
exploratory behaviors in rats rely heavily on olfactory and tactile function, rather than vision
[47]. Even so, effects on the visual system may also contribute to the altered behavior
observed in these studies.

That rats raised on the a-linolenic acid-deficient diet, but with differing brain DHA contents
should exhibit differing behavioral profiles suggests that brain phospholipid fatty acid
composition, rather than dietary a-linoleic acid content, may be the critical factor underlying
the behavioral alterations. Most of the DHA in brain accumulates during later prenatal and
early neonatal life [48]. Although litter order does not affect offspring brain fatty acid
composition if the dam is fed a diet containing adequate a-linoleic acid, the essential fatty
acid precursor of DHA, litter order does affect brain DHA content in rat pups raised from
conception on diets containing inadequate n-3 PUFAs [22]. As such, 2"d-litter pups exhibit a
greater decrease in brain DHA than 15t-litter pups raised on the identical n-3 PUFA-deficient
diet, most likely due to the depletion of maternal DHA stores during gestation and nursing
of the first litter [49,50]. The behavioral alterations observed in this study were observed in
2d_litter Deficient pups, but not in 15-litter Deficient pups, which were raised in the same
diet but have a smaller decrease in brain DHA. This suggests that the resulting brain fatty
acid composition, rather than diet n-3 PUFA content, is the critical factor in producing these
effect. However, consumption of an n-3 PUFA-deficient diet during pregnancy and lactation
is known to also affect maternal brain fatty acid composition and neurochemistry [51,52].
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Despite the extensive literature on the effects of dietary PUFA manipulations in pregnant
and nursing dams, there are no reports on the effects of n-3 PUFA-deficient diets on specific
maternal behaviors, such as time spent in various nursing postures. Although attempts have
been made to differentiate between the contributions of maternal behavior from the effects
of variation in brain fatty acid composition using methods such as artificial rearing [53],
such methods introduce additional potential confounds in the offspring. Furthermore,
because fetal and neonatal brain DHA accumulation is dependent on maternal nutritional
and reproductive status, cross fostering cannot be used to control for maternal variables.
Thus, while it would be desirable to definitively rule out maternal factors in the behavioral
effects presented here, there are currently no satisfactory methods for doing so.
Nevertheless, dams fed the Deficient diet exhibited no gross alterations in maternal behavior
with either their 15t or 2" litters (unpublished observation), and pups reared by dams fed an
n-3 PUFA-deficient diet have been reproducibly shown to exhibit normal weight gain,
which indicates that maternal care was sufficiently normal to result in adequate nutrition
(e.g., Fig. 3, [35,45]).

In summary, in this single-session behavioral paradigm, activity, habituation, and response
to spatial novelty varied by age. Second litter pups raised from conception on an n-3 PUFA-
deficient diet, which had a 65% decrease in brain DHA, exhibited higher levels of activity
that were consistent with a more immature pattern of behavior in the test. That 2n%-litter
Deficient rats exhibited less habituation in Period 1, and higher activity in the familiar
environment in Period 2 but not after the introduction of the novel spatial stimulus in Period
3, is consistent with clinical observations in ADHD. This effect was observed in 2n-litter,
but not 15tlitter pups raised on the same n-3 PUFA-deficient diet, suggesting the behavioral
effects are likely due to differences in brain DHA accumulation during development rather
than the n-3 PUFA content of the diet.
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Fig. 1. Schematic of the experimental apparatus (A) and test protocol (B)
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Fig. 2. Effects of the experimental treatments on brain phospholipid fatty acid composition
Data for docosahexaenoic acid (DHA, 22:6n-3), docosapentaenoic acid (DPA, 22:5n-6), and
arachidonic acid (AA, 20:4n-6) are presented as the group means £ SEM (n = 5-6 per group

selected at random from the total sample). The percentages of DHA and DPA in brain

phospholipids were not different between 15t- and 2"d-litter Control pups. For all ages, brain
DHA of 18t and 2"d-litter Deficient pups was decreased compared to 15t- and 2M-litter
Controls (P<0.001). Brain DHA of 2"d-litter Deficient pups was also lower than 15tlitter
Deficient pups (P<0.001). Brain DPA of 15t- and 2"d-litter Deficient pups was higher than
their respective control groups at all ages (P<0.001). There was a main effect of litter on
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brain AA such that 15tlitter pups had 8% higher AA than 2"-litter pups (P<0.001), but there
was no effect of diet or age.
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Fig. 3. Effects of experimental treatments on body weight

Data are presented as the group means £ SEM. Sample sizes for ages 28, 35, 42, 49, 56, and
70 days, respectively, were 15Ulitter Control: 13, 9, 9, 16, 17, and 14; 2"%-litter Control: 11,
13, 14, 11, 15 and 11; 15-litter Deficient: 15, 17, 19, 20, 14, and 19; 2"%-litter Deficient: 12,
9,9, 9, 13, and 12. There was a significant effect of litter on weight, with 2"9-litter pups
weighing 4% less than 15U-litter pups (P<0.001), but no main effect of treatment or
interaction of litter and treatment.
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Fig. 4. Activity of Control rats in the test paradigm across postnatal development
Activity was assessed on the basis of distance traveled. Data are presented across time
blocks (A) and as the main effect for each test period (B). Data were collected in 5-min time
blocks, were analyzed by repeated-measures ANOVA with factors of age and time block,
and are presented as the group means £ SEM. Sample sizes for ages 28, 35, 42, 49, 56, and
70 days, respectively, were 24, 29, 33, 29, 32, and 31 reflecting the combined 15t and 2nd
Control litters into a single Control group. In Panel A, there were significant main effects of
age and time block, and interactions of age with time block during each of the test Periods
(P<0.01). For clarity, differences between ages in each time block are not indicated. *P<0.05
v. P70 by ANOVA and Dunnett’s test.
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Fig. 5. Habituation, recovery of activity, and novelty-induced stimulation of activity across
postnatal development in Control rats

Data are presented as group means + SEM for each of the three test Periods. Sample sizes
for ages 28, 35, 42, 49, 56, and 70 days, respectively, were 24, 29, 33, 29, 32, and 31
reflecting the combined 15t and 2"d Control litters into a single Control group. Period 1
habituation was calculated as ratio of the distances traveled in time blocks 6 and 1. Period 2
recovery was the ratio of distances traveled in time blocks 9 and 6. Period 2 habituation was
the ratio of distances traveled in time blocks 12 and 9. Period 3 stimulation was the ratio of
distances traveled in time blocks 15 and 12. Period 3 habituation was the ratio of distances
traveled in time blocks 18 and 15. *P<0.05 v. P70 by ANOVA and Dunnett’s test.
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Fig. 6. Effects of dietary n-3 fatty acid content and litter on activity in the test paradigm across
development

Activity was assessed on the basis of distance traveled. Data were collected in 5-min time
blocks, were analyzed by repeated-measures ANOVA with factors of treatment, age and
time block, and are presented as group means £ SEM. Sample sizes for ages 28, 35, 42, 49,
56, and 70 days, respectively, for Control rats were 24, 29, 33, 29, 32, and 31 reflecting the
combined 15t and 2" Control litters. Sample sizes for 1t litter Deficient rats were 15, 17, 20,
19, 16, and 19; and 2" litter Deficient rats were 12, 12, 10, 9, 13, and 12. There was no
significant interaction of treatment and age. The main effect of treatment on distance
traveled is presented in Fig. 7.
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Fig. 7. Main effects of dietary n-3 fatty acid content and litter on total distance traveled (A) and
habituation, recovery of activity, and novelty-induced stimulation of activity (B)

Data are presented as group means + SEM for each of the three test Periods. Sample sizes
were 178 for Control, 106 for 15tlitter Deficient, and 68 for 2M-litter Deficient. Habituation,
recovery, and stimulation were calculated as described for Fig. 5. *P<0.05 v.

Control, TP<0.05 v. 15Ulitter Deficient by ANOVA and Tukey’s test.
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