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Abstract

Background—Previous studies have shown that a western diet impairs, whereas physical

exercise enhances hippocampus-dependent learning and memory. Both diet and exercise influence

expression of hippocampal brain-derived neurotrophic factor (BDNF), which is associated with

improved cognition. We hypothesized that exercise reverses diet-induced cognitive decline while

increasing hippocampal BDNF.

Methods—To test the effects of exercise on hippocampal-dependent memory, we compared

cognitive scores of Sprague-Dawley rats exercised by voluntary running wheel (RW) access or

forced treadmill (TM) to sedentary (Sed) animals. Memory was tested by two-way active

avoidance test (TWAA), in which animals are exposed to a brief shock in a specific chamber area.

When an animal avoids, escapes or has reduced latency to do either, this is considered a measure

of memory. In a second experiment, rats were fed either a high-fat diet or control diet for 16

weeks, then randomly assigned to running wheel access or sedentary condition, and TWAA

memory was tested once a week for seven weeks of exercise intervention.

Results—Both groups of exercised animals had improved memory as indicated by reduced

latency to avoid and escape shock, and increased avoid and escape episodes (p<0.05). Exposure to

a high-fat diet resulted in poor performance during both the acquisition and retrieval phases of the

memory test as compared to controls. Exercise reversed high-fat diet-induced memory
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impairment, and increased brain-derived neurotrophic factor (BDNF) in neurons of the

hippocampal CA3 region.

Conclusions—These data suggest that exercise improves memory retrieval, particularly with

respect to avoiding aversive stimuli, and may be beneficial in protecting against diet induced

cognitive decline, likely via elevated BDNF in neurons of the CA3 region.
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Introduction

Several lines of evidence illustrate that physical activity is beneficial toward maintaining

and improving cognitive function in humans and animals. Physical exercise enhances

learning, memory retention, and cognitive task performance [1, 2]. In addition, physical

activity enhances both acquisition rate and performance on spatial learning task [3]. The

cognition enhancing effect of exercise is observed both in young and aged animals [3, 4].

Similarly, in humans, regular aerobic exercise prevents brain tissue loss and decline in

hippocampal volume during aging, ameliorates age-related cognitive decline [5, 6], and

improves spatial memory, [7] [3, 8, 9].

The hippocampus is an important area for spatial, contextual, and avoidance learning as well

as memory processing. In particular, the dorsal hippocampus has long been considered the

site of temporal integration of the sequence of events that ultimately forms a memory,

including spatial and contextual learning (reviewed in [10]). Hippocampal neurons play a

critical role in the retrieval of information related to memory tasks [11]. Within the dorsal

hippocampus, the CA3 region is important for memory retention, which likely involves both

neurogenesis and long-term potentiation. For example, atrophy of apical dendrites of the

CA3 neurons leads to memory impairments in the rat [12] and smaller hippocampal CA3/

dentate volumes in humans is associated with learning and memory problems [13].

Evidence shows that neurogenesis, maturation and synaptogenesis in the hippocampal

formation is critical for learning and memory [14]. High fat diet impairs neurogenesis,

whereas, voluntary exercise in the form of wheel running promotes neurogenesis in the

dentate gyrus of adult mice [3, 15]. Furthermore, exercise induced hippocampal

neurogenesis is shown to be rapid and robust in nature [16]. In addition, voluntary exercise

increases the length and complexity of dendritic spines of the hippocampal neurons [17].

Brain derived neurotrophic factor (BDNF) plays a key role in regulating adult hippocampal

neurogenesis and synaptogenesis, both of which are critical to learning and memory. Dense

expression of BDNF is observed in the hippocampus [18]. BDNF increases occur in the

dorsal hippocampus during TWAA memory consolidation [19], and during contextual fear

conditioning [20]. Genetic manipulation studies show that decreased levels of BDNF

impairs hippocampus-dependent behavioral tasks such as spatial learning in the Morris

water maze in rats and mice [21–23]. Additionally, central lenti-virus mediated infusions

and acute injections of BDNF enhance learning in animals [24, 25]. Similarly, higher levels
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of BDNF were associated with enhanced memory, cognition and increased hippocampal

volumes in human subjects [26]. Taken together, these studies indicate that elevated

hippocampal BDNF is essential to memory [27].

Similar to physical exercise enhancing cognition, physical exercise is known to robustly

enhance BDNF signaling, and hence neural cell proliferation, neurogenesis, and synaptic

plasticity in rodents [16, 28–31]. These changes result in enhanced long-term potentiation,

learning and retention, and enhance performance in cognitive tasks [2, 32, 33]. A recent

study confirmed these findings, showing direct correlation between increased hippocampal

volume and memory performance improvements in people who exercised [34].

Additionally, human exercisers have been shown to outperform non-exercisers on tasks such

as reasoning, working memory, Stroop, Trails-B, Symbol digit, vigilance monitoring, and

fluid intelligence tests [3]. These beneficial effects of exercise are attributed to increased

BDNF signaling [26, 35].

While exercise is reportedly beneficial for memory function, a high-energy, high-saturated

fat diet is associated with cognitive impairment, with a specific effect on learning and

memory functions that are dependent on the integrity of the hippocampus [36]. Similarly,

saturated fat intake is associated with impaired memory [37] and greater cognitive decline

with aging [38, 39]. As mentioned before, hippocampal BDNF is increased with exercise

[35, 40, 41], it is reduced by a high-fat diet [1, 42]. An elegant study by Molteni et al.

showed that physical exercise initiated simultaneously with 2 months of high-fat diet

prevents the spatial memory impairing effects of high-fat diet [1]. Whether exercise can

reverse cognitive impairments associated with prior exposure to high-fat diet remains

unanswered

The aim of this study was to test whether exercise enhances performance on a hippocampus

dependent memory test and reverses hippocampus dependent memory impairment produced

by high-fat diet exposure, and if exercise-induced cognitive improvement is associated with

increased hippocampal BDNF.

Results

Experiment 1

At baseline, animals were randomized to groups such that there were no differences in fat, %

fat, weight, lean mass, or % lean mass between groups prior to the initiation of exercise

(Table 1A) to avoid potential differences in physical abilities between groups. After the

intervention animals with voluntary wheel access weighed less and had lower body fat, %

body fat, and elevated lean mass compared with sedentary controls (p<0.05) (Table 1B).

After 5 weeks of either running wheel exercise, treadmill exercise or being sedentary, there

was a significant effect of exercise on latency (F2, 24 = 33.10, p<0.0001) (A) number of

escapes (F2, 24 = 105.3, p<0.0001) (B), avoidances (F2, 24 = 8.9, p=0.001) (C) and the total

response (escape plus avoidance) (F2, 24= 77.8, p<0.0001) (D). Five weeks of exercise

significantly increased retention of contextual memory, as indicated by decreased latency

(p<0.05) (Fig. 1A), increased number of escapes (p<0.05) (Fig. 1B) and avoidance episodes,
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as well as total response (p<0.05) (Fig. 1D). Treadmill exercised animals had a significantly

greater number of shock avoidances (p<0.05) compared with running wheel and sedentary

animals, indicating enhanced capacity to pair the conditioned stimulus of sound and light to

the impending shock. The number of avoidances in animals exercising on running wheels

tended to be positively related to running distance, although the correlation was not

significant (data not shown, R2= 0.42, p=0.057). After five weeks, running distance was

positively correlated with total responses (R2=0.58, p<0.02) (Fig. 2A) and negatively with

response latency (R2=0.74, p<0.01) (Fig. 2B) in the TWAA test.

Animals were six months old at the start of the study and those in voluntary running wheels

ran an average of 0.95 ± 0.20 (SEM) kilometers/day (Fig. 2C), which is similar to what has

been reported previously for rats five months of age fed standard chow [43]. Cumulatively,

animals on running wheels ran an average distance of 29.0 ± 6.9 kilometers, and had an

average total response of 24.56 ± 1.42 and latency of 8.94 ± 0.5 sec. Rats exercised on

treadmills ran 16.9 kilometers; their mean number of total responses was 21.88 ± 2.06

(SEM) and mean latency was 8.32 ± 0.53 sec. The mean number of total responses in

sedentary animals was 2.2 ± 0.76 and the latency was 12.56 ± 0.17 sec. There was a

significant interaction (exercise treatment group × trial number) in the outcome of total

response (F8, 104= 5.1, p<0.0001). Running wheel access improved total response beginning

at two weeks after the initiation of exercise, and treadmill exercise improved total response

after three weeks compared with sedentary controls (p<0.05) (Fig. 3).

Experiment Two

Animals were assigned to experimental groups such that there were no differences in fat

mass, lean mass, %fat, %lean or weight between groups prior to initiation of exercise (Table

2A). Animals ran an average of 0.43 ± 0.03 kilometers/day on the control diet (Fig. 5C),

only slightly higher than high-fat diet-fed animals (0.31 ± 0.05). These animals were 11

months old at the beginning of the exercise intervention. Distances of around 0.3 km/day

have previously been reported for rats maintained on high-fat diet [43]. After the exercise

intervention, animals on high-fat diet that were allowed voluntary running wheel access had

significantly reduced body fat %, and a higher TWAA score compared with high-fat diet fed

sedentary animals (p<0.05) (Table 2B).

High-fat diet consumption for 16 weeks resulted in significant cognitive decline, indicated

by increased latency (Fig. 4A), decreased number of escapes (Fig. 4B) and total responses

(Fig. 4C) during the acquisition phase (p<0.05). Similarly, high-fat diet consumption

increased latency (Fig. 4D), decreased number of escapes (Fig. 4E) and total responses (Fig.

4F) during the retrieval testing (p<0.05). The number of avoidances was low in both high-fat

and control-fed animals prior to exercise (data not shown), and remained low throughout the

study. However rats on high-fat diet had a reduced number of escapes, which contributed to

an overall reduced total response and increased latency compared to control diet-fed

animals. There was robust improvement in total response in the high-fat diet-fed animals

after only two weeks of running, which persisted for the remainder of the study (Fig. 5A).

There was a significant effect of time on total response (F3,6=4.0; p=0.01) and latency

(F3,6=3.8; p=0.01) for high-fat diet fed running wheel animals. At week 5 and 6 high fat diet
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fed animals that had running access had significantly improved total responses and latency

scores compared with baseline. Control diet fed animals that had access to running wheels

had improvements in total response, however the effect of time was not significant

(F4,6=2.4; p=0.056). During week 6, the number of total responses was elevated in both

exercised and sedentary control diet groups and high fat diet exercised animals compared

with high-fat diet fed sedentary controls (p<0.05) (Fig 5A). Similarly, the latency was

reduced in these three groups compared with high-fat diet sedentary controls (p<0.05) (Fig.

5B). Taking into account the within group improvements observed in the high-fat diet

sedentary group relative to baseline, together these data indicate that exercise reverses high-

fat diet induced cognitive impairments.

Without exercise, high-fat diet reduces memory improvements over time, as indicated by the

reduction in total response compared with control diet-fed animals at some of the later time-

points. Similarly, latency increased in sedentary animals given high-fat diet compared with

those on control diet at some of the later time-points. Thus, our results indicate that running

wheel exercise completely reversed the TWAA impairments resulting from the consumption

of HFD. Corresponding to the behavior change, our stereological results indicated

significantly increased co-localization of BDNF and NeuN in the pyramidal layer of CA3 in

high-fat diet-fed exercised vs. high-fat diet-fed sedentary animals (Fig. 6A–C). Both

sedentary and running wheel exercised animals had reduced CA3 neuronal BDNF when

animals were maintained on a high-fat diet compared with animals fed control chow (Fig.

6C). Though exercise increased BDNF in both control diet and high-fat diet groups,

significant differences in BDNF levels were only observed in the high-fat diet fed group.

Our data demonstrates that HFD reduces the expression of BDNF in the dorsal CA3, and

exercise partially reverses this trend.

Discussion

Our experiments indicate that exercise reverses cognitive deficits related to diet, at least in

the context of active avoidance learning and memory. While previous studies have shown

that exercise can prevent cognitive declines from high fat diet, this is the first demonstration

of exercise reversal of prior declines induced by high fat diet. The reversal of cognitive

deficit was associated with enhanced expression of BDNF in the CA3 region of the dorsal

hippocampus. To our knowledge, this is the first demonstration that exercise induced

enhancement of TWAA performance is associated with increased BDNF expression in a

specific subfield (CA3 region) of the dorsal hippocampus.

Our findings that exercise improves performance on the hippocampus dependent two-way

active avoidance (TWAA) task (Experiment One) are in agreement with previous animal

and human studies. In one such study, running wheel exercise improved memory retrieval in

both young and old mice, when tested with the TWAA task [44]. In addition, a number of

studies have shown enhanced spatial memory in mice and rats, following physical exercise

[45, 15, 49, 50]. Furthermore, physical activity is demonstrated to enhance learning in the

radial-arm maze task [51] and passive avoidance tasks in rats [4]. Similarly, a study in mice

showed that environmental enrichment, involving exposure to running wheels, enhanced

spatial memory and reduced anxiety-like behavior [46]. Interestingly, a study demonstrated
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that wheel running improves contextual memory, but not cue-conditioned performance in

rats, [47]. The enhancement of contextual fear conditioning following exposure to running

wheel provides further evidence that exercise alters hippocampus dependent learning and

memory [48]. Along the same lines, human studies also demonstrated that aerobic exercise

improves learning and memory in healthy individuals, as well as during aging [5, 52]. This

improvement in learning and memory was associated with increased hippocampus volume.

Our results, together with the above findings, support the idea that exercise enhances

learning in a number of hippocampus dependent tasks.

We found that after 5 weeks of exercise, animals that ran on a treadmill had a greater

number of shock avoidances compared with animals with running wheel access, however

both running wheel and treadmill improved total response and latency, and both total

response and latency correlated with distance run (Fig. 2). Treadmill exercise is a forced

paradigm in which animals were exposed to moderately aversive stimuli to enforce running

(puff of air, wire brush poke, mild foot shock). Thus the greater number of avoidances in

treadmill animals may be due to neuronal changes specific to forced exercise [53]. Although

treadmill exercise was associated with more avoidances during the TWAA task, we chose to

use the voluntary running paradigm for our second experiment on TWAA performance in

animals fed high-fat and control diet due to the potential confound of using aversive stimuli

that would potentially be required to motivate larger animals with greater percentage of

body fat. Forced exercise produces physiological adaptations indicative of chronic stress,

which could potentially impact cognitive measures [54]. In addition, forced exercise was

found to increase anxiety like behaviors as tested in the open field, even though

neurogenesis was higher with forced exercise [55].

In the present study, animals maintained on a high-fat diet had reduced performance in the

TWAA test compared with animals on control chow (Experiment Two). From our current

data it is not possible to determine whether cognitive deficits associated with high-fat diet

can be attributed to the components of the diet, or to obesity consequent to the diet, since all

animals gained weight after 16 weeks of high fat vs control diet consumption. Nevertheless,

we found it remarkable that with voluntary running wheel exercise, cognitive performance

in animals maintained on high-fat diet was more similar to those fed control diet. This

suggests that aerobic exercise may improve cognitive deficits even when dietary

interventions are unsuccessful, and that voluntary exercise reverses the HFD induced

cognitive decline. Previous studies have reported cognitive deficits in diet-induced obese

rats and not obesity resistant rats who consumed less of an energy dense diet; however the

question of whether the cognitive deficits are related to obesity itself or higher doses of

some specific or grouping of dietary components persists [36]. The diet used in this study

contained 45% kcal from fat, mainly comprised of lard; thus, saturated fat comprised 16.2%

of the total kcal. This diet contains 35% kcal carbohydrate, about half of which is comprised

of sucrose (50% kcal of sucrose). This diet slightly exceeds the average American diet in

percentages of saturated fat (16.2%, the average American diet contains 11%) and sucrose

(17%, the American diet contains about 16% calories from added sugars) [56]. Recent

reports suggest that the amount of saturated fat in the diet might contribute to cognitive

impairment. For example, rodents fed a 2% cholesterol and 10% saturated fat diet had more

memory errors in the water radial arm maze than animals fed a diet with isocaloric amounts
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of control diet (12% soybean oil) [57]. Similarly, a diet high in saturated fat was associated

with reduced performance on Olton’s radial arm maze, a variable-interval delayed

alternation task and the Hebb-Williams maze series compared with standard chow fed, or

high-polyunsaturated fat diets [58].

The magnitude of total response number was lower for animals in experiment two compared

with experiment one, and, though there was a trend, we did not observe significant

differences in total response scores between sedentary and running wheel animals in the

control diet-fed group. The rats in experiment two were older (11 months compared with 6

months at the initiation of exercise), and the voluntary dose of exercise was smaller, which

might explain the discrepancies in the effect of running between experiments. The animal

number was also smaller in experiment two compared with experiment one, thus we may not

have had sufficient power to detect a significant effect. Nevertheless, in experiment two we

found that exercise rescued cognitive impairments induced by high-fat diet in aging (>1 year

by the end of the study) rats.

Herein we provide evidence consistent with a BDNF related mechanism by which exercise

improves high-fat diet-induced cognitive impairments. BDNF via its receptor tropomyosin-

receptor kinase B (TrkB) increases synaptic plasticity and promotes neurogenesis and

neuronal survival (for review see [59]). Voluntary wheel exercise has been extensively

shown to elevate hippocampal BDNF [35, 40, 41, 60, 61], and promote neurogenesis [62],

synaptic plasticity [1, 42, 63], and cognition [1]. Conversely, consumption of a palatable

high-fat and refined sugar diet reduces BDNF and associated proteins essential to synaptic

function, resulting in impaired spatial learning [1, 42]. The present study is in agreement

with an earlier study showing that exercise attenuates the high fat diet induced learning

impairments in the spatial version of Morris water maze [1]. That study found that exercise

also prevented the high-fat diet-induced deficits in BDNF in whole hippocampal extracts.

However, our current results indicate the involvement of hippocampus CA3 region BDNF in

exercise reversal of high fat diet induced impairments in TWAA task performance. In

addition, Molteni et al., started the diet and exercise interventions simultaneously, which

lasted for two months, and the cognition test was performed once every month. By starting

the diet and exercise interventions simultaneously, the Molteni et al., study showed that

exercise blocks or prevents the memory impairing effects of HFD. In the current study,

exercise intervention began after sixteen weeks of dietary intervention, and lasted for seven

weeks. During these seven weeks rats were maintained on the respective diets and were

tested for TWAA performance once every week. We demonstrated a true reversal of HFD

induced cognitive decline by voluntary exercise. Results of the first experiment also showed

a linear correlation between the running distance and task performance.

We chose the CA3 region specifically because TWAA performance is critically dependent

on the integrity of dorsal hippocampal CA3 sub-field. Several studies have demonstrated

that lesions in the CA3 subfield prevent retention, but not acquisition, of TWAA memory

[10, 64–67]. There is increased activation of the immediate and early gene cFos in the CA3

region following both TWAA training and intracranial self-stimulation of the lateral

hypothalamus, each of which improved memory retention during TWAA and together their
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actions had an additive on both CA3 cFos expression and TWAA performance [68]. Taken

together these data implicate the importance of CA3 to TWAA memory retention.

Though we observed elevated BDNF in the CA3 of control diet fed animals compared with

the matched group (running wheel, sedentary) on the high-fat diet (Fig. 6C), the TWAA

scores were not significantly different between the control diet and high fat diet running

wheel exercised animals (Fig. 5A, B). Together these data suggest that exercise rescues

HFD-induced deficits in performance associated with CA3 neuronal BDNF, but that there

may be a ceiling effect, where further increases in BDNF do not translate to elevated

performance passed a certain level. Thus it may be that CA3 BDNF is important to normal

functioning, but does not confer extraordinary performance.

Exercise may increase cognitive performance via CA3 BDNF increases in neuronal

plasticity. In support of this idea, running increases dendritic length and spine density in

CA3 pyramidal neurons [69], while chronic stress-induced atrophy in the apical dendrites of

the CA3 neurons leads to memory impairments in the rat [70]. Lin et al observed that both

treadmill and running wheel exercise augmented the dendritic field of CA3 neurons, and that

contextual fear learning required TrkB signaling in the dorsal hippocampus [47]. It has been

reported that exercise increases BDNF expression in whole hippocampus after three, seven

and 28 days and there is an associated up-regulation of genes involved in machinery for

synaptic vesicle trafficking as well as genes for second messengers involved in synaptic

function [63]. Taken together, these data suggest that high fat diet reduces, but exercise

increases hippocampal BDNF, leading to improved cognition, possibly via neuronal

plasticity.

The CA3 region plays an important role in regulating adult neurogenesis in the dentate gyrus

(a process involved in memory formation) [71]. In addition, exercise increases the number

of new neurons produced in the dentate gyrus of the hippocampus [52, 72]. Previous reports

have demonstrated neuroprotective effects of exercise in the CA3 region following either

excitotoxic injury or restraint stress [73]. Thus increased BDNF in the CA3 with exercise

could have a role in promoting neurogenesis or neuroprotection. It is well known that BDNF

and exercise increase adult neurogenesis [74, 75]. Newly generated neurons are rapidly

integrated into the hippocampal network and are particularly excitable and sensitive to

incoming input [76]. Studies suggest that new neurons display unique electrophysiological

properties that may increase likelihood of action potential firing in response to

environmental stimuli, and hence enhance information processing aiding in higher cognitive

abilities [77]. Thus, these neurons contribute and facilitate hippocampal-dependent task

learning [76], and the resulting structural changes may also help to keep the brain fit for

future learning [78]. Taken together with observations from recent literature, results of this

study provide an important foundation for the hypothesis that exercise mediated reversal of

high-fat diet-induced memory impairment might be resulting from higher BDNF expression

in the CA3 region and associated neural activation, structural and functional changes. Future

studies are needed to determine whether high-fat diet-reduced cognitive impairments are

related to hippocampal BDNF and its role in neurogenesis, neuroprotection and/or synaptic

plasticity.
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Overall, similar to previous animal studies [36, 79], we found that high-fat diet impaired

cognitive performance on a hippocampal-dependent learning task in rodents. These studies

are in agreement with human studies that show impaired cognitive performance as a result

of dietary factors. For example, diets high in saturated fat and sugar are associated with

poorer performance on neuropsychological memory task [80]. When controlling for sex,

age, energy intake and education, processed food consumption was associated with poorer

performance on cognitive tests of executive functions [81], and higher saturated fatty acid

intake is associated with worse global cognitive and verbal memory trajectories [38].

Saturated fat intake is associated with impaired memory in middle-aged people [37] and in

women with type-2 diabetes [82] and is associated with age-related cognitive decline and

mild cognitive impairment [83]. Additionally, over a 6-year period, a diet high in saturated

fat was associated with declining cognitive test scores [36, 84]. Conversely, similar to the

present results, a recent study reported improvements in memory performance in people who

exercised [7]. That study also reported a direct correlation between increased hippocampal

volume and improvements in memory performance [7]. Similarities between these human

data and our findings, suggest that the mechanisms by which diet and exercise affect brain

function in rats may be similarly applicable to humans.

In summary, high fat diet contributes to impaired hippocampus-dependent cognitive

processing. Aerobic exercise reverses cognitive impairments induced by diet, and increases

hippocampal neuronal BDNF. Future studies are needed to elucidate how high fat diets

contribute to cognitive deficits, however the current data suggest that exercise may be an

appropriate intervention to improve brain health in populations where access to healthy

foods meets resistance or is cost prohibitive.

Materials and Methods

Animals

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) were caged

singly with a 12 hour light/dark cycle (lights on at 0600) in a temperature controlled room at

21–22°C. Teklad lab Chow and water were provided ad libitum except where noted. This

protocol was approved by the Institutional Animal Care and Use Committee at the

Minneapolis Veterans Affairs Health Care System.

Exercise protocols

Animals were either singly housed in standard cages, or, where noted, were singly housed in

standard cages with ad libitum access to running wheels (RW). Running wheels, which

animals could access at will, were externally fixed to standard shoebox cages via a short

tunnel. Running was monitored using Activity Wheel Monitoring Software (Lafayette

Instrument, Lafayette, IN). Animals given forced treadmill exercise (TM) were acclimated

gradually for 1 week using interval training, and performed treadmill exercise 5 days per

week at a moderate pace (~15 m/min) for 45 min/day. The treadmill consists of a single belt

containing 5 individual lanes with foot shock available at the end of the belt (Harvard

Apparatus, Holliston, MA). Motivators were used to keep the animals running on the

treadmill including a puff of air, foot shock (0.2 mA), or a wire bristle brush. Use of the
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brush, the air puff or the foot shock was animal dependent. Only when the rats were

reluctant to run, these stimuli were used. A puff of compressed air was used as an initial

resort to motivate animals to run when they were reluctant to move on the treadmill. When

this method failed, a wire brush was placed at the back of the treadmill belt and the

sensation of something behind them would motivate them to keep running. When both the

air puff and the wire brush method failed to motivate the animals, the electric foot shock

wiring at the end of the belt was activated and a mild (0.2 mA) electric foot shock was used

to keep the animals moving. The use of the foot shock was a rare event (< 2× per week).

Two-way active avoidance task

We used an automated two-way shuttle box (size, 45.7 × 20.3 × 30.5 cm; model 75-FSFX-

Fusion; AccuScan Instruments, Columbus, OH). Sides of this shuttle box are made of high-

grade acrylic and floors are made of stainless steel bars suitable for application of the foot

shock. A vertical partition bisects the box with an opening in the middle, which permits the

animal to travel freely from one side of the shuttle box to the other. The box contains a front

and a rear sensor with a linear array of sixteen infrared light beams, which allow for

locational detection of the animal. Each compartment of the shuttle box contains a light bulb

(adjustable intensity, 6 W at 115 V AC) and a speaker capable of generating a pure Sine

Wave tone of any frequency (10–20,000 Hz; adjustable 0.00–85 dB at 30 cm) as sound

stimuli. The interface unit, known as Fusion Node, supplies power and permits

interconnections between the computer and the shuttle box. A personal computer using

remote monitoring system software (Fusion software) controls experimental protocols and

data collection.

Procedure—Rats were placed in one compartment of the apparatus. After 5 min of

acclimation, training trials were begun. During acclimatization and the training trials, the

rats could move freely from one compartment to the other within the shuttle box. Rats were

trained on a massed 30-trial shuttle box two-way active avoidance task. The procedures for

the conditioned stimulus and unconditioned stimulus were as follows. A tone (5000 Hz; 45

dB) and a pulsatile light (2.5 Hz) were presented as a conditioned stimulus in the

compartment with the animal, paired 5 sec later with a 0.5 mA scrambled foot shock

(unconditioned stimulus) delivered through the floor grid (steel rods 0.5 cm in diameter,

spaced 1.5 cm between centers). The “scrambled” nature of the shock prevents the animals

from finding a “no-shock” position on the floor. To avoid receiving a foot shock the rat had

5 sec to move to the opposite compartment. If the animal did not move to the other

compartment, the unconditioned stimulus was delivered for a maximum of 5 sec, and the

conditioned stimulus ended with the unconditioned stimulus. While receiving the

unconditioned stimulus, if the animal moved to the other compartment, both conditioned and

unconditioned stimuli ended immediately. The inter-trial interval was variable with a mean

of 60 sec.

Body composition—An EchoMRI-700 (Houston, TX) was used to measure fat mass,

lean mass, free water and total water in the rats. Each animal was weighed and then placed

into a plastic holders based on their body weight with limited restraint. Then the holder was

placed in the EchoMRI machine for scanning. Each scan took 1–2 minutes. Earlier, we have
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shown that the fat mass and lean mass measured with the MRI is consistent with those

chemically analyzed, with an almost 1:1 correlation [85, 86].

Immunofluorescence and unbiased stereology

Animals were perfused transcardially using 4% paraformaldehyde. Brains were collected

and post-fixed for 12 h in 4% paraformaldehyde, then transferred through a gradient to 30%

sucrose and finally stored in cryoprotectant at −20C until ready for use. Brain tissue was

transferred to cold PBS for 48 h before sectioning to 40 μm using a freezing stage

microtome (American Optical Co. model 860, Buffalo, NY). A brain from one sedentary

animal in high-fat diet was accidently sectioned at 25 μm, was thus removed from the

stereology analysis. Systematic random sampling was used for tissue collection and a total

of six series were collected. Section collection began roughly at 2.1 mm posterior to bregma

and ended at 3.2 mm posterior, according the Paxinos and Watson rat brain atlas [87].

Approximately 3–4 sections per animal were stained using the following procedure: free-

floating sections were blocked using 5% normal donkey serum (NDS; Jackson Laboratories,

West Grove, PA) in 0.01 M PBS with 0.3% Triton X-100. Tissue was then incubated in

primary antibodies chicken anti-BDNF (Promega, Madison, WI; 1:100) and rabbit anti-

NeuN (Millipore, Billerica, MA; 1:500) for 72 h at 4°C with gentle agitation. Sections were

then washed in .01 M PBS and incubated in secondary antibodies: donkey anti-chicken Cy3

(Jackson Laboratories, West Grove, PA; 1:200) and donkey anti-rabbit Alexafluor 647

(Jackson Laboratories, West Grove, PA; 1:150) for two h at 22°C in the dark. Sections were

mounted onto slides and coverslipped using VECTASHIELD hardset mounting medium

with DAPI (Vector Laboratories, Burlingame, CA.). An image at 5× magnification was

collected from each hemisphere containing the pyramidal layer of CA3 or CA1 using a Zeiss

Axio Imager M2 (Gottingen, DE). The region of interest (ROI) was outlined and a random

offset grid drawn onto the image using imageJ software (NIH, Bethesda, MD). At each grid

crossing within the ROI an image was collected at 63× magnification. Optical sectioning

was performed through 21 μm of the tissue using the Z stack function of Axiovision

Software (Carl Zeiss Vision, version 4.8). Unbiased stereological methods were performed

in order to count BDNF, NeuN and BDNF+NeuN positive cells [88]. Briefly, images were

uploaded into image J where cells were counted using an unbiased counting frame

(27×27μm). In order to avoid counting cells more than once, cells were counted only when

“tops” of nuclei first came into focus. The estimated number of cells containing respective

staining in each reference space (N) was calculated using the fractionator method [89, 90]:

where ssf = the number of sections analyzed/total number of sections, asf = the area of the

dissector frame/area of the xy step in the random offset grid and tsf = the dissector height/

section thickness.

Experimental protocol

Experiment 1—Six-month old Rats were given free access to a running wheel (RW, 24h/d

and 7d/wk) (n=9), exercised on a treadmill (TM, speed of 15m/min, 45min/d and 5d/wk)
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(n=10), or left undisturbed (Sedentary, Sed) (n=10) for 5 weeks. One week after the

beginning of exercise, rats underwent a session (30 trials) of TWAA acquisition training.

During training sessions, rats were placed in the shuttle box. After 5 min of acclimation,

condition stimulus-unconditioned stimulus trials began. After 30 trials, rats were transferred

to their respective home cages. They were tested 48 h later and thereafter once every week

for retention of the task, a procedure similar to that of acquisition training.

Experiment 2—Seven-month old Naïve rats were maintained on either a high-fat (n=7) or

control diet (n=10) for 16 weeks (Research Diets D12451 and D12450B, respectively). The

rats were trained using the TWAA test and assessed for retention 24 h later. Rats in each

dietary category were then given access to a running wheel (24h/7d) or were allowed to

remain sedentary (n=5 for control diet Sed and RW, n=4 for high-fat diet RW, n=3 for high-

fat diet Sed), and memory was tested once a week during seven weeks of exercise as

described under experiment one. At the end of study, rats were perfused transcardially and

brains were analyzed for BDNF and NeuN using immunofluorescent procedures.

Data Analysis—To measure performance on the TWAA task, each trial was analyzed for

successful avoidances, escapes and escape latency. Experiment one data were analyzed

using two-factor (time and treatment) ANOVA, followed by the Holm-Sidak post-hoc

analysis for multiple comparisons. For experiment two, data were analyzed using three-

factor (diet, time, and activity) ANOVA. The three-factor ANOVA, after identifying main

effect of factors, did not provide further information between treatments within same diet at

each time point, between diets within same treatment at each time point, or between pre- and

post-intervention within same treatment, and thus a one-way ANOVA was used for further

analysis, followed by the Holm-Sidak post-hoc test. Acquisition and retrieval data for

experiment 2 prior to treatment were analyzed using unpaired t-tests. For both experiments,

within group comparisons were performed using one-way repeated measures ANOVA to

compare each time point with baseline, in order to determine whether improvements in

memory occurred over time. Significance was considered to be achieved where p<0.05.

Analyses were performed to determine, a) the differences in acquisition between different

treatment groups (following a week of exercise in experiment one, and following 16 weeks

of high-fat diet exposure in experiment two), and b) differences in retention between

treatment groups. The improvement of performance between training trials (first session)

and test trials (all sessions thereafter) were analyzed for avoidances (crossing after

conditioned stimulus, but before shock delivery) escapes (crossing to opposite side during

shock delivery), total responses (avoidances + escapes) and for escape latency (interval

between conditioned stimulus and a response). These parameters were also compared during

test sessions, between groups, to see if there was any specific effect of exercise (RW, or TM

in experiment one and RW in experiment two) on memory retention. For analysis of BDNF

neuronal counts in the CA3 region, data were transformed using reciprocal transformation.

Two-factor ANOVA was performed (diet, activity) followed by the Holm-Sidak post-hoc

test. Statistics were performed using Sigma Plot 11.0 (Systat Software, Inc,) and Prism 5.0

(Graphpad Software, Inc.).
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Highlights

• Exercise improves performance on two-way active avoidance task.

• High fat diet is associated with reduced CA3 BDNF and reduced performance

on an active avoidance test.

• Exercise rescues two-way active avoidance performance deficits induced by

high fat diet.

• Diet-induced reductions in CA3 BDNF are elevated in running wheel- exercised

rats.
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Fig. 1. Five weeks of exercise enhances memory
There was a significant effect of exercise on latency (F (2, 24) = 33.10, p<0.0001) (A)

number of escapes (F (2, 24) = 105.3, p<0.0001) (B), avoidances (F (2, 24) = 8.9, p=0.001) (C)

and total response (escape plus avoidance) (F (2, 24)= 77.8, p<0.0001) (D). Compared with

sedentary (Sed) animals, both running wheel (RW) and treadmill (TM) exercise reduced

latency (A), increased the number of escapes (B), and total response (D), (escape plus

avoidance). TM and RW animals did not differ from each other except in the number of

avoidances (C), where TM exercise resulted in a significantly greater number of total

avoidances. * Indicates significantly different compared with Sed; # indicates significantly

different compared with TM; † indicates significantly different compared with RW; p<0.05,

N=9–10.
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Fig. 2.
Cognitive performance is linearly associated with magnitude of exercise. The total response

(A) is positively, and latency (B) is negatively correlated with cumulative running distance.
Daily running wheel (RW) and treadmill (TM) average distances run (C).
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Fig. 3. Exercise-induced memory improvements begin after two weeks
There was a significant interaction (exercise treatment group × trial number) in the outcome

of total response (F8, 104= 5.1, p<0.0001). After two weeks of running wheel (RW) access,

animals had significantly improved total responses in the two-way active avoidance test. By

three weeks treadmill (TM) exercised animals also had improved performance compared

with sedentary (Sed) animals. * p<0.05 for RW vs. Sed; # p<0.05 for TM vs. Sed; ‡ p<0.05

for TM vs. RW; N=9–10. RW had improved performance from baseline at weeks two and

four (p<0.01), TM animals improved from baseline at weeks 3 and 4 (p<0.01) and Sed

animals had reduced performance compared with baseline at weeks one and four (p<0.05).
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Figure 4. High-fat diet consumption impairs contextual memory
High-fat diet increases latency (A), and decreases numbers of escapes (B) and total response

(C) during memory acquisition testing, and decreases number of escapes (E) and total

response (F) in memory retrieval testing. *p < 0.05. N=10 for control diet, N = 7 for high-

fat diet.
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Fig. 5. Exercise improves high-fat diet-induced cognitive decline
Exercise, increases total response (A) and reduces latency (B) in high-fat diet rats. There

was a significant effect of time on total response (F3,6=4.0; p=0.01) and latency (F3,6=3.8;

p=0.01) for high-fat diet fed running wheel animals. High-fat diet-RW had improved total

response and reduced latency at weeks five and six compared with baseline. There was a

significant effect of treatment group on total response (F3, 13=7.3; p=0.004) and latency

(F3, 13=8.0; p=0.003) at week 6. Daily running wheel distances in animals fed high-fat diet

(HFD) (C) were not significantly different from animals fed the control diet (CD). *p≤0.05

for high-fat diet-RW vs. high-fat diet-Sed; **p≤0.05 for control diet-Sed vs. high-fat diet-

Sed. †p≤0.05 for control-diet running wheel vs. high-fat diet-Sed. # p ≤ 0.05 for high-fat

diet-RW vs. their baseline N=5 for control diet-Sed, N=5 for control diet-RW, N= 4 for

high-fat diet-RW, and N=3 for high-fat diet-Sed.
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Fig. 6.
In high-fat diet fed rats, seven weeks of exercise increased BDNF in neurons of the

hippocampal CA3. Representative images of CA3 region stained for BDNF (red) NeuN

(green) and BDNF+NeuN (yellow) in sedentary (Sed) (A) and running wheel (RW) (B) rats.

There was a significant effect of diet (F1,8=14.1, p=0.001) and activity level (F1,8=4.4,

p=0.02) but no significant interaction (diet × activity) (C). The effect of diet was significant

within both Sed and RW exercised animals. Within high-fat diet (HFD)-fed animals, the RW

exercised group had significantly more neuronal BDNF. * p=0.005 compared with Sed

control diet (CD); # p=0.01 compared with RW CD. † p=0.03 compared with Sed HFD;

N=2–4 per group.
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