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Abstract

Dietary omega-3 fatty acid (i.e. docosohexaenoic acid (DHA)) and exercise are gaining recognition
for supporting brain function under normal and challenging conditions. Here we evaluate the
possibility that the interaction of DHA and exercise can involve specific elements of the synaptic
plasma membrane. We found that voluntary exercise potentiated the effects of a 12-day DHA dietary
supplementation regimen on increasing the levels of syntaxin 3 (STX-3) and the growth-associated
protein (GAP-43) in the adult rat hippocampus region. STX-3 is a synaptic membrane-bound protein
involved in the effects of DHA on membrane expansion. The DHA diet and exercise also elevated
levels of the NMDA receptor subunit NR2B, which is important for synaptic function underlying
learning and memory. The actions of exercise and DHA dietary supplementation reflected on
enhanced learning performance in the Morris water maze as learning ability was associated with
higher levels of STX-3 and NR2B. The overall findings reveal a mechanism by which exercise can
interact with the function of DHA dietary enrichment to elevate the capacity of the adult brain for
axonal growth, synaptic plasticity, and cognitive function.
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1. Introduction

The omega-3 fatty acid, docosahexaenoic acid (22:6n-3, DHA), is critical for CNS
development and is regarded essential for brain's structure and function (Gomez-Pinilla,
2008). DHA supplementation has been shown to enhance hippocampal-dependent learning
and memory (Holguin et al., 2008; Wu et al., 2008) in rodents, and to reduce the incidence of
mood disorders in humans (Gomez-Pinilla, 2008; Jacka et al., 2004).

The actions of DHA on several neural processes have been identified in vitro or in vivo such
as promoting growth of hippocampal neurons, reducing inflammation, and improving signal
transduction and neurotransmission (Calderon and Kim, 2004; Horrocks and Farooqui, 2004,
Stillwell et al., 2005). DHA is an important constituent of neuronal membrane phospholipids
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in the brain, reaching up to 17% of the total fatty acids (Horrocks and Farooqui, 2004; Salem
etal., 2001). The flexibility of DHA within the lipid bilayer provides cell membranes with the
fluidity (Hashimoto et al., 2006; Suzuki et al., 1998) required for proper functioning during
axonal and synaptic growth (Teague et al., 2002). Although DHA is critical for brain function,
the brain and body are inefficient at synthesizing DHA (Kim, 2007). This has suggested to us
that the brain may have intrinsic strategies to preserve membrane DHA. Given that exercise is
a crucial component of daily living, we have initiated studies to determine the influence of
exercise on molecular mechanisms associated with the metabolism and function of DHA in
the hippocampus.

Like DHA dietary supplementation, exercise influences synaptic function and plasticity
(O'Callaghan et al., 2007; Vaynman and Gomez-Pinilla, 2005; Wu et al., 2008). Exercise acts
on specific molecular systems that control axonal growth and synaptic plasticity, which are
also modulated by a DHA diet (Ding et al., 2006; Farmer et al., 2004; Vaynman et al., 2006;
Wau et al., 2008), such as growth-associated protein 43 (GAP-43) (Chytrova et al., 2008;
Gomez-Pinillaetal., 2002). Additionally, exercise can affect the NR2B subunit of the NMDA
receptor, which is implicated in positively modulating synaptic growth and plasticity (Loftis
and Janowsky, 2003; Xu et al., 2005). Illustrating the effects of exercise on NMDA function,
it has been shown that the application of NR2B subunit antagonists abolishes the effects of
exercise on receptor-dependent LTP in the mouse dentate gyrus (Vasuta et al., 2007). Like
exercise, a DHA-enriched diet has been shown to increase NR2B levels in association with
improved cognitive performance in rodents (Calon et al., 2005; Dyall et al., 2007; Mesches et
al., 2004). Accordingly, the study of NR2B seems important to understanding how the DHA
diet and exercise may interact to modulate cognitive function.

Plasma membrane syntaxin-3 (STX-3) has the advantage of relating DHA and synaptic
membrane function. STX-3 is present in synaptic membranes (Curtis et al., 2008) and in
neuronal growth cones (Darios and Davletov, 2006). DHA dietary supplementation elevates
synaptic STX-3 levels (Cansev and Wurtman, 2007), and the action of DHA on promoting
neurite outgrowth and membrane expansion has been shown to rely on STX-3 (Darios and
Davletov, 2006). Proper levels of membrane-bound DHA are crucial to maintaining membrane
fluidity and neuronal signaling, with strong implications for mental health (Bazan, 2003; Rao
etal., 2007). Accordingly, our goal is to understand how DHA can support synaptic plasticity
and cognitive abilities, and how exercise plays into these events.

2.1. DHA dietary supplementation contributes to the effects of exercise on synaptic plasma
membrane-associated proteins

Encouraged by findings in vitro that DHA promotes synaptic membrane expansion through
activation of STX-3 (Darios and Davletov, 2006), we sought to determine whether exercise
could enhance the action of DHA on hippocampal levels of STX-3. The DHA diet (150% of
control, p<0.01) or exercise (126% of control, p<0.01) produced a significant increase in levels
of STX-3 (Fig. 1A). Interestingly, the combination of DHA diet and exercise regimens resulted
in elevated up-regulation of STX-3 levels (186% of control, P<0.01) beyond either DHA-Sed
or RD-Exc values (Fig. 1A). A two-way ANOVA analysis (diet vs. behavior) indicated the
effects of diet or behavior on syntaxin 3 (diet: F1 23=32.639, p<0.001; behavior: F1 23=95.128,
p<0.001, and an interaction of dietxbehavior: F1 23=25.819, p<0.001). Neither the DHA diet
nor exercise altered the expression of syntaxin-1 (STX-1), which belongs to the same syntaxin
family of plasma membrane proteins (data not shown). Since exercise increased levels of
STX-3, we examined a possible association between the running distance and STX-3 levels.
A linear regression analysis of individual samples showed a positive correlation between the
amount of exercise and levels of STX-3 for DHA-Exc (r=0.897, P<0.01) (Fig. 1B) and RD-
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Exc (r=0.959, P<0.01, data not shown). On the other hand, there was no correlation between
exercise and STX-1 in DHA-Exc (r=—0.300, P>0.05) or RD-Exc (r=0.011, P>0.05, data not
shown).

Furthermore, we analyzed the effects of DHA diet and exercise on the phenotypic expression
of STX-3 using immunofluorescence with a Cy3 secondary antibody in coronal sections of the
hippocampus (Figs. 1C-F). STX-3/Cy3 labeling was apparent in neuronal cells that were
distributed sparsely in the various subfields of the hippocampus of RD-Sed control rats (Figs.
1C, E). The co-application of the DHA diet and exercise greatly increased STX-3/Cy3
immunofluorescence, depicted as a qualitative increase in the density in Cy3-labeled cells in
the hippocampal subregions CA1-CA4 and dentate gyrus (white arrows, Figs. 1D, F).

2.2. DHA dietary supplementation enhances the effects of exercise on the levels of the
synaptic plasticity protein NR2B and the growth-associated protein GAP-43

Given the involvement of the NR2B subunit of the NMDA receptor in synaptic plasticity and
learning, we assessed the effects of the DHA diet and exercise on hippocampal levels of NR2B.
The DHA diet resulted in a significant increase of NR2B levels to 145% of RD-Sed control
group (P<0.01; Fig. 2A). Exercise alone also elevated NR2B levels to 123% compared to the
controls (P<0.05; Fig. 2A). The simultaneous application of the DHA diet and exercise
regimens produced a greater increase in NR2B levels (169% of control, P<0.01) compared to
either DHA-Sed or RD-Exc animals (Fig. 2A). A two-way ANOVA analysis (diet vs. behavior)
indicated the effects of diet or behavior on NR2B (diet: F1 23=39.084, p<0.001; behavior:
F1,23=9.871, p<0.01, and an interaction of dietxbehavior: F; 23=0.001, p>0.05). The results
also showed a positive correlation between levels of NR2B and STX-3 (r=0.878, P<0.05, Fig.
2B) following the combined application of DHA diet and exercise (DHA-EXc).

2.3. Association between plasticity markers and learning performance after DHA dietary
supplementation and exercise

We have performed studies to determine how an additive effect of the diet and exercise on
learning could relate to the assessed properties of the membrane. We first tested the effects of
the DHA diet and exercise on the learning performance by measuring the time taken to locate
the hidden platform in the MWM using a challenging 2-trial-per-day, 5-day paradigm. As
previously shown (Gomez-Pinilla, 2008; Wu et al., 2008), we found that the latency to locate
the platform was decreased in all three experimental groups (RD-Exc, DHA-Sed, DHA-EXc)
compared to control animals (RD-Sed). We assessed the learning speed in the MWM by
measuring the slope of the escape latency value across the five days of learning (Fig. 3A), as
the latency slope has been shown to provide a reliable index of the learning speed throughout
the test period (Gomez-Pinilla et al., 2008). All three experimental groups (RD-Exc, DHA-Sed
and DHA-Exc) showed significantly increased rate of learning compared to the control group
(P<0.01; Fig. 3A). A two-way ANOVA analysis (diet vs. behavior) indicated the effects of
diet or behavior on the slope of learning (diet: F1 3=8.715, p<0.01; behavior: F1 »3=4.463,
p<0.05, and an interaction of dietxbehavior: F1 23=0.740, p>0.400).

To shed light on a possible involvement of NR2B or syntaxin proteins on cognitive function
in our paradigm, we assessed the correlation between learning speed in the MWM with levels
of NR2B. The results showed an association between the learning speed and NR2B levels
following co-application of DHA diet and exercise (DHA-Exc, r=—0.873, P<0.05), but not in
the control group (RD-Sed, r=—0.257, P>0.05) (Fig. 3B). The results also showed an
association between the learning speed and levels of STX-3 following the combined DHA diet
and exercise regimens (DHA-Exc, r=—-0.801, P<0.05), but not in the control group (RD-Sed,
r=—0.115, P>0.05; Fig. 3C). We found no correlation between the learning speed and levels
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of STX-1 in DHA-Exc (r=0.465, P>0.05) or RD-Sed animals (r=0.349, P>0.05; data not
shown).

Given that GAP-43 has been implicated on axonal remodeling and learning and memory, we
also evaluated the possibility that exercise and the DHA diet could contribute to elevate the
capacity of the brain for plasticity. The results showed that exercise (128%, P<0.01) and the
DHA diet (119%, P<0.05 Fig. 4A) increased GAP-43 levels compared to the control group.
Exercise potentiated the elevation of GPA-43 that occurred after DHA treatments, such that
the DHA-Exc group reached 153% of control values (P<0.01, Fig. 4A). A two-way ANOVA
analysis (diet vs. behavior) indicated the effects of diet or behavior on GAP-43 (diet:
F1,23=13.795, p<0.001; behavior: F1 23=26.893, p< 0.001, and an interaction of dietxbehavior:
F123=0.243, p>0.05). Furthermore, a linear regression analysis of individual samples showed
a positive correlation between the amount of exercise and levels of GAP-43 for both DHA-
Exc (r=0.908, P<0.01) (Fig. 4B) and RD-Exc (r=0.953, P<0.01) groups (data not shown).

3. Discussion

In agreement with the preferential distribution of DHA in plasma membranes, here we report
that DHA dietary supplementation may affect synaptic plasticity and cognitive function by
involving select proteins, which are integral components of synaptic membranes. In particular,
we have found that DHA influences hippocampal STX-3, a plasma membrane-bound protein
associated with the action of DHA on cell membrane expansion (Cansev and Wurtman,
2007; Darios and Davletov, 2006). We have also found that the application of exercise
concurrent to the DHA diet resulted in a greater elevation of STX-3. The overall evidence
seems to indicate that exercise can influence DHA function on synaptic plasticity and cognitive
function by interacting with molecular systems that stabilize DHA to plasma membrane.

3.1. Exercise influences the DHA action on plasma membrane proteins

We have evaluated the capacity of exercise to work together with DHA to modulate synaptic
plasticity and cognition (Gomez-Pinilla, 2008; Wu et al., 2008). Our results demonstrate that
voluntary exercise enhances the effects of DHA dietary supplementation to elevate
hippocampal levels of STX-3 (Fig. 1A) but not STX-1. It has been shown that plasma
membrane STX-3 can act in response to local increases in DHA by trafficking to the trans-
Golgi network via vesicular cycling (Band and Kuismanen, 2005). The fact that neither the
DHA diet nor exercise altered STX-1 levels argues in favor of the specificity of STX-3. Along
this line of thought, conversely to STX-3, STX-1 does not seem to affect neurite outgrowth
(Darios and Davletov, 2006; Shirasu et al., 2000); neither does the omega-3 fatty acid
deficiency affect hippocampal STX-1 (Pongrac et al., 2007). Our results suggest a potential
mechanism by which the DHA diet and exercise can promote neurite outgrowth by using
STX-3. In additional support for a role of diet and exercise on neurite outgrowth, voluntary
exercise alone or in combination with DHA supplementation increased levels of the axonal
growth-associated molecule, GAP-43. Previous studies have documented a potential link
between DHA and neurite outgrowth, i.e., DHA administration has resulted in increase of
hippocampal GAP-43 mRNA (Calderon and Kim, 2004; Furuya et al., 2002), and growth of
the neurite branches (Cao et al., 2005). Our results showed that the protein levels of STX-3
(Fig. 1B) and GAP-43 (Fig. 4B) changed in proportion to the amount of exercise for individual
animals, which had received DHA dietary supplementation in addition to exercise. Given that
the feeding remained steady throughout the experiment, it is likely that exercise was a crucial
factor for the reported influence of DHA on STX-3 and GAP-43 hippocampal levels.
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3.2. Implications of exercise and DHA diet on hippocampal plasticity and cognition

Consistent with the proposed role of DHA and exercise in learning and memory, our results
show that both DHA diet and exercise significantly increased protein levels of the NMDA
receptor subunit NR2B (Fig. 2A). When we tested the learning performance in the MWM, we
found that NR2B levels correlated with the MWM performance, with animals exposed to the
DHA diet and exercise showing the highest NR2B levels. These findings are in agreement with
other studies reporting higher NR2B levels in the rodent hippocampus in association with
improved learning and memory (Tang et al., 1999;Xu et al., 2005). NR2B is abundantly
expressed in growth cones of growing neurites and is a critical component of molecular
signaling pathways regulating synaptic growth and plasticity (Loftis and Janowsky,
2003;Nakazawa et al., 2004).

It has been reported that dietary omega-3 fatty acid depletion leads to a significant NR2B
decrease (Calon et al., 2005) while omega-3 fatty acids enrichment results in NR2B elevation
(Dyall etal., 2007). Similarly, voluntary exercise up-regulates hippocampal NR2B mRNA and
enhances long-term potentiation (Farmer et al., 2004; van Praag et al., 1999). Treatment with
a specific NR2B antagonist abolishes this exercise-induced enhancement of LTP in the mouse
dentate gyrus (Vasutaetal., 2007). Our findings additionally provide novel evidence that DHA
diet and exercise can have additive effects on NR2B with potential effects on hippocampal
plasticity and cognitive function. Beside the influence of diet and exercise on levels of NR2B
receptors, they can indirectly affect the function of NR2B and other receptors through their
membrane interactions (Fig. 5). As discussed above, the flexibility of the membrane is crucial
for the function of embedded receptors and signal transduction (Hashimoto et al., 2006).
Accordingly, it is possible the influence of the DHA diet and exercise can contribute to the
performance of NMDA and other receptors important for synaptic function. It is also significant
that the effects of the diet and exercise also were expressed on levels of GAP-43, which has
been associated with neurite growth expansion and learning and memory.

3.3. Conclusions and clinical implications

We have found that exercise can complement the action of DHA dietary supplementation on
the modulation of molecular systems important for the maintenance of plasma membranes.
Membrane stability and fluidity are fundamental for synaptic function and processing of higher
order information. Our results suggest that the DHA diet and exercise may help to maintain
synaptic and cognitive function by supporting membrane stability. DHA deficiency has been
associated with the incidence of various mental diseases such as depression and schizophrenia
(Gomez-Pinilla, 2008), and DHA dietary supplementation can reduce the effects of brain
trauma in rodents (Wu et al., 2004). Low consumption of omega-3 fatty acids may increase
the risk of getting Alzheimer's disease (Corrigan et al., 1998; Tully et al., 2003), while their
high consumption could do the opposite (Barberger-Gateau et al., 2002; Morris et al., 2003).
Omega-3 fatty acid dietary supplementation may also decrease the incidence or improve the
clinical outcome of patients with other neurode-generative disorders such as multiple sclerosis
(Nordvik et al., 2000; Weinstock-Guttman et al., 2005), Parkinson's disease (de Lau et al.,
2005) and Huntington's disease (Murck and Manku, 2007; Vaddadi et al., 2002). Our results
also suggest that exercise is a crucial modulator of the efficacy of dietary factors on brain
function. Accordingly, the overall evidence indicates that DHA diet and exercise is a powerful
strategy that can be applied to alleviate numerous neurological disorders.

4. Experimental procedures

The experiments were performed in accordance with the United States National Institutes of
Health Guide for the Care and Use of Laboratory Animals. All animals were continually
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monitored and all procedures were approved by the UCLA Chancellor's Animal Research
Committee.

4.1. DHA diet and exercise paradigms

Adult male Sprague—Dawley rats (n=24, Charles River Laboratories, Inc., Wilmington, MA,
USA), approximately 2 months of age (200-240 g), were housed in standard polyethylene
cages in an environmentally controlled room (22-24 °C) with a 12 h light/dark cycle. The rats
were randomly divided into 4 groups: (1) RD (regular diet)-Sed (sedentary), (2) RD-Exc
(exercise), (3) DHA-Sed, and (4) DHA-Exc; RD-Sed group was regarded as a control. After
acclimatization for 1 week on standard rat chow, the rats were exposed to voluntary exercise
or asedentary condition, while subgroups of each were exposed to a DHA-enriched diet (1.25%
DHA) or a regular diet for 12 days. The diets, fed ad libitum, were provided in powder. The
regular diet was the standard rat chow with a ratio of omega-6/omega-3 at 6:1 (#5001, PMI
Nutrition), total fat: 4.5%; arachidonic acid: <0.01%; calorie: 4.07 kcal/gm. The rats were
initially omega-3 sufficient by being maintained on the standard rat chow (0.05% DHA), and
DHA was supplemented in the regular diet with a ratio of omega-6/omega-3 at 1:1 (1.25%
DHA, 0.25% EPA, Nordic Naturals). The rats were allowed to exercise ad libitum in individual
cages with an unlimited access to a running wheel (diameter=31.8 cm, width=10.0 cm). The
running wheel rotated freely against a resistance of 100 g attached to a receiver that monitored
revolutions every hour (VitalViewer Data Acquisition System software, Mini Mitter, Sunriver,
OR, USA). Animals were sacrificed by decapitation the morning after the last running period.
The fresh tissue containing the hippocampus was dissected, frozen on dry ice and stored at —70
°C until further use.

4.2. Tissue preparation and protein determination

The hippocampi were rapidly dissected out upon decapitation. Tissue was collected into 1.5
mL Eppendorf tubes, immediately frozen on dry ice and stored at —70 °C. Hippocampi from
the left side of the brain were homogenized in a freshly prepared lysis buffer (137 mM NacCl,
20 mM Tris—HCI pH 8.0, 1% NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10
pg/mL aprotinin, 1 pg/mL leupeptin and 0.5 mM sodium vanadate). Homogenates were
centrifuged at 12,000 rpm for 20 min to remove insoluble material. The supernatants were
collected into clean 1.5 mL tubes, frozen on dry ice and stored at —70 °C. The total protein
concentration of hippocampal homogenates was determined with a MicroBCA kit (Pierce,
Rockford, IL, USA), using BSA as a standard.

4.3. Western blot

Relative levels of STX-3, STX-1, NR2B, and GAP-43 were analyzed by Western blot. Equal
amounts (25 pg) of protein samples were separated by electrophoresis on 8-15%
polyacrylamide gels and electrotransferred to an Immobilon-P transfer membrane (Millipore,
Bedford, MA, USA). Nonspecific binding sites were blocked with 2% BSA in TBS buffer with
0.1% Tween-20 (pH 7.6). Membranes were incubated with the following primary antibodies:
anti-STX-3 (1:5000, Abcam), anti-STX-1 (1:2000, Santa Cruz Biotechnology), anti-NR2B
(1:1000; Upstate), anti-GAP-43 (1:2000; Santa Cruz Biotechnology), and anti-actin (1:2000;
Santa Cruz Biotechnology) followed by anti-rabbit IgG horseradish peroxidase conjugate for
STX-3, STX-1 and NR2B, or anti-goat IgG horseradish peroxidase conjugate for GAP-43 and
actin (Santa Cruz Biotechnology). After rinsing with buffer (0.1% Tween-20 in TBS), the
immunocomplexes were visualized by chemiluminescence using the Amersham ECL Plus
Western Blotting Detection kit (GE Healthcare Bio-Sciences, Piscataway, NJ, USA) according
to the manufacturer's instructions. The film signals were digitally scanned using a HP Scanner
(HP Scanjet 3970) and quantified with NIH Image software, normalized for actin levels.
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4.4. Immunofluorescence

Additional rats from all of the four groups (n=8) were injected with a lethal dose of Nembutal
(75 mg/kg i.p.), then intracardially perfused with PBS (pH 7.4) followed by 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) and 20% sucrose in 4%
paraformaldehyde. Serial coronal brain sections (25 pum) were cut on a cryostat, collected
free-floating in anti-freeze solution and stored at —20 °C before processing for
immunofluorescence. Tissue sections were rinsed three times for 10 min with PBS buffer on
a plate shaker and nonspecific binding sites were blocked for 1 h at room temperature in PBS
with 1% BSA and 0.3% Triton X-100. The sections were incubated overnight at 4 °C and then
for 1 h at room temperature in a solution containing the primary antibody (rabbit-anti-STX-3,
1:150, Sigma; mouse-anti-MAG, 1:500, Chemicon International) diluted in PBS with 1% BSA
and 0.1% Triton X-100. After washing three times for 10 min with PBS buffer and 0.1% Triton
X-100, the sections were kept in dark and incubated for 1 h in a solution containing the
secondary antibody (Cy 3-conjugated goat-anti-rabbit 1gG, 1:500, Jackson ImmunoResearch;
Fluorescein (FITC)-conjugated goat-anti-mouse 1gG, 1:500, Jackson ImmunoResearch)
diluted in PBS with 1% BSA and 0.1% Triton X-100. The sections were then rinsed in the dark
three times for 10 min in a washing solution, mounted on microscope slides, coverslipped with
fluorescence protecting solution and stored in the dark at 4 °C. The immunofluorescence
analysis was performed using a Zeiss microscope (Zeiss Imager.Z1, Carl Microlmaging).
Control sections were incubated in PBS with 1% BSA and 0.1% Triton X-100 without the
primary antibody. No staining was observed in cell structures of control sections.

4.5. Morris water maze (MWM)

After one week on the diet or exercise, the rats were tested in the MWM for their learning
ability as previously described (Wu et al., 2004). Briefly, the rats were trained in the water
maze for 5 days with 2 consecutive trials per day. The animals were placed into the tank facing
the wall from one of the equally spaced starting locations that were randomly changed every
trial. Each trial lasted until the rat found the platform or for a max of 60 s. If the rat failed to
find the platform in the allocated time, it was gently placed on the platform. At the end of each
trial, the animals were allowed to rest on the platform for 60 s. The escape latencies to find the
platform were recorded.

4.6. Statistical analyses

The mean protein levels were calculated for each group (n=6 rats per group). All statistical
analyses were done by statistic software SPSS 16.0. A level of 5% probability was considered
significant. The results were expressed as the mean percent of control values and represent the
mean xstandard error of the mean (SEM). MWM and protein data were analyzed by two-way
ANOVA [(behavior: Sedentary vs. Exercise) and (diet: Regular Diet vs. DHA)]. Interaction
effects were further analyzed by performing means comparisons, and desired contrast weights
were specified. Post hoc analyses were conducted using Bonferroni comparisons.

A linear regression analysis was performed on individual samples to evaluate association
between variables (running distance or water maze times with protein levels).
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DHA-Exc DHA diet-exercise
DHA-Sed DHA diet-sedentary
GAP-43 growth-associated protein 43
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RD-Exc regular diet-exercise
RD-Sed regular diet-sedentary
STX-1 syntaxin-1
STX-3 syntaxin-3
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Fig. 1.

Exercise enhanced the effects of DHA dietary supplementation on STX-3, a protein implicated
with the action of DHA on synaptic membrane (A). The values were converted to percent of
RD-Sed controls (each value represents the mean latency+SEM, two-way ANOVA,
**P<0.01). (B) The levels of STX-3 changed proportionally to the amount of exercise in
animals receiving DHA diet (r=0.897, p<0.01). (C-F) Immunofluorescence for STX-3 in
coronal sections of the hippocampus shows STX-3 (red, Cy3 secondary antibody) in RD-Sed
controls (C, E) and animals receiving combined exercise and diet treatment (DHA-Exc; D, F).
(D) and (F) are high magnification photomicrographs (of D and F). A marked increase in STX-3
immunofluorescence was shown in the DHA-Exc group (white arrows, F). Myelinated axons
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were labeled using immunofluorescence for myelin-associated glycoprotein (green, FITC

secondary antibody). RD-Sed: regular diet-sedentary; RD-Exc: regular diet-exercise; DHA-
Sed: DHA diet-sedentary; DHA-Exc: DHA diet-exercise.
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Fig. 2.

DHA dietary supplementation and exercise affected synaptic plasticity markers in
hippocampus. (A) The DHA diet and exercise elevated levels of NR2B while the combination
of both resulted in greater NR2B levels (meant SEM, ANOVA, *P<0.05, **P<0.01). (B)
NR2B levels changed in proportion to STX-3 levels for individual rats receiving the DHA diet
and exercise combination (r=0.878, p<0.05). Levels of STX-3 and NR2B values are expressed
as a percent of RD-Sed controls.
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Fig. 3.

Association between plasticity markers and learning performance after DHA dietary
supplementation and exercise. The effects of exercise and DHA dietary supplementation on
the Morris water maze test over the five consecutive days of training were reflected in changes
in the learning speed (slope of the latency, A) to locate the hidden platform. We measured the
slope of the escape latency across the five days of learning, and each value represents the mean
slope latency=SEM (ANOVA, **P<0.01). A correlation analysis revealed an association
between the learning speed and levels of NR2B (B) and syntaxin 3 (C) in the DHA-Exc group
but not in the RD-Sed group. RD-Sed: regular diet-sedentary; RD-Exc: regular diet-exercise;
DHA-Sed: DHA diet-sedentary; DHA-Exc: DHA diet-exercise.
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(A) The separate applications of exercise or the DHA diet elevated levels of GAP-43 while the
concurrent application of both elevated GPA-43 levels further. Each value represents the mean
latency+SEM (two-way ANOVA, *p<0.05, **p<0.01). (B) Levels of GAP-43 changed in
proportion to the total amount of exercise in animals receiving DHA diet and exercise combined
treatment (r=0.908, p<0.01).
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Schematic diagram depicting the effects of the DHA diet and exercise on key elements involved
in the maintenance of the synaptic membrane. Dietary DHA and exercise can influence contents
of membrane DHA and STX-3 with subsequent effects on membrane stability and fluidity.
The function of membrane embedded receptors such as NR2B depends on the fluidity of the
membrane affecting synaptic function and learning and memory.
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