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Abstract

The present study explored the effects of supplementing male rats with either choline, omega-3
fatty acids, or phytoestrogens, from weaning into early adulthood, on emotionality and
hippocampal plasticity. Because of the neuroprotective properties of these nutrients, we
hypothesized that they would positively affect both behavior and hippocampal function when
compared to non-supplemented control rats. To test this hypothesis, male Sprague Dawley rats
were assigned to one of four nutrient conditions after weaning: 1) control (normal rat chow); 2)
choline (supplemented in drinking water); 3) omega 3 fatty acids (daily oral supplements); or 4)
phytoestrogens (supplemented in chow). After 4 weeks on their respective diets, a subset of rats
began 3 weeks of behavioral testing, while the remaining behaviorally naive rats were sacrificed
after 6 weeks on the diets to assess numbers of adult-born hippocampal neurons using the
immature neuron marker, doublecortin. The results revealed that choline supplementation affected
emotional functioning; compared to rats in other diet conditions, rats in this group were less
anxious in an open field and after exposure to predator odor and showed less behavioral despair
after forced swimming. Similar behavioral findings were evident following supplementation with
omega-3 fatty acids and phytoestrogens supplementation, though not on all tests and not to the
same magnitude. Histological findings followed a pattern consistent with the behavioral findings:
choline supplementation, followed by omega-3 fatty acid supplementation, but not phytoestrogen
supplementation, significantly increased the numbers of new-born hippocampal neurons. Choline
and omega -3 fatty acids have similar biological functions—affecting cell membranes, growth
factor levels, and epigenetically altering gene transcription. Thus, the present findings suggest that
targeting nutrients with these effects may be a viable strategy to combat adult psychopathologies.
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1. Introduction

The developing mammalian brain exhibits significant plasticity and many internal and
environmental variables can influence its organization during this time [1-5]. For example,
optimal levels of certain nutrients during the prenatal and postnatal periods are critical for
normal brain development [6] and contribute to variety in behavioral phenotypes [7,8], like
shaping adult emotional and affective behavior [9]. During adolescence, disturbances in
emotion, including symptoms of anxiety and depression, become more pronounced in at-risk
youth [10,11] and, in the general population, there are correlations between nutrient intake
and cognitive and emotional functioning [12,13]. In the present study, emotional behaviors
were examined in young adult male rats that were supplemented with one of three specific
nutrients from weaning: choline, omega-3 fatty acids, and phytoestrogens. Previous research
suggests that these nutrients are neuroprotective [13], particularly in the hippocampus
[14,15], a brain region that contributes to normal cognitive and emotional functions [16,17].
The hippocampus is markedly sensitive to stress and is adversely affected by it: chronic
stress atrophies hippocampal neurons [18] and decreases adult hippocampal neurogenesis
[19, but see 20]. These kinds of morphological changes are associated with numerous
psychopathologies of mood, including anxiety-related disorders, depression, and
schizophrenia [21, 22]. Thus, we sought evidence that, in addition to affecting emotional
behaviors on tests that index anxiety, fear, and despair, the nutrient supplements may also
increase neural plasticity, indexed by numbers of newborn neurons in the dentate gyrus of
the hippocampus.

The dietary nutrients under investigation in the present study have related functions, but
distinct mechanisms of action. Choline is an essential nutrient with various biological roles
critical to healthy brain function: it is the precursor to the neurotransmitter, acetylcholine
[23,24], promotes cell membrane integrity through its conversion to phosphatidylcholine
[23,25], participates in signaling pathways at the cell membrane [26], and is an important
source of methyl groups, which are critical mediators of epigenetic modifications to gene
expression [23,27]. Prenatal choline availability is integral in normal brain development,
both during neural tube closure in early gestation, and later during the development of the
basal forebrain-hippocampal cholinergic system [26,28]. Choline supplementation during
late pregnancy increases the expression of neurotropic factors [29,30], alters the expression
of genes through methylation reactions [23, 31,32], and increases hippocampal neurogenesis
prenatally [33] and in adulthood [29]. Our recent work also suggest that choline may
modulate emotional behaviors; female rats supplemented with choline prenatally (gestation
day 10 to birth) or postnatally (during the period after weaning and extending past
adolescence: postnatal days 25-50) had less anxiety- and depressive-like behaviors [9].
These behaviors are often accompanied by alterations in hippocampal neurogenesis [34],
suggesting it may be a biological basis of these alterations. Thus, there is compelling
evidence that increased choline availability offers the brain protection from environmental
insults, including stress, [35].

Like choline, omega-3 fatty acids also contribute to the integrity of neuronal plasma
membranes, increase the expression of neurotropic factors [36], and alter DNA methylation
patterns integral for gene expression [37]. The omega-3 fatty acid, docasahexaenoic acid
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(DHA), helps maintain ionic permeability of the membrane and thus synaptic function [36],
and, consistent with the neuroprotective properties of omega-3 fatty acids, normalizes
dysregulation of neurotrophic factors by traumatic brain injury [38]. Omega-3 fatty acids
also regulate cognitive and emotional functioning in humans [36,39-41] and in animal
models [42], and, like choline, may exert these effects through actions on hippocampal
plasticity. The biological functions of phytoestrogens differ from those of choline and
omega-3 fatty acids; their primary mechanism of action is via estrogen receptor binding. In
this way, they affect not only the reproductive system, but also the hypothalamic-pituitary-
adrenal (HPA) axis, and the many brain regions rich in estrogen receptors, including the
hippocampus [43]. Much nutritional phytoestrogen research employs soy, as it contains
isoflavones, a sub-class of phytoestrogens [44]. As a common source of dietary protein,
isoflavones are frequently found in commercial rodent chows and in many processed human
foods, making them an especially physiologically relevant phytoestrogen [44].

Unlike research on choline and omega-3 fatty acids, work examining the behavioral and
neural impacts of phytoestrogens has produced contradictory findings. For example, one
study found that male rats fed a soy-rich diet, compared with rats fed a soy-free diet, were
more anxious in a social interaction test and on an elevated plus maze, and had increased
levels of corticosterone and vasopressin [44]; another study found that male rats fed a soy-
rich diet were less anxious than controls in the elevated plus maze [45]. In contrast to these
conflicting findings of phytoestrogen supplementation in males, phytoestrogen
supplementation appears to have a reliable anxiolytic effect on females, both ovariectomized
and intact [45-47]. This sexually dimorphic response to phytoestrogens also occurs on tests
of learning and memory: phytoestrogen supplementation improved female rats’ performance
on the radial arm maze for visual-spatial memory, but disrupted male performance in the
same task [46]. Research at the molecular level has also yielded mixed results.
Phytoestrogens may activate estrogen receptors a and p (ERa and ER), but the B receptor
is strongly activated by isoflavone phytoestrogens found in soy [46]. Administration of the
ERP agonist diarylpropionitrile (DPN), subcutaneously or orally, had no effect on measures
of anxiety in one study [48], while a separate study found that injecting ERp agonists,
including DPN, directly into the hippocampus decreased anxiety-related behaviors in rats
[49]. Therefore, it is evident that the effects of phytoestrogens on emotional behavior and
hippocampal function is uncertain and the lack of congruent data in the literature warrants
further research to better characterize the role of phytoestrogens in the regulation of
emotional behaviors and hippocampal plasticity.

In order to better understand the impact of essential dietary nutrients on specific emotional
behaviors, the present study compared the effects of nutrient supplementation of either
choline, omega-3 fatty acids, phytoestrogens with regular rat chow. The diets began right
after weaning and continued into young adulthood. A subset of adult rats from each diet
condition underwent behavioral tests and the remaining rats served as cage controls for
assays of hippocampal plasticity. The emotional behaviors under investigation were 1)
anxiety, assessed in the open field and on a test of predator odor; 2) fear, assessed in the
presence of predator odor; and 3) despair, assessed in the forced swim test. Hippocampal
plasticity was assessed with unbiased stereological procedures to estimate numbers of new
immature neurons, marked by immunostaining for the microtubule-associated protein

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MccCall et al.

Page 4

doublecortin (DCX). Overall, our findings support choline’s role in buffering against
anxiogenic experiences and provide compelling evidence that phytoestrogens and omega-3
fatty acids may also possess similar anxiolytic properties. It is expected that this work will
open a line of research surrounding the potential for nutritional therapies to be used as
putative interventions and preventions for emotional disorders.

2. Material and methods

2.1. Animals and Diets

The subjects were 60 male Sprague Dawley rats (CD strain; Charles River Breeders,
Raleigh, NC) that arrived in the colony post-weaning on postnatal day (PD) 23. Rats were
housed in individually ventilated clear polycarbonate cages (30.8 x 30.8 x 18.7 cm; Thoren
Caging Systems, Hazleton, PA) in a colony with a 12:12 h light-dark cycle with lights on at
08:00 h; the colony temperature was 21+2 °C with 40-60% humidity. After acclimating to
colony conditions for 2 days, rats were placed on one of 4 dietary nutrient protocols that
continued for the duration of the study. The protocols were: 1) CONTROL (h=14)—
commercially available rat chow (2016 Teklad Global 16% Protein Rodent Diet; Harlan
Laboratories) without alfalfa or soybean meal, and thus little to no phytoestrogen content
and non-detectable to 20 mg/kg isoflavone concentrations, was available to rats ad libitum
along with free access to drinking water flavored with 50 mM saccharin; 2) CHOLINE
(n=15)—rat chow, as described for the CONTROL protocol, was available ad libitum along
with choline-supplemented drinking water containing 25 mM choline chloride and 50 mM
saccharin; 3) OMEGA (n=15)— rat chow and saccharin-sweetened drinking water was
available ad libitum, as described for the CONTROL rats, and was combined with daily oral
supplements of fish oil (3 g/kg; Sigma Aldrich Chemical Co., St. Louis, MI) containing 20—
31% omega-3 fatty acids as triglycerides; and 4) PHYTO (n=16)—commercially available
rat chow (8640 Teklad 22/5 Rodent Diet; Harlan Laboratories), containing 350-650 mg/kg
isoflavone concentration and thus rich in phytogestrogens, was available ad libitum along
with free access to saccharin-sweetened drinking water.

2.2. Experimental Design and Timeline

To clearly distinguish the effects of these diet protocols on brain and behavior, each group
was further divided into two sub-groups: 1) a behaviorally tested group and 2) a cage control
group that did not undergo behavioral testing but was used for neurogenesis
immunohistochemistry. Thus, for behavioral testing there were n=8 CONTROL, n=10
CHOLINE, n=8 OMEGA, and n=10 PHYTO rats and for neurogenesis measures there were
n=6 CONTROL, n=5 CHOLINE, n=6 OMEGA, and n=7 PHYTO rats; assignment to
experimental groups was random. Behavioral testing began after rats were on their
respective diet protocols for 4 weeks and they were all tested on each of the 3 tests described
below, one test per week for a total of 3 weeks. To gather evidence of the effects of the diet
protocols on neurogenesis after the same approximate duration of diets, we aimed for the
center of the behavioral test period to sacrifice the cage controls. Thus, they were sacrificed
after being on the diet protocols for 6 weeks. All procedures were carried out during the
light phase and were evaluated and approved by Colby College’s Institutional Animal Care
and Use Committee in line with federally regulated standards.
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2.3. Behavioral Tests

Each of the tests described below were selected as excellent indicators of rats” emotional
reactivity to novel places and stimuli and with each test there was a general increase in the
robustness of the emotional response rats typically have in them [9]. Emotional behaviors
under investigation were exploration, anxiety, fear, and despair. As mentioned above,
behavioral tests began for a subset of rats after 4 weeks on the diet protocols, during PD 51—
72, and diets were continued throughout the testing period.

2.3.1. Open field—This is a widely used assay of activity levels and anxiety-like behavior
in rats. The field was a large, 100 x 100 cm arena constructed of wood and painted black. A
CCD camera was ceiling-mounted above the center of the maze and attached to a laptop
computer running HVS Image 2020 software (HVS Image Ltd., Buckingham, UK). Rats
were placed in the field, one at a time, and allowed to freely explore the field for 5 minutes.
The software tracked and analyzed each rat’s path within a 4 x 4 grid digitally overlaid on
the field, creating 16 equal-sized squares. General activity was gauged by the overall number
of squares rats entered whereas anxiety-like behavior was gauged by the number of entries
rats made into the 4 center squares.

2.3.2. Predator odor—The purpose of this test was twofold: 1) to assess the reaction of
rats to a noxious, fear-inducing stimulus (cat odor from a collar), and 2) to assess the
reaction of rats to the same environment in the absence of the cat collar. This test was
therefore conducted over a two-day period. The test area was a novel 70 x 70 cm open field
with 60 cm high walls constructed of wood and painted beige. In one corner of the field
there was a small wooden shelter, approximately 10 cm?3, with a small opening on the side
facing into the center of the field. In the opposite corner was a small petri dish (6 cm
diameter). On the first day each rat was placed in the field, individually, starting in the
shelter. On this day the petri dish in the opposite corner contained a 1 cm segment of a worn
cat collar. The collars were worn by a domestic house cat for 2 weeks and upon removal
were segmented into small 1cm pieces, placed in sealed plastic containers, and stored at
—20°C until used in the test. The latency to the first time the rat poked its head out of the
shelter, or “head-out’, and the latency to emerge from the shelter were the primary dependent
measures. On the second day, each rat was placed in the shelter in the field again, except this
time the petri dish contained a 1 cm segment of cat collar that had not been worn by a cat.
These collars were treated exactly the same in all other regards. Once again, the latency to
the first head-out and the latency to emerge from the shelter were recorded. Additionally, on
both days, numbers of head-outs and the time spent proximal to the collar segments (within
5 cm) was recorded.

2.3.3. Forced swim—The forced swim test is used to gauge behavioral despair in rats by
exposing them to an inescapable column of water. This test was conducted using a glass
cylinder that was 25 cm in diameter and 75 ¢cm high. The cylinder was filled with 25°C
water to a height of 40 cm. All rats received two experiences in the water column as
described by Porsolt et al., 1978 [50]. The first experience was considered the ‘induction
phase’: the rat was placed in the cylinder of water, from which there was no escape, for 10
minutes. This experience was intended to induce a state of despair in the rats and the extent
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to which it was psychologically traumatic was then indexed in the second experience in the
water column. The second experience was considered the ‘assessment phase’: 24 hours after
the first phase rats were placed in the water column again, this time for 5 minutes. In this test
an altered mood state, or despair, is generally expected to appear in the assessment phase
and is indexed by the emergence and extent of immobility displayed by the rats. The
criterion for immobility was a minimum of 3 seconds without movement except for small
movements made by the rat to keep its head above the water. All swim sessions were
videotaped and an experimenter, blind to the diet condition of the rats, coded behaviors of
rats in the water columns from the digital records.

For both the induction and assessment phases of the test, we recorded the latency to the first
instance of immobility meeting the criterion; this measure allowed us to evaluate how
quickly rats ‘gave up’ in each phase of the test. We then recorded the amount of time each
rat spent immobile during each minute of each test; this allowed us to study the progression
of immobility over the course of each test. Using the data from each minute of each phase of
the test we were also able to obtain the total amount of time rats spent immobile during
induction and assessment.

2.4. Doublecortin Immunohistochemistry

As previously mentioned, the rats that were not behaviorally tested were used for
immunohistochemistry. Because behavioral testing was conducted during weeks 5, 6, and 7,
the cage-control rats were sacrificed after 6 weeks on the diet protocols (PD 65) to gather
evidence regarding the effects of the diets on hippocampal neurogenesis at about the same
time that behaviors in their matched cohort were assessed. Rats were deeply anesthetized
with isoflurane delivered in 1.5% oxygen and decapitated. Brains were rapidly extracted and
post-fixed in 4% paraformaldehyde for 2 weeks prior to being transferred to 0.1% sodium
azide for storage until processing.

Every 4th 60-um section through the rostral-caudal extent of the hippocampus in one
hemisphere, obtained using a vibratome, was retained for doublecortin (DCX)
immunohistochemistry, as described in Glenn et al., 2007 [29]. DCX is a microtubule-
associated protein that is preferentially expressed in immature, newly born neurons that are
still in the process of migrating and extending axons. This protein is highly expressed during
development but is still evident in adult neurogenic regions, like the dentate gyrus of the
hippocampus. To mark for it, free-floating sections were rinsed in Tris-buffered saline (TBS;
pH 7.3), treated with 0.6% hydrogen peroxide for 30 minutes, and incubated in a blocking
solution containing 0.1% Triton X-100 (TTX; Sigma-Aldrich) and 3% normal horse serum
(NHS; Vector Laboratories, Burlingame, CA) in TBS for 30 minutes at room temperature.
Tissue were then incubated with the primary antibody—an affinity purified polyclonal goat
antibody raised against a peptide mapping at the carboxy terminus of human DCX (1:200;
Santa Cruz Biotechnology, Santa Cruz, CA)—overnight at 4°C. The next day the tissue was
rinsed in TBS and incubated with the secondary antibody (biotinylated horse anti-goat
1:200; Vector Laboratories) for 2 hours at room temperature. After rinsing again in TBS,
tissue was incubated in an avidin-biotin complex (ABC, Vector Laboratories) for 1 hour at

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 November 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MccCall et al. Page 7

room temperature, rinsed again in TBS, and developed with vector grey (Vector
Laboratories).

2.5. Unbiased Stereology

Numbers of new neurons in the dentate gyrus of the hippocampus were estimated using
unbiased stereological techniques [51,52] and this methodology is described in detail in
Glenn et al., 2007 [29]. In brief, five sections through the rostral-caudal extent of the dorsal
hippocampus of each rat were sampled. Contours were drawn around the full extent of the
dorsal and ventral blades of the dentate gyrus in each section for each rat using
Stereolnvestigator (Microbrightfield Inc. Williston, VT). The software then systematically
sampled through the outlined region and an experimenter blind to the conditions of the rats
marked cells positive for DCX. We used an 80 x 80 um counting frame and analyzed 20-40
sites per section, yielding 100-200 frames per rat. These parameters resulted in suitable
numbers of DCX+ neurons for sampling. For analysis, an optical dissector height of 20 pm
with 2 pm guard zones was used and cells were identified at 400x magnification. The
volume of the dentate gyrus region sampled was derived from the size and spacing of the
contours [51] and humbers of DCX+ neurons were determined per volume of dentate gyrus
in each rat to overcome potential individual or group differences in contour and region size.

2.6. Statistical Analyses

Mean values and standard error of the mean were calculated for dependent measures and are
displayed in figures. The dependent measures were analyzed using one-way analyses of
variance (ANOVA), with Diet as the between-subjects factor (CONTROL, CHOLINE,
OMEGA, AND PHYTO). Each forced swim session was analyzed using mixed factorial
ANOVAs with Diet as the between-subjects factor and Minute of the session as the within-
subjects factor. When ANOVAs were statistically significant, differences amongst the four
groups were investigated using the post-hoc tests of Least Significant Difference (LSD).
Based on the statistical models outlined by Keppel & Wickens, 2004 [53], we conducted
planned comparisons to address a priori predictions about group differences when ANOVAs
were not statistically significant. We did this to pursue our a priori hypotheses that each diet-
manipulated rats would be different from control-fed rats; for each comparison the Fis
calculated based on the comparison mean square and the omnibus error term from the
overall ANOVA [53]. As these a priori predictions pertain only to the difference between
each diet group and the CONTROL group (we did not have predictions for how, or whether,
the diet groups would differ from each other), just three planned comparisons per analysis
out of eight possible comparisons were conducted. Accordingly, the risk of inflating type 1
error rates with multiple comparisons was considered modest and tests were therefore
uncorrected and, for all statistical tests, statistical significance was set at p<0.05.

3. Results

3.1. Behavioral Tests

3.1.1. Open field—Figures 1 and 2 show the results of the 5-minute open field test. An
ANOVA conducted on total numbers of grid entries in the field was statistically significant
(A3,32]=4.115, p = 0.014; Fig. 1A) and posthoc tests revealed that rats in the CHOLINE
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group entered significantly more squares than rats in the OMEGA and PHYTO groups
(0=0.002 and ,5=0.020, respectively). CHOLINE and PHYTO rats were not significantly
different from CONTROL rats (£°s>0.05) but there was a tendency for OMEGA rats to enter
fewer squares than CONTROL rats, though it was not statistically significant (p=0.056). To
more closely pursue these patterns, numbers of grid entries were gathered over different
parts of the 5-minute test: the first minute was analyzed separately and the last 4 minutes
were analyzed together in blocks of 2 minutes. As can be seen in Fig. 1B, all experimental
groups had fewer grid entries during the first minute and there were no statistically
significant differences among them (A[3,32]<1). A mixed factorial ANOVA revealed no
significant difference between the first and second blocks of 2 minutes (F[1,32]<1) and no
interaction between blocks and diet (F[3,32]=1.132, p=0.347). However, as evident in Fig.
1B, there was an increase in the number of grid entries for CONTROL and CHOLINE rats
compared to OMEGA and PHYTO rats in the second and third minutes and the maintenance
of this increase in the CHOLINE rats (p=0.032 compared to CONTROL) in the fourth and
fifth minutes.

An ANOVA conducted on numbers of entries into the center squares only was not
statistically significant (A3,32]=1.880, p=0.153; Fig. 2A). However, as can be seen in Fig.
2A, the OMEGA rats entered fewer center squares than all the other groups. As for total grid
entries, rats’ entries into center grids was also analyzed across the 5-minute test (Fig. 2B).
There were no significant differences amongst the groups during the first minute
(F[3,32]<1), the later minute blocks significantly different (F[1,32]<1), and the interaction
between blocks and diets was not significant (F[3,32]=2.159, p=0.112). However, as is plain
from Fig. 2B, the CHOLINE rats displayed significantly more center grid entries during the
second and third minutes of the test (p=0.016 compared to CONTROL).

3.1.2. Predator odor—Figures 3 and 4 show the results of the predator odor test. An
ANOVA conducted on the latency to the first head-out on the first day of predator odor
testing, when cat odor was present in the apparatus, was not statistically significant
(A3,32]=2.618, p=0.068; Fig. 3A). However, as can be seen in Fig. 3A, there was a
tendency for CHOLINE rats to take longer to make their first head-out, but it was not
significantly longer than CONTROL rats (p>0.05). An ANOVA conducted on the latency to
emerge from the shelter on the first day was also not statistically significant (A3,32]<1,
p=0.504; Fig. 3B); however, again, CHOLINE rats had a tendency to take longer to emerge
and this was significantly different from the emergence latency of CONTROL rats
(0=0.040). On the second day of predator odor testing, when cat odor was not present in the
apparatus, an ANOVA conducted on latency to the first head-out was statistically significant
(A3,32]=8.860, p<0.001; Fig. 3C). Posthoc tests revealed that each diet-manipulated group
was significantly faster to make the first head-out than the CONTROL group (versus
CONTROL.: all p’s<0.001). There were no significant differences among the diet-
manipulated groups. An ANOVA conducted on the latency for rats to emerge from the
shelter was also not statistically significant (A3,32]=1.622, p=0.204; Fig. 3D), though
CHOLINE rats emerged significantly faster than CONTROL rats (p=0.041).

Additional measures of number of head-outs and time spent within 5 cm of the collar
segments on both days of testing yielded a similar pattern of results. Though all diet-treated
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groups, compared to CONTROL, had more head-outs in the presence of cat odor, the
ANOVA results were not statistically significant (A3,32]<1). Additionally, CHOLINE rats
did have significantly more head-outs on this test than CONTROL rats (p=0.046; Fig. 4A).
A similar pattern emerged for time spent near the cat collar: CONTROL rats spent the least
amount of time near the cat collar but the ANOVA was not statistically significant
(A3,32]<1). In this case, CHOLINE rats were not significantly different from CONTROL
rats, though the test result approached statistical significance (p=0.053; Fig. 4B). On the
second day, without the cat odor, all diet-treated groups again displayed more head-outs than
the CONTROL group but failed to reach statistical significance (A3,32]=1.213, p=0.321). In
this case, the difference between CHOLINE and CONTROL rats only approached
significance (p=0.056), whereas the difference between PHYTO and CONTROL rats was
significant (p=0.027; Fig. 4C). An ANOVA on time near the collar segment on the second
day of testing was significant (A3,32]<1) and there were no significant differences between
CONTROL rats and any diet-treated groups (all ps<0.05; Fig. 4D).

3.1.3. Forced swim—Figure 5 shows the results of the ‘induction’ phase of the forced
swimming procedures. An ANOVA conducted on the latencies of rats to display immobility
during induction was not statistically significant (A3,32]=1.694, p=0.188; Fig. 5A). As can
be seen in Fig. 5A though, the diet-treated rats all took longer than CONTROL rats to
become immobile. Planned comparisons revealed that this difference was only statistically
significant for CHOLINE rats (p=0.017; all other p’s>0.05). A 4x10 mixed factorial
ANOVA on immobility during each minute of the 10-minute session revealed a statistically
significant main effect of Minute (A9,288]=75.196, p<0.001; Fig. 5B). Neither the main
effect of Diet (A3,32]<1; Fig. 5C) nor the interaction between Diet and Minute
(F27,288]=1.471, p=0.066; Fig. 3C) was statistically significant.

Figure 6 shows the results of the ‘assessment’ phase of the forced swimming procedures. An
ANOVA conducted on the latencies of rats to display immobility during assessment was not
statistically significant (A3,23]=1.275, p=0.300; Fig. 6A). However, as seen during
induction, all diet-treated groups took longer to become immobile than CONTROL rats
during assessment. Also as in induction, this was difference was only statistically significant
for CHOLINE rats (p=0.030; all other p’s>0.05). A 4x5 mixed factorial ANOVA on
immobility during each minute of the 5-minute session revealed a significant main effect of
Minute (H4,128]=29.605, p<0.001) and a significant interaction between Diet and Minute
(A12,128]=2.831, p=0.002; Fig. 6C). As can be seen in Fig. 6C, CHOLINE (p=0.020) and
OMEGA (p<0.001), but not PHYTO (p=0.385), rats showed significantly less immobility
during the first minute of the assessment when compared to CONTROL rats. Overall,
however, the main effect of Diet was not statistically significant (A3,32]<1; Fig. 6B).

3.2. Unbiased stereology

Figure 7 shows the histological results, including volume estimates and the density of DCX+
neurons per 108 pm3 volume of dentate gyrus as a function of the diet treatments. An
ANOVA on the volume estimates was statistically significant (A3,20]=3.735, p=0.028; Fig.
7A) and post hoc tests revealed significantly less volume of dentate gyrus in OMEGA and
PHYTO rats compared to CONTROL rats (0=0.006 and p=0.014, respectively), but the
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volume of dentate gyrus in CHOLINE rats was not significantly different from CONTROL
rats (0=0.103). An ANOVA on the density of DCX+ neurons was also statistically
significant (A3,20]=2.998, p=0.05; Fig. 7B). As seen in Fig. 7B, CHOLINE (p=0.019) and
OMEGA (p=0.016), but not PHYTO (p=0.101), rats had significantly higher densities of
DCX+ neurons than CONTROL rats.

4. Discussion

The main objective of the present study was to examine emotional functioning in young
adult rats that received supplements of the essential dietary nutrients choline, omega-3 fatty
acids, or phytoestrogens beginning just prior to adolescence and continuing into early
adulthood. These nutrients were selected for their putative neuroprotective properties and
were expected to attenuate adverse reactions of rats to a series of anxiety-provoking
situations. Overall, the findings provided evidence for this hypothesis: in general,
supplemented rats displayed a phenotype of enhanced emotional functioning, but some
nutrients exerted larger behavioral and neural effects than others. For example, choline
consistently exerted the largest change to emotional behavior, followed by omega-3 fatty
acids. Phytoestrogens, however, exerted only modest effects on behavior. Additionally,
omega-3 fatty acids and phytoestrogens sometimes yielded mixed effects in the different
tests. We also sought evidence to support the hypothesis that periadolescent nutrient
availability increases hippocampal neurogenesis in adult rats. This hypothesis emerged in
light of putative links between psychopathologies linked to stress, emotional functioning,
and hippocampal neural plasticity. Data gathered to test this hypothesis were collected in a
matched cage-control cohort of behaviorally naive rats and were consistently in line with the
behavioral findings; specifically, choline and omega-3 supplements produced a significant
increase in the number of newly born hippocampal neurons, while supplements of
phytoestrogens did not. Taken together, the present behavioral and neurological findings
offer novel insight into the ways in which these specific nutrients may be neuroprotective
against the emergence of debilitating psychopathologies.

The positive effects on emotional functioning and hippocampal plasticity seen in the
choline-supplemented rats in the present study fit well with past research on this essential
dietary nutrient at both prenatal and perinatal windows of sensitivity, suggesting both
preventative and curative roles. Prenatal choline supplementation may protect the brain from
various assaults, like advanced age, neurotoxin exposure, and seizures, through its actions on
neural plasticity and growth factor expression [29,30,54,55]. Neonatal choline
supplementation is also neuroprotective, effectively reversing many of the adverse effects
resulting from prenatal trauma, such as ethanol exposure [56] and stress to the mother during
pregnancy [35]. Previous work clearly shows that supplementing rats with dietary choline
perinatally enhances overall cognitive function and slows normal age-related cognitive
decline [57,58]. Importantly, its specific enhancement of hippocampal neurogenesis and
BDNF expression likely underlie our recent findings indicating that prenatal and adolescent
choline supplementation results in antidepressant [9] and antischizophrenic [35] properties
in adulthood.
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Consistent with these previously reported effects with prenatal choline supplementation [9]
are the present that choline-supplementation later in life increased activity in the open field,
enhanced vigilance to predator odor with reductions in persistent anxiety, and less despair in
the forced swim test. Furthermore, these behavioral effects were accompanied by increases
in hippocampal neurogenesis. It should be noted that the behavioral effects in the present
study were more modest than previously reported [9]; however, the previous report utilized
female subjects. Male and female rats, even when standard-fed, display differences in
emotional functioning; male rats are reportedly more anxious and reactive in tests like those
utilized here [59]. Even so, the difference in the magnitude of choline’s effects is important
and suggests that the robustness of choline’s neuroprotection may be sexually dimorphic,
which is unsurprising, as dietary need for choline intake is sexually dimorphic [60].
Additionally, though choline supplemented rats in the present were more active in the
perimeter and center of the open field compared to control-fed rats, this difference was only
statistically significant during the second and third minutes of the test for center activity and
the fourth and fifth minutes of the test for overall activity. However, the choline
supplemented rats were clearly more active than the other diet groups in this test and the
combination of this pattern with the findings in the other tests adds to our interpretation of
their decreased emotional reactivity.

In particular, during predator odor testing, the choline supplemented rats were slower to
emerge from the shelter in the presence of the cat odor and faster to emerge in its absence.
Thus, one interpretation is that these rats were better able to detect the odor and thus
regulated their behavior accordingly. However, CHOLINE rats also displayed an increase in
head-outs in the presence of cat odor and more time in proximity to the cat odor. These
measures are similarly impacted by anxiolytic drugs [79], further supporting the phenotype
of decreased anxiety in the CHOLINE rats. Nonetheless, it is possible that enhanced odor
discrimination and decreased emaotionality contributed to their performance. Given that
choline supplementation increases adult hippocampal neurogenesis, it is also possible that it
increases olfactory bulb neurogenesis. This may be a key mechanism underlying enhanced
odor discrimination [80] and altered reactivity to the predator odor and would be an
important next step in this work.

While the findings from the choline supplemented rats fit well with our hypotheses and past
research, the findings from the rats supplemented with omega-3 fatty acids were not as well
defined. These rats tended to be less active in the open field than all other groups, suggesting
an anxiogenic effect on this test. However, this was mainly on overall activity in the field
and primarily on the second and third minutes of the test; fewer differences were evident on
center activity suggesting that these groups were not displaying more anxious-like behavior.
Additionally, these rats displayed decreased despair and less anxiety in the context
previously associated with predator odor. In particular, the finding that omega-3 fatty acid
supplementation produced decreased despair in the forced swim test is well supported by
previous reports that deficiencies in omega-3 fatty acids are linked with increased incidences
of depression. For example, depressed suicide victims have lower DHA than healthy (i.e. no
cardiovascular disease) controls [61], and major depressive disorder (MDD) patients have
low evening DHA levels [62]. Low levels of DHA are also linked with other behavioral
disorders, such as attention deficit hyperactivity [63] and autism spectrum disorder [64].
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Disturbances in emotional behaviors are consistent with these disorders, thus the present
finding of decreased anxiety in the predator odor test in omega-3 fatty acid supplemented
rats suggests that it may have broader efficacy in stabilizing mood in humans. Accordingly,
increased DHA levels have improved behavioral disorders: an improvement of major
depression has occurred with increased levels of erythrocyte DHA [65], and
supplementation improved impairment of social interaction in humans with ASD [66].

Like choline supplementation and consistent with the present behavioral findings and past
reports [66], omega-3 fatty acid supplementation increased numbers of newborn neurons in
the hippocampus. Given that the most pronounced behavioral and physiological changes
were in our choline- and omega-3 fatty acid- supplemented rats, it is not surprising that these
nutrients have several over-lapping functions. Both choline [5,31,67] and omega-3 fatty
acids [68] can epigenetically regulate gene expression, act as structural components of cell
membranes, and serve as methyl donors in the one-carbon cycle. An interesting recent study
found that maternal deficiency in B12, another one-carbon metabolite similar to choline
[69], significantly reduced antioxidant defense enzymes while omega-3 supplementation
partially rescued this effect [70]. This result suggests that the mechanism by which choline
and omega-3 fatty acids exert their neuroprotective effects has some, but not perfect,
overlap. Nonetheless, these similarities in basic function may underlie their shared
behavioral and neural effects.

Another shared metabolic mechanism of choline and omega-3 fatty acids that may have
contributed to their effects on behavior and brain seen in the present study is their actions on
growth factor expression [71,72]. In addition to their antidepressant properties [9,66], both
choline and omega-3 fatty acids show promise as potential nutrient preventatives against the
onset of other neurological disorders, such as schizophrenia [35, 73]. In a recent study using
an MK-801-induced model of schizophrenia, a choline supplemented diet in early
adolescence (i.e. after weaning, for 25 days) elevated cognitive abilities to levels of controls
(i.e., no MK-801; [35]). Similarly, omega-3 fatty acid supplementation prevented the onset
of ketamine-induced schizophrenia-like symptoms in Wistar rats [73]. Additionally,
supplementation with choline [55] or omega-3 fatty acids [74] also contributed to the
prevention of physiological changes associated with epilepsy. Choline and omega-3 fatty
acid’s similar mechanisms, biological changes, and behavioral effects demonstrate the
importance of both nutrients in maintaining mental health.

In contrast to rats treated with choline and omega-3 fatty acid supplementation, rats in the
present study that were supplemented with phytoestrogens, when compared to control-fed
rats, exhibited fewer differences on behavioral tests and had similar rates of hippocampal
neurogenesis. These results were not surprising given the discrepancies in the current
literature regarding phytoestrogens’ effects on mental health [46] but are consistent with past
research findings that this nutrient has little impact on emotional behaviors [44,48]. In
general, based on these findings, it is unlikely that increasing amounts of phytoestrogens in
the human will adversely impact emotional function, but it may do less to protect against
psychopathologies.
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The link between emotional behaviors and hippocampal neurogenesis is well described: all
known effective antidepressant drugs decrease emotional reactivity and increase
neurogenesis [75]. Supporting this, Santarelli and colleagues [76] found that antidepressant
drugs failed to exert positive behavioral outcomes in tests of emotionality when their
neurogenic effects on the hippocampus were blocked. Additionally, chronic stress decreases
neurogenesis, increases emotional reactivity, and is a potent contributing factor in mood
disorders [77,78]. We provide further support to these patterns: in the present study, those
diet manipulations with the biggest positive effects on emotional behaviors also significantly
increased hippocampal neurogenesis. We purposefully chose not to conduct our behavioral
and neural assays in the same groups of rats, as behavioral experiences are likely to affect
hippocampal plasticity themselves. Thus, the design of the present work allowed us to
determine whether choline and omega-3 fatty acid supplementation increased hippocampal
neurogenesis during the time of behavioral testing. The significant decreases in dentate
volume observed in rats supplemented with phytoestrogens and omega-3 fatty acids,
compared to the control-fed rats, was an unexpected finding that stands in contrast to the
increases in numbers of new born neurons in that region in all groups, though only
statistically significant for choline- and omega-3 fatty acid supplemented rats. The volume
measure, however, was dependent on the user-defined contour setting and thus may not
accurately reflect the true volume of the region. It was, though, instrumental to our use of a
density measure for DCX+ neurons. Nonetheless, that there may be significant structural
changes is a possibility that warrants further investigation.

5. Conclusions

Overall, this study highlights the potential for choline and omega-3 supplementation to
positively modulate emotional function, particularly when supplementation begins during
sensitive developmental periods, and that they may have long-lasting beneficial effects
extending into adulthood. Though the effects reported here were modest, the patterns were
consistent over multiple tests and measures. Indeed, these modest effects are noteworthy
given that only a single nutrient was manipulated in each group and these manipulations
began long after the prenatal and early postnatal period, when the brain is exquisitely
sensitive to the environmental factors. These results suggest that the brain continues to be
sensitive to these effects later in life, in this case during adolescence. Future studies should
focus on identifying which of the shared metabolic roles underlies these alterations in
behavior and whether these effects are sensitive to amount of supplementation and specific
developmental periods.
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Research Highlights

. Postweaning nutrient supplementation reduced emotional reactivity in adult
male rats

. Choline and omega-3 fatty acid supplementation reduced anxiety and despair

. Phytoestrogen supplementation yielded mixed results on behavioral tests of
emotion

. Choline and omega-3 fatty acid supplementation increased hippocampal

neurogenesis

. Phytoestrogen supplementation did not increase hippocampal neurogenesis
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Figure 1.
Overall activity of rats in the open field as a function of dietary condition. A 4x4 grid was

digitally superimposed on the field; the total number of grid entries (A) was used to gauge
the general activity levels of the rats in the field. Numbers of grid entries in the first minute,
the second and third minutes combined, and the fourth and fifth minutes combined (B) are
also shown. Bars are £SEM. *p<0.05
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Figure 2.

Anxious-like behavior of rats in the open field as a function of dietary condition. A 4x4 grid
was digitally superimposed on the field; the total number of center grid entries (A) was used
to gauge the anxiety levels of the rats in the field. Numbers of center grid entries in the first
minute, the second and third minutes combined, and the fourth and fifth minutes combined
(B) are also shown. Bars are +SEM. *p<0.05 compared to CONTROL
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Figure 3.
Behavior of rats in response to predator odor as a function of dietary condition. The top

panels show the latency of rats to the first head-out of (A) and latency to emerge from (B) a
safe area in the environment on the first day of the test when predator odor (a collar worn by
a domestic cat) was present. The bottom panel shows the latency to the first head-out (C)
and to emerge (D) on the second day when there was no predator odor. Bars are +SEM.
*p<0.05
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Figure 4.
Behavior of rats in response to predator odor as a function of dietary condition. The top

panels show the number of head-outs of (A) and the amount of time rats spent near the collar
(B) on the first day of the test when predator odor (a collar worn by a domestic cat) was
present. The bottom panel shows the number of head-outs (C) and time near the collar (D)
on the second day when there was no predator odor. Bars are £SEM. *p<0.05; #p<0.06
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Minute of 'Induction' Session

Response of rats to the first forced swimming exposure (induction) as a function of dietary
condition. Top panels show the latency to the first instance of immobility (A) and the total
amount of time spent immobile during the 10-minute test (B). The bottom panel (C) shows
the time spent immobile during each minute of the 10-minute session. Bars are +SEM.

*p<0.05
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Figure 6.

Response of rats to the second forced swimming exposure (assessment) as a function of
dietary condition. Top panels show the latency to the first instance of immobility (A) and the
total amount of time spent immobile during the 10-minute test (B). The bottom panel (C)
shows the time spent immobile during each minute of the 10-minute session. Bars are
+SEM. *p<0.05
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Figure 7.
Adult hippocampal neurogenesis as a function of dietary condition. Top panels show the

average volume of the region of dentate gyrus sampled (A) and the density of neurons
stained positively for the immature neuron marker, doublecortin (B). Bars are +SEM.
*p<0.05 The bottom panel (C) shows photomicrographs of DCX-labeling in the dentate
gyrus from a representative rat from each diet condition; top photomicrographs are 100x
magnification and bottom photomicrographs are 200x magnification. Bars in CONTROL
images represent 25 um and apply to all images in the corresponding row.
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