
Neuroscience 308 (2015) 180–193
SYNERGISTIC EFFECTS OF DIET AND EXERCISE ON HIPPOCAMPAL
FUNCTION IN CHRONICALLY STRESSED MICE
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Abstract—Severe chronic stress can have a profoundly neg-

ative impact on the brain, affecting plasticity, neurogenesis,

memory and mood. On the other hand, there are factors that

upregulate neurogenesis, which include dietary antioxi-

dants and physical activity. These factors are associated

with biochemical processes that are also altered in age-

related cognitive decline and dementia, such as neu-

rotrophin expression, oxidative stress and inflammation.

We exposed mice to an unpredictable series of stressors

or left them undisturbed (controls). Subsets of stressed

and control mice were concurrently given (1) no additional

treatment, (2) a complex dietary supplement (CDS) designed

to ameliorate inflammation, oxidative stress, mitochondrial

dysfunction, insulin resistance and membrane integrity, (3)

a running wheel in each of their home cages that permitted

them to exercise, or (4) both the CDS and the running wheel

for exercise. Four weeks of unpredictable stress reduced the

animals’ preference for saccharin, increased their adrenal

weights and abolished the exercise-induced upregulation

of neurogenesis that was observed in non-stressed animals.

Unexpectedly, stress did not reduce hippocampal size,

brain-derived neurotrophic factor (BDNF), or neurogenesis.

The combination of dietary supplementation and exercise

had multiple beneficial effects, as reflected in the number

of doublecortin (DCX)-positive immature neurons in the

dentate gyrus (DG), the sectional area of the DG and

hippocampal CA1, as well as increased hippocampal BDNF

messenger ribonucleic acid (mRNA) and serum vascular
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endothelial growth factor (VEGF) levels. In contrast, these

benefits were not observed in chronically stressed animals

exposed to either dietary supplementation or exercise

alone. These findings could have important clinical implica-

tions for those suffering from chronic stress-related disor-

ders such as major depression. � 2015 Published by

Elsevier Ltd. on behalf of IBRO.

Key words: stress, neurogenesis, hippocampus, exercise,

dietary supplements, psychological depression.

INTRODUCTION

Chronic stress can have a profoundly negative impact on

the brain and contributes to a number of psychological

disorders including major depression (McEwen, 2003;

Miller and Hen, 2015). Evidence from rodents and

primates links severe and prolonged elevation of

glucocorticoids (corticosterone, cortisol) to hippocampal

damage (Sapolsky, 1985; Sapolsky et al., 1995). This

damage includes synaptic atrophy (Watanabe et al.,

1992; Magariños et al., 1997) and reduced neurogenesis

(Watanabe et al., 1992; Gould et al., 1992, 1997, 1998).

Glucocorticoids bind extensively in the healthy hippocam-

pus to both glucocorticoid and mineralocorticoid receptors

(Reul and De Kloet, 1985; Aronsson et al., 1988), and

chronic stress can reduce the number of hippocampal

mineralocorticoid receptors (López et al., 1998).

Normally, the hypothalamic–pituitary–adrenal (HPA) axis

shows habituation to repeated exposure to a stressor,

such that glucocorticoid elevation following the stressor

diminishes, but the reduction in hippocampal mineralocor-

ticoid receptors can lead to impairment of this habituation

(Cole et al., 2000).

These detrimental effects on the hippocampus

correlate with behavioral signs of major depressive

disorder. Evidence indicates that the effects of

serotonergic antidepressant medications rely upon intact

adult hippocampal neurogenesis (Malberg et al., 2000;

Santarelli et al., 2003; Sahay et al., 2011). For example,

social isolation stress induced anhedonia and

depression-like behavior in monkeys; this was alleviated

by fluoxetine treatment, which also upregulated neurogen-

esis (Perera et al., 2011). However fluoxetine’s behavioral

antidepressant effect was abolished by focal hippocampal

X-irradiation (Perera et al., 2011), which is highly toxic to

immature neurons (Snyder et al., 2001; Winocur et al.,

2006). Similarly, chronic unpredictable mild stress induced
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Table 1. Ingredients included in the complex dietary supplement

Ingredient Daily dose for a 35 g mouse

Acetyl-L-Carnitine 14.4 mg

Acetylsalicylic Acid 2.5 mg

Alpha-Lipoic Acid 0.72 mg

b-Carotene 50 IU

Bioflavonoids 4.32 mg

Chromium picolinate 1.44 lg
Cod Liver Oil 5.04 IU

Coenzyme Q10 0.44 mg

DHEA 0.15 mg

Flax Seed oil 21.6 mg

Folic Acid 0.01 mg

Garlic 26.6 lg
Ginger 7.2 mg

Gingko Biloba 1.44 mg

Ginseng 8.64 mg

Green Tea Extract 7.2 mg

L-Glutathione 0.36 mg

Magnesium 0.72 mg

Melatonin 0.01 mg

N-Acetyl Cysteine 7.2 mg

Potassium 0.36 mg

Rutin 0.72 mg

Selenium 1.08 lg
Vitamin B1 0.72 mg

Vitamin B3 0.72 mg

Vitamin B6 0.72 mg

Vitamin B12 0.72 lg
Vitamin C 3.6 mg

Vitamin D 2.5 IU

Vitamin E 1.44 IU

Zinc 0.14 mg
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anhedonic behavior in mice, accompanied by a 30%

reduction in neurogenesis and habituation of the hip-

pocampal inhibitory influence on the HPA axis (Surget

et al., 2011). This habituation was evident in a reduction

in the number of newly born neurons in the dentate gyrus

(DG) activated by dexamethasone, a synthetic glucocorti-

coid. Moreover, disruption of neurogenesis by irradiation

impaired the ability of fluoxetine to restore hippocampal

modulation of HPA activity during chronic stress, suggest-

ing that this modulation may depend upon neurogenesis.

Although it is challenging to study human neurogenesis,

a number of studies have associated the number and

duration of depressive episodes with loss of hippocampal

volume and memory function (see e.g. Sheline et al.,

1999; MacQueen et al., 2003).

Two factors that can enhance neurogenesis and offset

stress and depression are dietary antioxidants (Lau et al.,

2005; Valente et al., 2009) and long-term aerobic exercise

(van Praag et al., 1999, 2005; Creer et al., 2010; Déry

et al., 2013; Winocur et al., 2014). Voluntary aerobic exer-

cise enhanced neurogenesis in rodents for up to 9 months

(Merkley et al., 2014). In humans, exercise was found to

increase serum brain-derived neurotrophic factor (BDNF;

Erickson et al., 2011), DG blood volume (indicative of

angiogenesis; Pereira et al., 2007) and memory scores

on a behavioral test of pattern separation (Déry et al.,

2013). Diet and exercise affect biochemical processes

and signaling pathways that are also altered in age-

related cognitive decline. These include neurotrophin

expression (Fahnestock et al., 2012), cellular oxidative

stress (Valente et al., 2009), inflammation (Goshen

et al., 2008) and mTOR regulation (Ota et al., 2014). In

rodents, a complex dietary supplement (CDS) greatly

ameliorated age-related physiological and cognitive

decline in transgenic growth hormone mice (a model of

accelerated aging) and aged wild-type controls (Lemon

et al., 2003). When aged mice received the same supple-

ment from weaning onward, they performed as well as

young mice on the hidden platform version of the Morris

water maze (Aksenov et al., 2013) – a test on which

younger mice typically outperform older ones. Aged mice

who received the CDS also had larger brains than age-

matched non-supplemented controls. The same CDS

also protected mice from radiation-induced DNA damage

and immunological apoptosis (Lemon et al., 2008a,b).

The CDS (Table 1) was designed to target five major

mechanisms associated with aging: inflammation,

oxidative stress, mitochondrial dysfunction, insulin

resistance and membrane integrity. Although this

approach may not identify contributions of any one

ingredient, mounting evidence supports the potent

neuroprotective effects of CDSs exhibiting some overlap

in ingredients or physiological targets (Milgram et al.,

2002; Parachikova et al., 2010). Broad-spectrum,

antioxidant-rich micronutrient supplementation also

shows promise in treatment of mood disorders, while sin-

gle nutrient supplements generally produce weak results

(Rucklidge and Kaplan, 2013; Popper, 2014). For exam-

ple, pre-partum micronutrient supplementation lessens

the risk and severity of postpartum depression (Leung

et al., 2013).
Although both exercise and nutraceuticals can

enhance hippocampal volume (Erickson et al., 2011)

and neurogenesis (Lau et al., 2005), the two together

may produce greater effects. The combination of an

antioxidant-fortified diet and environmental enrichment

reduced age-related cognitive impairment and increased

BDNF levels in dogs more than did either treatment alone

(Fahnestock et al., 2012). Beneficial interactions between

combinations of dietary supplementation and environ-

mental enrichment or exercise have also been observed

in investigations of Alzheimer’s disease (Pop et al.,

2010) and synaptic plasticity (Wu et al., 2008). Although

environmental enrichment and exercise affect neurogene-

sis via distinct pathways (neuronal survival and prolifera-

tion respectively; Olson et al., 2006), they are difficult to

dissociate experimentally because environmental enrich-

ment protocols typically have an exercise component.

Conversely, exercise protocols enrich the animal’s envi-

ronment by affording it access to novel complex objects

with which it can interact meaningfully.

We exposed mice to a complex series of

unpredictable stressors while concurrently giving some

of them the CDS, a running wheel in the home cage, or

both. We predicted that dietary supplementation and

aerobic exercise would synergistically mitigate the

impact of chronic stress on the hippocampus.

Specifically, we hypothesized that the combination of

CDS and exercise would prevent depression-like
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behavior and normalize hippocampal volume,

neurogenesis and BDNF levels.

EXPERIMENTAL PROCEDURES

Subjects

The subjects were 154 male C57BL/6 mice (Charles

River, St. Constant, Quebec, Canada), initially aged

6 weeks and weighing 20–25 g. Upon arrival, animals

were divided into one of eight treatment groups, but no

experimental procedures were conducted until animals

had acclimated to the facility for approximately two

weeks. However, the CDS or plain bagel chip was

provided to the animals during this time. Animals were

individually housed with a reversed 12:12-h light/dark

cycle (lights off during the day, lights on at night) and

constant temperature (�22 �C ±0.5 �C) and humidity.

Mice were provided HarlanTM Teklad 22/5 Rodent Diet

chow and water ad libitum except as required for some

of the stress manipulations described below. Animals

were also given the CDS and saccharin-flavored water

(0.1%) depending on which experimental group they

had been assigned to. Following the two-week

acclimation period, animals were divided into and left in

their experimental cages for 4 weeks. We employed a

3-factor 2 � 2 � 2 design: exercise (wheel running or

not), diet (CDS or not) and stress (chronic unpredictable

stressors or not). Because mice exercise by running on

the cage walls and ceiling in wire cages we prevented

this via Plexiglas barriers. All mice were caged with

woodchip bedding and provided with standard ABS

plastic tubes in which to hide/sleep.

As described below, half of the animals were

designated for immunohistochemical assays (n= 77),

while the other half were designated for hippocampal

BDNF assays (n= 77). All mice were delivered

isoflurane via nosecone and it was confirmed they were

in a plane of anesthesia via toe pinch. Blood was then

collected via cardiac puncture of the right atrium for later

analysis of serum BDNF, insulin-like growth factor-1

(IGF-1) and vascular endothelial growth factor (VEGF).

Thus, all animals, whether destined for immunohisto-

chemical or neurotrophic assays, were euthanized via

exsanguination. The mice designated for immunohisto-

chemistry were administered intracardiac perfusion using

paraformaldehyde (PFA) and brains were extracted. For

those mice that were not perfused, cerebral cortex and

hippocampi were immediately dissected and flash frozen

using liquid nitrogen and then adrenal glands were

dissected and subsequently weighed. All procedures

were conducted in accordance with Canadian Council for

Animal Care and the McMaster University Animal

Research Ethics Board guidelines.

CDS

The dosages, preparation and administration of the CDS

were previously described (Lemon et al., 2003). Briefly,

ingredients were included based on human tolerability

and doses were based on human recommendations with

adjustments for differences in body size and metabolic

rate. The CDS was prepared in aqueous solution,
absorbed onto a small piece of bagel and left to dry.

These bagel chips were given daily to mice in the supple-

mented group halfway through the photoperiod (at the

beginning of their awake cycle) and were usually con-

sumed within minutes. All animals who were not assigned

to a supplemented group were provided with similarly

sized bagel pieces that did not contain the CDS. The

dietary supplement was provided to animals during the

two-week acclimation period. Thus, there was a brief

pre-load phase with the CDS prior to the onset of stress.

See Table 1 for CDS ingredients.

Chronic unpredictable stress (CUS)

This procedure involved a novel combination of stressors,

each validated in other studies (Harkin et al., 2002; Elizalde

et al., 2008; Strekalova and Steinbusch, 2010). Stressors

were selected based on their likelihood of increasing circu-

lating stress hormones without compromising the animals’

health in other ways. During the four-week protocol, ani-

mals were pseudo-randomly exposed to 3 of 13 of the fol-

lowing stressors on each day (see Table 2):

Elevated pillar. This consisted of a small, cloth-

covered platform approximately 10.1 cm wide by

20.3 cm long and approximately 1.2 m off the ground

(Thorpe et al., 2014). When on this platform a mouse

had to be vigilant to avoid falling off. The elevated pillar

stress lasted 1 h and was administered during the ani-

mal’s normal awake period (i.e., dark phase).

Lights off/cage tilt overnight. During the animal’s sleep

cycle, its cage was placed on a 45� tilt for a period of 12 h

with lights turned off. This can disturb the circadian rhythm

of the mouse.

Cage tilt overnight. During the animal’s sleep period,

its cage was placed on a 45� tilt for a period of 12 h.

Lights on during the day. Mice are most active in the

dark so turning the lights on for 6 h during the waking

period can disrupt the circadian rhythm, sleep cycle and

associated hormones and neurotransmitters (Harkin

et al., 2002; Elizalde et al., 2008).

Strobe light during the day. Similar to the ‘‘lights on

during the day” stressor, a bright, blinking strobe during

the animal’s waking (dark) period can impact sleep

(Harkin et al., 2002; Elizalde et al., 2008; Schmidt and

Duman, 2010) and also represents a direct stress. The

strobe light was always delivered concurrently with one

of predator odor or ultrasonic noise.

Predator odor. Mice were exposed to cat hair during

their normal awake cycle (lights off) (McEuen et al.,

2008; Schmidt and Duman, 2010; d’Audiffret et al.,

2010), in combination with a strobe light turned on (during

the animals’ awake period).

Ultrasonic noise. Sound was emitted in the 32–62-kHz

frequency range from small electrical outlet-mounted

speakers. This frequency range is outside the audible



Table 2. The chronic unpredictable stress (CUS) paradigm used to simulate the chronic stressors and sleep disturbances thought to underlie major

depression in humans

Day # Day Morning Afternoon Overnight

1 Monday water deprivation (3 h) lights on (6 h) lights off/cage tilt (12 h)

2 Tuesday restraint (30 min) predator odor/strobe (6 h) ultrasonic noise (12 h)

3 Wednesday handling (10 min) predator exposure (3 h) cage tilt (12 h)

4 Thursday elevated pillar (1 h) ultrasonic noise (6 h) wire cage (12 h)

5 Friday ultrasonic noise/strobe (6 h) restraint (30 min) wire cage (12 h)

6 Saturday predator exposure (6 h) lights on (6 h) food dep./cage tilt (12 h)

7 Sunday water deprivation (3 h) elevated pillar (1 h) cage tilt (12 h)

8 Monday water deprivation (3 h) lights on (6 h) lights off/cage tilt (12 h)

9 Tuesday restraint (30 min) predator odor/strobe (6 h) ultrasonic noise (12 h)

10 Wednesday handling (10 min) predator exposure (3 h) cage tilt (12 h)

11 Thursday elevated pillar (1 h) ultrasonic noise (6 h) wire cage (12 h)

12 Friday ultrasonic noise/strobe (6 h) restraint (30 min) wire cage (12 h)

13 Saturday predator exposure (6 h) lights on (6 h) food dep./cage tilt (12 h)

14 Sunday water deprivation (3 h) elevated pillar (1 h) cage tilt (12 h)

15 Monday water deprivation (3 h) lights on (6 h) lights off/cage tilt (12 h)

16 Tuesday restraint (30 min) predator odor/strobe (6 h) ultrasonic noise (12 h)

17 Wednesday handling (10 min) predator exposure (3 h) cage tilt (12 h)

18 Thursday elevated pillar (1 h) ultrasonic noise (6 h) wire cage (12 h)

19 Friday ultrasonic noise/strobe (6 h) restraint (30 min) wire cage (12 h)

20 Saturday predator exposure (6 h) lights on (6 h) food dep./cage tilt (12 h)

21 Sunday water deprivation (3 h) elevated pillar (1 h) cage tilt (12 h)

22 Monday water deprivation (3 h) lights on (6 h) lights off/cage tilt (12 h)

23 Tuesday restraint (30 min) predator odor/strobe (6 h) ultrasonic noise (12 h)

24 Wednesday handling (10 min) predator exposure (3 h) cage tilt (12 h)

25 Thursday elevated pillar (1 h) ultrasonic noise (6 h) wire cage (12 h)

26 Friday ultrasonic noise/strobe (6 h) restraint (30 min) wire cage (12 h)

27 Saturday predator exposure (6 h) lights on (6 h) food dep./cage tilt (12 h)

28 Sunday water deprivation (3 h) elevated pillar (1 h) cage tilt (12 h)
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bandwidth for human hearing but is detectable to rodents.

High-frequency sound waves were emitted at a rate of 80

oscillations per second, which is claimed to be irritating to

rodents who will actively try to escape the sound. Since

our mice were kept in cages that would render the

sound inescapable, these high-frequency sound waves

should activate the animal’s stress response while not

causing any other sort of physiological damage. The

ultrasonic emitters are commercially available and were

purchased from Victor�, a pest control company. The

Victor� ultrasonic rodent repeller was only turned on

periodically and for no longer than 12 h, alone or in

combination with a strobe light turned on (during the

animal’s awake cycle).

Water deprivation. Mice were deprived of water for

periods of no longer than 3 h. The anticipation of a

prolonged water deprivation event is stressful and also

impacts hydration and feeding (Mantella et al., 2005;

Elizalde et al., 2008). Water deprivation did not occur on

the same day as, and did not immediately precede, sac-

charin preference testing.

Food deprivation/cage tilt. Mice were deprived for 12 h

during their normal sleep period, in combination with cage

tilt, which may have made it slightly more difficult for them

to regulate body weight (Harkin et al., 2002; Mantella

et al., 2005; Schmidt and Duman, 2010).

Handling. During the mouse’s awake period (lights

off), the experimenter placed the mouse on a table and
held it by the base of the tail for 10 min. The mouse was

then returned to its home cage. Restraint is a commonly

applied stress for rodents (e.g. Magariños et al., 1997).

Restraint. Restraint is a stressor that is commonly

implemented in the rodent literature (e.g. Snyder et al.,

2011). The restraint system that we used was DecapiCone

(Braintree Scientific, Braintree, MA, USA). These restraint

cones are made from a tapered plastic film. One must sim-

ply hold the plastic cone with one hand and place the

mouse into the cone using the other hand. Once themouse

has been placed inside of the DecapiCone, with their head

through one end to allow for breathing and the other end

tied off to create a snug fit, they are rendered immobile.

Otherwise, the mice are completely unharmed. Each ani-

mal was not restrained for more than 30 min per session.

Predator exposure. Mice in our stressed group were

wheeled into an adjacent room that houses rats. Each

mouse was then placed into one side of a specially

constructed cage that has been partitioned into two

halves, while a rat was placed into the other half. The

partition is a metal wire screen with small openings,

which prevented the animals from being able to harm

one another. However, this type of screening would still

allow for enough contact between the two animals to

effectively initiate the mouse’s stress response. Mice

and rats were left in these cages for either 3 or 6 h

periods, with 2 or 3 days between each exposure.

Following each exposure, mice were returned back to

their original cages [and their holding room].
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Deprived housing. For durations of 12 h, stressed

mice were placed into specially constructed cages with

wire mesh floors and no bedding material. However,

they still had free access to food and water. The lack of

bedding material or enrichment devices made for a type

of impoverished housing that was mildly stressful for the

animals, but did not otherwise cause any type of bodily

harm. Following each deprivation period, mice were

placed back into their original cages with adequate

bedding material.
Aerobic exercise

Animals in the exercise condition were provided with a

running wheel in their home cage. Daily observations and

an ergometer attached to a subset of running wheels

(Mouse Igloo Fast-Trac, Bioserv) verified that, in most

cases, mice repeatedly used the running wheels. For

sedentary groups Plexiglas linersminimized physical activity.
Behavioral measures

Saccharin preference during the waking period was used

as a non-invasive behavioral measure of anxiety and

stress (Willner et al., 1992). Reduced preference for sac-

charin is a sign of anhedonia, a core symptom of major

depression in humans. Saccharin preference was mea-

sured by the proportion of saccharin-flavored water con-

sumed relative to unflavored water. Saccharin is an

artificial sweetener that was used in place of sucrose to

avoid any physiological changes associated with the

increased intake of sucrose. Mice were always provided

with two water bottles fixed to their cages. On two days

of the week one of these contained saccharin-flavored

water, while the other contained regular, unflavored

water. Every other day both water bottles contained unfla-

vored water, to maintain the hedonic value of saccharin

over time. The position of the saccharin and unflavored

water bottles was swapped upon each administration,

so that the animal could not learn the position of, and

become biased toward drinking from the bottle containing

saccharin-flavored water. Each test began 1 h before the

animals’ awake period (7:00 h) and ended 1 h after initia-

tion of the sleep period (21:00 h). Body weight was mea-

sured at the start of the experiment, once a week during

CUS and the day before sacrifice.
Immunohistochemistry

Animals were anaesthetized with isoflurane and

euthanized via transcardial perfusion with phosphate-

buffered saline (PBS), followed by 4%

paraformaldehyde (PFA). Following perfusion, whole

brains were extracted and post-fixed in PFA for 24 h,

after which they were transferred to a 0.1% sodium

azide (in PBS) solution and stored at 4 �C until

sectioning. The right hemisphere of each brain was

dissected and sectioned from anterior to posterior in the

coronal plane in a PBS-filled well on a Leica VT1000S

Vibratome (Heidelberg, Germany) into 40-lm slices that

were transferred to a 48-well plate (four sections per

well) filled with 0.1% sodium azide solution at 4 �C. Nine
sections containing the DG were sampled from each

animal using immunohistochemistry methods described

previously (Wojtowicz and Kee, 2006).

Doublecortin (DCX) was assayed as a marker of

neurogenesis. DCX is a microtubule binding protein

expressed transiently in proliferating neural precursor

cells and migrating neuroblasts, but not in mature

neurons. This is a recognized biomarker of immature,

adult-born neurons (Brown et al., 2003; McDonald and

Wojtowicz, 2005). All sections were first incubated with

anti-DCX antibody ab18723 (Abcam, Toronto, ON,

Canada) and then Alexa Fluor 568 Donkey Anti-Rabbit

IgG antibody (Life Technology). Antibodies were sus-

pended in a phosphate-buffered saline solution containing

0.3% Triton X-100 detergent, which enabled them to

penetrate cell membranes. Sections were washed (on a

rotomixer) in PBS 3 times (5 min each) before and after

each antibody incubation period. After the final wash, sec-

tions were mounted on labeled glass slides using a paint-

brush and distilled water, permitted to air dry in a shaded

area (to limit light exposure), coated with PermaFluorTM

aqueous mounting medium (Thermo Scientific,

Mississauga, ON, Canada), covered with a glass cover-

slip, and then stored in a slide folder at 4 �C before being

transferred to a slide box for storage.
Cell counts and hippocampal substructure area
measurements

Immunolabeled cells in the subgranular zone (SGZ) of the

DG were counted using a 40� objective lens (Nikon,

OPTIPHOT-2 fluorescence microscope). Cells were

counted exhaustively throughout the entire 40-lm
thickness of each section by gradually adjusting the

focus of the microscope but excluding the upper and

lower edges of the sections. The counting procedure

was verified by at least two independent investigators

who were blinded with respect to the animal’s group

assignment. The SGZ was defined as a two-cell

diameter wide (or approximately 20 lm) zone beneath

the granule cell layer. Black and white images of each

section, captured using a Sensicam CCD camera and

SensiControl v4.02 software at 4� magnification, were

then used to obtain length measurements (mm) of the

SGZ on the upper and lower blades of the DG using

Image J software (http://rsb.info.nih.gov/ij/). Cell counts

and length measurements were then used to calculate

the number of DCX+ cells per mm SGZ, averaged

across sections in each region (dorsal, medial and

ventral) and throughout the DG. Additional 4�
magnification images of the same sections were also

used with Image J software to obtain surface area

measurements of the DG and CA1 as indicators of

hippocampal size.
Quantification of hippocampal BDNF messenger
ribonucleic acid (mRNA) using real-time quantitative
reverse transcription polymerase chain reaction
(qRT-PCR)

Following sacrifice of animals by exsanguination under

isoflurane anesthesia, the hippocampi were dissected

http://rsb.info.nih.gov/ij/
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and immersed in liquid nitrogen, then stored at �80 �C
until use. The methods employed for the subsequent

isolation of RNA, reverse transcription and quantification

of BDNF using qRT-PCR followed protocols similar to

those reported previously (Fahnestock et al., 2012).

Briefly, hippocampal tissue samples were first weighed

then sonicated for 3–5 s in cold TrizolTM solution (Life Tech-

nologies, Inc., Gaithersburg, MD, USA). RNA was isolated

from the homogenate by centrifugation and extraction

using a 70% ethanol solution, RNeasyTM spin column

(Qiagen, Mississauga, ON, Canada), DNase treatment

and elution as per the manufacturer’s instructions.

RNA concentrations and integrity were determined by

spectrophotometry and agarose gel electrophoresis,

respectively. Only samples with A260/A280 ratios

greater than 1.7 were processed further. One microgram

of each RNA sample was then reverse transcribed and

50 ng of the resulting cDNA was amplified in the

Stratagene MX3000p machine as previously described

(Fahnestock et al., 2012) using qPCR SuperMix

(Invitrogen), forward and reverse primers [BDNF: 50

GCG-GCA-GAT-AAA-AAG-ACT-GC 30 (forward) and 50

CTT-ATG-AAT-CGC-CAG-CCA-AT 30 (reverse); b-actin:
50 AGC-CAT-GTA-CGT-AGC-CAT-CC 30 (forward) and

50 CTC-TCA-GCT-GTG-GTG-GTG-AA 30 (reverse)],

ROX reference dye (Invitrogen), and cDNA or reference

standard for absolute quantification. A ‘‘no template” con-

trol lacking cDNAwas included. Only those qRT-PCR runs

with efficiencies greater than 90% and R2 greater than

0.99 were included in subsequent statistical comparisons.

BDNF copy numbers for each animal determined with

MXP Pro v3.0 software were normalized to copy numbers

of b-actin (Fahnestock et al., 2012).
Enzyme-linked Immmunosorbent Assays (ELISA)

Animals were anaesthetized with isoflurane, blood was

collected via cardiac puncture and then immediately

placed on ice in labeled 1.5 mL microfuge tubes. After

remaining on ice for 1–1.5 h to permit coagulation, blood

samples were centrifuged for 15 min at 3000 rpm at

4 �C. The supernatant (serum) was then transferred to

1.5 mL cryotubes and stored at �80 �C until use. Serum

was analyzed using a sandwich BDNF ELISA kit (BDNF

ELISA kit: Human, Rat, Mouse; Biosensis) according to

the manufacturer’s instructions. Each sample was tested

in duplicate on separate plates, and the measurements

from the two plates were averaged prior to the statistical

analyses described below. VEGF and IGF-1 were

analyzed using the same procedures with kits from

Biosensis�.
Statistical analyses

Correlation analyses were performed on all measures, in

addition to an omnibus 2 � 2 � 2 (stress, exercise and

diet) factorial ANOVA. All measures were also tested

using a linear contrast (Fox, 2008) for the a priori hypoth-

esis that the combination of diet and exercise, but neither

intervention alone, would reveal benefits in animals

exposed to the CUS paradigm (stress = stress � diet =

stress � exercise < stress � exercise � diet, hereafter
referred to as the (S = S � D= S � E) < (S � D � E)

contrast. An alpha level of 0.05 was used to determine

significance on all statistical tests.
RESULTS

Saccharin preference and adrenal weight

To determine the extent to which animals in stress groups

were affected by CUS exposure, we recorded the ratio of

saccharin-flavored water to regular water consumed by

the animals twice per week during acclimation as well

as each of the four weeks of the experiment. The ratio

of the adrenal gland to body weight at the time of

euthanasia was also calculated. Saccharin preference is

a measure of anhedonia, while adrenal weight is a

physiological indicator of allostatic load. Separate

2 � 2 � 2 ANOVAs applied to the saccharin preference

data revealed a reduced saccharin preference among

stress groups beginning in the first week of stress

exposure (F1,61 = 44.6, p< 0.0001) that continued for

the duration of the experiment (see Fig. 1).

The 2 � 2 � 2 ANOVA results for the post mortem

adrenal weight measurements revealed significantly

enlarged adrenal glands in the stress groups (corrected

to body weight, main effect of stress, F1,68 = 90.74,

p< 0.0001; Fig. 2). There was also a significant

negative correlation between saccharin preference (any

of weeks 1–4) and adrenal weight/body weight

(r= �0.498, p= 0.002). We verified that there were no

group differences in saccharin preference prior to stress

exposure (week 0 or baseline, F7,61 = 1.5, p= 0.18). In

addition to the main effect of stress, there was also an

interaction effect between exercise and adrenal mass

(F1,68 = 14.001, p= 0.0004). Evaluation of our a priori

hypothesis that the combination of diet and exercise

would counteract the effects of CUS, using the

(S = S � D= S � E) < (S � D � E) contrast, revealed

that by the 4th week of CUS exposure the combination

of diet and exercise (but neither alone) did partially

restore saccharin preference (t1,61 = 5.1, p= 0.0001,

not significant for data from weeks 0–3), but did not

affect adrenal gland size. These data show that mice

were strongly impacted by stress manipulations but this

impact was partially reversed with a combination of the

CDS and exercise (at least for hedonic status).
DG and CA1 size

To determine the effects of stress, exercise and diet on

the overall structure of the hippocampus, we measured

the area (mm2) of both the DG and CA1, which were

clearly visible in photographs of the sampled DCX-

immunolabeled sections. These were also used for

quantification of adult born neurons in the DG (e.g.,

Fig. 3A). Area measurements are shown in Table 3.

ANOVAs for the DG area measurements revealed diet

by stress (F1,64 = 5.169, p= 0.026) and exercise �
stress (F1,64 = 4.406, p= 0.0398) interactions. The

(S = S � D= S � E< S � E � D) contrast was also

significant (t1,64 = 3.218, p= 0.002). These effects

were also observed for the sectional CA1 area data



Fig. 1. Saccharin preference (proportion of saccharin to plain water

consumed) over time. Chronically stressed animals showed a

persistent reduction in their preference for saccharin flavored water

over unsweetened water (2 � 2 � 2 ANOVA, p< .0001). By the

fourth week of CUS exposure, only those animals which had also

exercised and received dietary supplementation exhibited an ame-

lioration of this anhedonic behavior (S = S � D= S � E) <

(S � D � E) planned contrast; *p= 0.0001). (C = Control;

S = Stress; D = Diet; E = Exercise).
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(diet � stress, F1,64 = 6.23, p= 0.015; F1,64 = 6.71,

p= 0.012; (S = S � D= S � E< S � E � D) contrast:

t1,64 = 2.806, p= 0.007). ANOVAs of the CA1 area

data revealed a strong trend (significant at the 0.10

level) suggesting a negative effect of stress (F1,64 =

3.8897, p= 0.053). Comparison between stress groups

for both measures can be seen in Fig. 3. The similarity

in results between DG and CA1 measures suggests an
Fig. 2. Adrenal weight (corrected to body weight) in stressed vs. non-stres

glands (2 � 2 � 2 ANOVA, *p< .0001). Mice in exercise groups also s

demonstrating that both chronic stress and exercise can induce adrenal glan
overall hippocampal structural modification by the

combination of exercise and the CDS.
Neurogenesis

Estimates of neurogenesis were obtained by measuring

the number of DCX-positive immunolabeled cells per 40-

lm coronal section of DG (sectional quantity) averaged

across nine sampled sections (Fig. 4A, B). A 2 � 2 � 2

ANOVA showed a robust main effect of exercise on

neurogenesis (F1,64 = 7.272, p= 0.009) and a diet by

stress by exercise interaction (F1,64 = 4.156,

p= 0.0456). The (S = S � D= S � E< S � E � D)

contrast was also significant (groups t1,64 = 2.887,

p= 0.0053), suggesting that the main effect of exercise

was driven by differences in animals that had not been

exposed to chronic stress, while also showing the

effectiveness of the diet � exercise combination in

increasing neurogenesis in animals exposed to chronic

stress. Considering that we observed similar effects in

the DG and CA1 sectional area data, we also applied the

same analysis to the DCX-positive cell counts after first

correcting for the length (mm) of the subgranular zone

(SGZ), to obtain neurogenesis density measurements.

This correction for SGZ length attenuated the effect of

diet and exercise in stress groups (diet � exercise �
stress interaction no longer significant, F1,64 = 2.28,

p=0.135; (S= S � D= S � E) < (S� E � D) contrast,

t1,64 = 1.837, p= 0.07), but not that of exercise alone

(F1,64 = 9.756, p=0.003), although it revealed a trend

toward an effect of stress in reducing the density of adult

born neurons (F1,64 = 3.39, p=0.07). This effect of

stress was marginally significant when examined using a

directional t-test (controls > stress) based on the a priori

prediction of a negative effect of stress on neurogenesis

(t1,64 = 1.837, p=0.054).
sed animals. Chronically stressed animals showed enlarged adrenal

howed increased adrenal mass (2 � 2 � 2 ANOVA, p= 0.0004),

d growth. (C = Control; S = Stress; D = Diet; E = Exercise).



Fig. 3. Effect of diet and exercise on hippocampal area in stressed mice. (A,B) Fluorescence micrographs (4� magnification) showing the surface

area of the DG (solid outline) and CA1 (dashed outline) in samples from the stress-only (A) and stress � diet � exercise (B) groups. (C,D) Surface

area measurements (mean ± SE, mm2) of DG (C) and CA1 (D) per 40-lm section of the hippocampus for each group reveal that the among

chronically stressed animals in the current study, hypertrophy of the hippocampus is only induced by the use of diet and exercise in combination

(S = S � D= S � E< S � E � D contrast; *p= 0.002 for DG; *p= 0.007 for CA1). (C = Control; S = Stress; D = Diet; E = Exercise).

Table 3. Average area measurements (mm2) for each group ± stan-

dard error

Group Structure

DG CA1

Control 0.88 ± 0.03 1.28 ± 0.03

Diet 0.80 ± 0.02 1.13 ± 0.02

Exercise 0.79 ± 0.03 1.14 ± 0.04

Diet � Exercise 0.76 ± 0.02 1.08 ± 0.03

Stress 0.82 ± 0.06 1.14 ± 0.07

Stress � Diet 0.80 ± 0.03 1.21 ± 0.05

Stress � Exercise 0.77 ± 0.04 1.12 ± 0.08

Stress � Exercise � Diet 0.96 ± 0.03* 1.39 ± 0.05*

* Diet � exercise interaction effect, significantly different from the stress-only

group.
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Hippocampal BDNF expression

We evaluated alterations due to stress, exercise or diet in

the expression of the key neurotrophic factor, BDNF

(which regulates changes in synaptic density,
neurogenesis and hippocampal volume). We used qRT-

PCR to quantify BDNF mRNA (normalized to the level

of b-actin, a housekeeping gene) in hippocampal tissue

homogenates from animals that had not been used for

immunohistochemistry (Fig. 5). The 2 � 2 � 2

ANOVA revealed a strong trend toward a main effect

of stress: F1,57 = 3.049, p= 0.0862, while the

(S = S � D= S � E< S � E � D) contrast indicated

that the combination of exercise and diet significantly

increased hippocampal BDNF levels in chronically

stressed animals (t1,57 = 2.226, p= 0.03).

Serum BDNF, IGF-1 and VEGF

Levels of BDNF, IGF-1 and VEGF in the peripheral

circulation were quantified using ELISA in serum

samples collected from all animals, to determine if the

changes observed in the CNS extended to peripheral

factors. Application of the same statistical methods as

used above, a 2 � 2 � 2 ANOVA and planned

(S = S � E= S � D< S � E � D) contrast, revealed



Fig. 4. Effect of stress, exercise and diet on neurogenesis. (A,B) Fluorescence micrographs (10� magnification) showing doublecortin (DCX)

labeled adult born neurons in the DG of subjects from the stress-only (A) and stress � exercise � diet (B) groups. (C) Quantity of DCX-positive cells

(mean ± SE) per 40-lm section of the DG for each group demonstrating that exercise (but not diet) is sufficient to enhance neurogenesis in non-

stressed animals (2 � 2 � 2 ANOVA, **p= 0.009). Among stressed animals neither exercise nor diet alone increases neurogenesis, but the

combination does (S = S � D= S � E< S � E � D contrast, *p= 0.0053), demonstrating a synergistic effect of diet and exercise under

conditions of chronic stress. (C = Control; S = Stress; D = Diet; E = Exercise).
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no significant changes in serum BDNF or IGF-1 across

groups. However, in the case of VEGF, the omnibus

ANOVA revealed a main effect of stress (F1,42 = 2.125,

p= 0.029; Fig. 6) and a trend toward a diet � stress

interaction (F1,42 = 3.03, p= 0.089), suggesting that

the CDS affected VEGF differently in stress group

animals compared to controls.
DISCUSSION

These results demonstrate that a combination of aerobic

exercise and supplementation with a complex

nutraceutical formulation exerted potent neurotrophic

effects in stressed rodents evident across diverse

biomarkers relevant to hippocampal physiology.

Although mice in all stressed groups were strongly

affected in measures of depressive-like behavior

(saccharin preference) and allostatic burden (adrenal

gland size), by the final week of testing some recovery

of saccharin preference was seen in stressed animals
that exercised and received the CDS. The adrenal

glands were also enlarged in exercising but otherwise

non-stressed animals. Such an effect of exercise alone

has been previously reported (Song et al., 1973; Droste

et al., 2003), but this effect does not result in increased

corticosteroid binding in the hippocampus (Droste et al.,

2003). While others have noted a larger effect of chronic

stress on hippocampal structure and plasticity than

reported here (Watanabe et al., 1992; Gould et al.,

1997, 1998), we did consistently observe trends toward

atrophic effects of stress across a wide variety of mea-

sures including hippocampal CA1 and DG size, neuroge-

nesis and BDNF mRNA. The fact that these results did

not reach significance may have been due to the specific

stress protocol used here. In the literature, chronic stress

has widely varying effects, ranging from mild to severe

pathological changes in the hippocampus. This may

reflect the wide range of stress paradigms used in these

studies. A study comparing CUS to chronic immobilization

stress (CIS) found that the former more robustly impacted



Fig. 5. Effect of stress, exercise and diet on hippocampal BDNF mRNA. qRT-PCR measurements of BDNF mRNA copy numbers normalized to

b-actin copy numbers in hippocampal tissue. Under conditions of chronic stress, BDNF expression in the hippocampus is upregulated by a

combination of diet and exercise (S = S � D= S � E < S � E � D contrast, *p= 0.03), but not by exercise or diet alone. (C = Control;

S = Stress; D = Diet; E = Exercise).

Fig. 6. Influence of stress, exercise and diet on VEGF in peripheral circulation (serum). ELISA measurements of serum VEGF revealed reduced

levels in mice exposed to chronic stress (2 � 2 � 2 ANOVA, *p= 0.029). A trend toward a diet � stress interaction (2 � 2 � 2 ANOVA, p= 0.089)

was also detected, suggesting that the effect of the CDS on VEGF may differ in stress group animals compared to controls (Fig. 6). (C = Control;

S = Stress; D = Diet; E = Exercise).
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the amygdala, while the latter was more detrimental to the

hippocampus and behavioral measures of anxiety

(elevated plus maze; Vyas et al., 2002). Thus, the use

of CIS may be more effective in future studies on

hippocampal physiology. Furthermore, the disparity

between the behavioral and neurological results in the

present study suggests that the former are more overtly

altered by CUS.
We also found a potent enhancement of neurogenesis

by a prolonged period of voluntary aerobic exercise in

non-stressed control groups, which was abolished by

chronic stress. The positive effect of exercise on

neurogenesis is consistent with previous studies (van

Praag et al., 1999, 2005). In contrast to the benefits of

exercise, we did not observe a statistically significant ben-

efit of diet in healthy animals. The dietary supplement
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might not be expected to have an impact in healthy,

young adult control animals given that they might not exhi-

bit markedly elevated levels of oxidative stress, inflamma-

tion or other mechanisms targeted by the CDS. The

dietary supplement alone also failed to affect most of

our measures significantly in stressed groups, consistent

with the work of Fahnestock et al. (2012) examining the

effects of diet and environmental enrichment in a canine

model of age-related cognitive decline. The supplement

was originally designed to ameliorate aging (Lemon

et al., 2003). Thus, supplementation over longer periods

of time or in older animals, as in previous studies

(Aksenov et al., 2013), would likely produce much more

robust effects in both healthy animals and those that are

chronically stressed (which can accelerate cognitive

decline, see Lupien et al., 2009).

The finding that the combination of diet and exercise

(but neither one alone) partially restored hedonic

behavior and exerted multiple trophic effects on the

hippocampus underscores the potential for potent

synergistic effects between the CDS and aerobic

exercise in the treatment of stress-related psychiatric

disorders in humans. To our knowledge this is the first

report of a successful attempt at disrupting the trophic

effects of exercise on neurogenesis using chronic stress

and then reinstating it through dietary supplementation.

Future research could examine whether similar

synergistic interactions are observed when combining

other interventions known to affect hippocampus-

dependent cognitive functions, such as environmental

enrichment (Kempermann et al., 1997; Fahnestock

et al., 2012) or cognitive training (Madore et al., 2014),

with a similar complex nutraceutical supplement.

It is remarkable that benefits of the combined

intervention were observed across nearly all measures

included in this study: anhedonia, hippocampal BDNF,

DG and CA1 volume, neurogenesis and serum VEGF,

suggesting that the effects of diet and exercise in

mitigating stress were not specific to a single

physiological process or biochemical pathway. It is also

noteworthy that the neurogenesis and hippocampal area

measurements were conducted in a separate cohort of

animals from the hippocampal BDNF assays, yet

parallel effects of exercise and diet were observed in

both groups. Moreover, the amelioration of anhedonia

was observed in both groups of stressed animals

receiving diet and exercise. Future studies could

investigate whether other measures of neuroplasticity

such as dendritic spine density, arborization and

synapse morphology would be similarly affected, in light

of the changes we observed in the CA1 and DG

sectional areas, and previous evidence suggesting that

stress-induced hippocampal volume loss is due to

synaptic degeneration rather than cellular apoptosis

(Watanabe et al., 1992; Magariños et al., 1997;

Lucassen et al., 2001). In support of this it has been found

that, with the exception of newly born neurons in the sub-

granular and subventricular zones (Linnarsson et al.,

2000), BDNF is not a survival factor for postnatal CNS

neurons but rather regulates dendritic complexity and

synaptic plasticity (Rauskolb et al., 2010). This insight in
particular hints at the possibility that the neurotoxic effects

of chronic stress, when observed, may be reversible

given the correct combination of nutraceutical and exer-

cise based interventions. Moreover, comparable or even

greater effects of diet and exercise in animals exposed

to stress may be seen in other brain structures, such as

the dorsolateral and dorsomedial prefrontal cortices,

which are implicated in stress-induced depression

(Larrieu et al., 2014).

While it is impossible to determine the mechanism by

which diet and exercise exerted their neuroprotective

benefits based on the design of the current study and

the complexity of the dietary supplement, the data did

provide some clues. Notably, the large effect of

exercise, but not diet, on neurogenesis in non-stress

groups hints at the possibility that chronic upregulation

of the HPA axis interferes with the agonistic action of

exercise on neurogenesis, which is known to depend

upon the intact signaling of neurotrophic factors,

including BDNF (Li et al., 2008), VEGF (Fabel et al.,

2003) and IGF-1 (Vivar et al., 2013).

While BDNF features most prominently in the

neurophysiological influence of exercise on

neurogenesis, our results for VEGF protein levels in

serum are especially informative. Given that we

observed a trend toward a selective effect of the CDS,

but not exercise on serum VEGF (diet � stress

interaction) in animals exposed to chronic stress, it is

conceivable that the potential restoration of exercise-

mediated neurotrophic effects are driven by VEGF. This

is supported by research implicating glucocorticoid

receptor signal transduction in the suppression of VEGF

and BDNF expression (Smith et al., 1995; Koedam

et al., 2002; Kawashima et al., 2010). Alternatively, given

the established effects of the CDS on mitochondrial activ-

ity (Aksenov et al., 2013), perhaps chronic stress expo-

sure reduced the amount of running in the animals who

exercised but did not receive the CDS. On the other hand,

physical activity may have been restored by the metabolic

effects of the diet. These alternatives could easily be

examined in future studies by inhibiting VEGF signaling

and/or recording the amount of running of exercise group

animals. Lack of detailed records on the amount, duration

and speed of running in exercising animals is a limitation

in the current study. Regardless, if these hypotheses

prove to be correct, it seems reasonable to conclude that

the synergistic effects of exercise and diet depend, at

least in part, on the upregulation of BDNF and/or VEGF.

A limitation of this study is the exclusive use of male

mice, as is common in studies that investigate

neurogenesis because female circulating hormones

impact neurogenesis levels (Ormerod and Galea, 2001).

Nonetheless, considering the relatively high incidence of

depression and anxiety disorders in women (Altemus,

2006), it is critically important for future work to include

both sexes. Overall, our findings have important clinical

implications for those suffering chronic stress-related psy-

chiatric disorders such as major depression. Our results

clearly demonstrate the potential of combining CDSs

and exercise as an alternative to the pharmacological

treatment of mood and anxiety disorders associated with
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chronic stress. In addition, the ineffectiveness of either

exercise or dietary supplementation alone suggests that

their effects are synergistic and recommends against

future attempts at monotherapeutic treatment.
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