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Abstract

Exercise has been shown to be beneficial in reducing symptoms of affective disorders

and to increase theexpressionof brain-derivedneurotrophic factor (BDNF). TheBDNF

Val66Met polymorphism is associatedwith reduced activity-dependent BDNF release

and increased risk for anxiety and depression. Male and female Val66Met rats were

given access to running wheels from 3 weeks of age and compared to sedentary con-

trols. Anxiety- and depression-like behaviors were measured in adulthood using the

elevated plus maze (EPM), open field (OF), and forced swim test (FST). Expression

of BDNF and a number of stress-related genes, the glucocorticoid receptor (Nr3c1),

serum/glucocorticoid-regulated kinase 1 (Sgk1), and FK506 binding protein 51 (Fkbp5)

in the hippocampus were also measured. Rats given access to running wheels devel-

oped high levels of voluntary exercise, decreased open-arm time on the EPM and

center-field time in the OF, reduced overall exploratory activity in the open field, and

increased immobility time in the FST with no differences between genotypes. Chronic

exercise induced a significant increase in Bdnf mRNA and BDNF protein levels in the

hippocampus with some of these effects being genotype specific. Exercise decreased

the expression ofNr3c1 and Sgk1, but increased the expression of Fkbp5. These results

suggest that chronic running-wheel exercise from adolescence increased anxiety and

depression-like phenotypes in adulthood, independent of BDNF Val66Met genotype.

Further studies are required to confirm that increased indices of anxiety-like behavior

are independent from reduced overall locomotor activity.
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1 INTRODUCTION

Anxiety disorders are the most common mental health disorders in

children and adolescents, affecting around 7% of children every year

(Merikangas et al., 2010). The median age of onset of childhood anx-

iety disorders is 11 years, and anxiety disorders have been found to

be present in 1.5% of preschoolers (Wichstrøm et al., 2012). Effective

early interventions to reduce incidence and symptoms of affective dis-

orders at a young age are therefore urgently needed and have become

an important policy focus (Larun et al., 2006).

A number of randomized controlled trials have provided evidence of

the efficacy of exercise as a treatment in reducing symptoms of affec-

tive disorders across all age groups and genders (Stubbs et al., 2017;

Wipfli et al., 2008). Exercise routines can also have various positive

effects on general health and are self-sustaining in that individuals can

independently maintain exercise routines once the basic skills have

been learnt (Abu-Omar et al., 2017). Several preclinical studies also

demonstrate anxiolytic andantidepressant effects of exercise in rodent

models (Duman et al., 2008;Morgan et al., 2018; Salam et al., 2009).

Given the purported beneficial effects of exercise on mental and

physical health, it is surprising that little research to date has examined

the effects of chronic exercise from adolescence as an intervention

for anxiety disorders. A Cochrane systematic review examining the

effectiveness of exercise in reducing or preventing anxiety in children

aged 6–20 years (Larun et al., 2006) found that exercise significantly

decreased anxiety symptoms. However, the small number of studies

available showed heterogeneity regarding population, intervention,

and measurement instruments used. It therefore remains unclear

what the exact cause/effect relationship is between exercise, age, and

genetic factors versus treating or preventing anxiety and depression.

One mechanism by which exercise might cause beneficial effects

on mental health is by increasing the expression of brain-derived neu-

rotrophic factor (BDNF) in the brain (Walsh & Tschakovsky, 2018).

BDNF has been implicated in psychiatric disorder development due to

its role in neuronal development, maturation, and plasticity (Notaras &

van den Buuse, 2019). Voluntary exercise promotes BDNF expression

in the rodent brain (Johnson et al., 2003; Neeper et al., 1995) and, in

human studies, upregulates circulating BDNF levels (Rasmussen et al.,

2009; Szuhany et al., 2015). In individuals with mental health disor-

ders such as anxiety disorders and depression, thiswas associatedwith

improvements in mental health symptoms (DeBoer et al., 2012; Mata

et al., 2010; Toups et al., 2011).

A single-nucleotide polymorphism (SNP) of the BDNF gene,

Val66Met (rs6265), results in deficient BDNF translocation and

secretion and thereby may contribute to psychiatric disorder devel-

opment (Notaras et al., 2015). Different lines of evidence impli-

cate the Val66Met SNP as a candidate risk factor in anxiety disorders

(Notaras et al., 2015). This is supported by various association studies

(Gratacòs et al., 2007; Zai et al., 2012) that have shown that the Met

allele may be the risk allele for psychiatric disorders given that Met

carriers exhibit the greatest reduction of activity-dependent secretion

of BDNF in the brain (Egan et al., 2003; Tsai, 2018). Evidence suggests

that exercise may improve the deficient activity-dependent release of

TABLE 1 Number of rats assigned to control and exercise
conditions by genotype and sex

Val/Val Val/Met Met/Met

Males Females Males Females Males Females

Control 16 12 15 16 15 14

Exercise 10 10 10 10 10 10

BDNF associated with the Val66Met SNP, although different studies

have shown variable results. For example, Helm et al. (2017) showed

that both Met and Val carriers had increased serum BDNF after short

bursts of high intensity cycling, whereas Nascimento et al. (2015)

showed that only Met carriers exhibited significant improvements in

peripheral BDNF levels after exercise. However, Lemos et al. (2016)

demonstrated that BDNF was increased in Val/Val, but not Val/Met

participants following 4 months of aerobic exercise. Another study

failed to find an association between BDNF genotype, physical activ-

ity, and depressive symptoms (Gujral et al., 2014). In mice carrying the

human BDNF Val66Met SNP (Ieraci et al., 2016), lower baseline BDNF

levels in the hippocampus and a higher level of depression-like behav-

ior in adult male Met/Met mice were not recovered following running

wheel exercise. However, no previous studies in BDNF deficiency

models have investigated the effect of chronic exercise from adoles-

cence in both males and females, and the effects in the brain remain

unclear.

In this study, we therefore aimed to investigate the effects of vol-

untary exercise from adolescence, via access to running wheels in the

home cage, on anxiety- or depression-like behaviors in adulthood. We

used a novel rat model of the Val66Met polymorphism with a valine to

methionine substitution (Val68Met) in the rat Bdnf gene (Jaehne et al.,

2022; Mercado et al., 2021). Although we have shown that this model

is not associatedwith altered anxiety-like behavior at baseline (Jaehne

et al., 2022), we expected differential sensitivity to prolonged exercise

between the genotypes. We therefore compared behavioral changes

in adulthood in males and females of all three genotypes and also mea-

sured expression of BDNF and a number of stress-related genes in the

hippocampus. These included the glucocorticoid receptor (Nr3c1) and

serum/glucocorticoid-regulated kinase 1 (Sgk1), which are activated by

glucocorticoids, andFK506bindingprotein51 (Fkbp5),which regulates

sensitivity of the glucocorticoid receptor.

2 METHODS

2.1 Animals

A total of 148 male and female Sprague−Dawley rats with the

BDNF Val68Met polymorphism were used for this study to deter-

mine the effect of chronic exercise from adolescence on anxiety- and

depression-like behaviors (Table 1).

The rats were bred, weaned, and housed at La Trobe University

Bundoora Campus within the La Trobe Animal Research and Training
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Facility (LATRF) as previously described (Jaehne et al., 2022). The ani-

mals were kept on a 12-h light/dark cycle (lights on 7 a.m. to 7 p.m.; 115

lux)with ad libitumaccess to pellet food and tapwater and housing and

testing room temperatures controlled at 21 ± 2˚C. Behavioral testing
and general handling occurred during the light hours between 8 a.m.

and 2 p.m. under the same environmental conditions as housing rooms.

Experimental procedures and animal care were carried out in accor-

dance with the ARRIVE and National Health and Medical Research

Council of Australia animal ethics guidelines andwere approved by the

La Trobe University Animal Experimentation Ethics Committee (AEC

18042).

At three weeks of age, rats were weaned and randomly assigned

to control or exercise conditions. Rats in the control condition were

housed in groups of two-four of the same sex but various genotypes

in individually ventilated cages (IVC; Tecniplast, Italy). Rats in the

exercise condition were housed in groups of two of the same sex

and genotype in exercise wheel cages (Lafayette Instruments, Indiana,

USA). These rats were allowed continuous 24-h access to the exer-

cise wheels with the exception of brief regular weighing, cage cleaning,

or behavior testing. A computer monitoring system was attached to

the exercise cages which recorded the total number of full wheel rev-

olutions within 1-h intervals (Scurry Activity Monitoring software;

Lafayette Instrument, UK). A single full wheel revolution was equiva-

lent to approximately 90 cm distance traveled. IVC and exercise cages

were kept in separate rooms. In a separate experiment (Supporting

Information Methods and Results), an additional group of control rats

were kept in the exercise wheel cages with the wheel locked. At eight

weeks of age, behavioral testing started and included elevated plus

maze (EPM), open field (OF), and forced swim test (FST). Rats were

undisturbed for at least three days between behavioral tests. All rats

remainedhoused in their assigned cages until euthanized for tissue col-

lection following the completion of behavioral testing at 10 weeks of

age.

2.2 Behavioral testing

2.2.1 Elevated plus maze

The animals were tested on the EPM for 5 min as previously described

(Jaehne et al., 2022). The apparatus consisted of two closed arms with

50 cmhighwalls and two open armswithout walls. Video tracking soft-

ware was used to analyze duration and number of entries to the open

and closed arms (see Supporting Information Methods and Results for

details).

2.2.2 Open field

Rats were placed into an open enclosure approximately 100 cm ×

100 cm in size close to one of the walls and left to explore for 10 min

(Jaehne et al., 2022). Video tracking softwarewas used to analyze total

duration and number of entries into the 50× 50 cm square center zone

(see Supporting InformationMethods and Results for details).

2.2.3 Forced swim test

On 2 consecutive days, rats were placed in a clear Perspex cylinder

(20 cm W × 50 cm H) filled up to 30 cm with water at 23 ± 2˚C. On

the test day, the rats were in the apparatus for 5 min, and their behav-

ior was recorded for analysis of immobility and climbing behavior (see

Supporting InformationMethods and Results for details).

2.3 Organ collection and brain analysis

One to two days following the final behavioral test, rats were

deeply anesthetized with CO2 and decapitated for collection of

brain, pituitary, adrenal, and heart. Because of significant differ-

ences in body weights between the groups, organ weights were

expressed as percentage of final body weight. Pituitary and adrenal

gland weights were used as an indirect basic physiological measure

of hypothalamic−pituitary−adrenal (HPA) activity (Kessing, Willer, &

Knorr, 2011). A random selection of brains (n = 6–8/group) had dor-

sal hippocampus dissected for gene expression analysis. In previous

studies on the effects of stress in adolescence/young adulthood, we

observed that stress-induced deficits in learning and memory were

associatedwith alteredexon-specificBDNFgeneexpression in thedor-

sal, but not ventral hippocampus in rats (Hill et al., 2014). Functional

pathways and expression of stress markers have been shown to dif-

fer between dorsal and ventral hippocampus, necessitating separate

analysis of these subregions (Lee et al., 2017). The remaining ventral

hippocampus was dissected for BDNF ELISA. Hippocampus samples

were rapidly frozen on dry ice and stored at −80◦C until further

analysis.

2.4 Gene expression analysis

RNA was isolated from dorsal hippocampus using PureZol RNA isola-

tion reagent (Bio-Rad Laboratories) andused for quantitative real-time

polymerase chain reaction (qRT-PCR) (CFX384 Real-Time system, Bio-

Rad Laboratories) following the ΔΔCT method with β-actin as the

endogenous control (Anacker et al., 2013; Brivio et al., 2021; Guidotti

et al., 2013). Data are presented as%compared to themaleVal/Val IVC

control group (set at 100%). See Jaehne et al. (2022) and Supporting

InformationMethods and Results for details and primer sequences.

2.5 BDNF ELISA

BDNF protein concentrations in tissue lysates from the ventral hip-

pocampus were determined using a commercially available ELISA kit

(Biosensis Cat#: BEK-2211). Sample concentrations were determined
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F IGURE 1 Final body weight of rats following the completion of
behavioral testing. Females were significantly smaller thanmales
(**p< .001). Housing with access to exercise wheels led to significantly
lower bodyweight in male rats only (*p< .01). No effects of genotype
were seen. Values represent mean± SEM (n= 10–16/group).

from a BDNF standard curve, corrected for dilution and protein con-

centration, and expressed as ng/mg protein. See Jaehne et al. (2022)

and Supporting InformationMethods and Results for details.

2.6 Data analysis

Statistical analyses were conducted using IBM Statistical Package for

the Social Sciences (SPSS) version 26. Data were screened for outliers

using box plots. Normality was checked using skewness and kurtosis

standardized z-scores, and visual examination of histograms. Homo-

geneity of variance was assessed using Levene’s Test for Equality of

Variance. In the case of violations of this assumption, data were suit-

ably transformed for analysis, but raw data are presented in figures.

Sphericity was tested using Mauchly’s Test of Sphericity, and the

Greenhouse–Geisser correction was used where necessary. Differ-

ences between groups were analyzed using a mixed ANOVA with con-

dition (IVC control, exercise), genotype, and sex as between-subjects

factors, and weeks of age (four, five, six, seven) as within-subjects fac-

tor. Mean number of wheel rotations was obtained during the dark

hours from a total of 3 undisturbed days from weeks of age four to

seven. Statistical significance was assumed at p < .05. As a measure

of effect size, partial eta squared (ηp2) values were used, with cut-offs
being ≥0.01 small, ≥0.06 medium, and ≥0.14 large (see Supporting

InformationMethods and Results for further details).

3 RESULTS

3.1 Body weight

Analysis of final body weights (Figure 1) revealed a significant interac-

tion between condition and sex (F(1,135)= 14.8, p< .001, ηp2 = 0.099)

F IGURE 2 Average daily number of wheel rotations from age 4–7
weeks (W). Females had significantly higher number of wheel
rotations thanmales (**p< .001). Irrespective of sex of the animals,
Val/Met rats completed significantly more wheel rotations than
Val/Val andMet/Met rats at 5, 6 and 7weeks of age (*p< .05). Values
represent mean± SEMof n= 5 groups of two. Rats had access to
running wheels fromweaning at 3 weeks of age until completion of
behavioral testing at 10weeks of age.

with a medium effect. Moreover, there was a large significant main

effect of sex (F(1,135) = 798.8, p < .001, ηp2 = 0.86) reflecting that, as

expected, males had larger final bodyweights than females. Analysis of

sexes separated showed that exercise males, but not exercise females,

had significantly lower final body weights than sex-matched controls

(F(1,69)= 10.8, p= .002, ηp2 = 0.14). No interaction or main effects of

genotype were found.

3.2 Exercise

Analysis of number of wheel rotations over time (Figure 2) showed a

main effect of age (F(3,162) = 119.3, p < .001, ηp2 = 0.69), with wheel

running increasing over time, and significant interactions between age

and sex (F(3,162) = 28.1, p < .001, ηp2 = 0.34) and between age and

genotype (F(6,162)=3.75, p= .010, ηp2 =0.12), with large andmedium

effects, respectively. Therefore, further analyses were conducted for

each week of age separately. A series of two-way between-subjects

analyses of variance (ANOVAs) on total wheel revolutions during

the dark phase in each week of age found no significant interac-

tions between genotype and sex in any of the 4 weeks. A significant

main effect of sex was found in all 4 weeks (week 4: F(1,54) = 40.4,

p< .001, ηp2 =0.43;week 5: F(1,54)=201.3, p< .001, ηp2 =0.79;week

6: F(1,54)=146.9, p< .001, ηp2 =0.73;week7: F(1,54)=63.4, p< .001,

ηp2 = 0.54), in which females were exercising significantly more than

males, all large effects. Additionally, a significant main effect of geno-

type with sexes combined was observed in weeks five to seven (week

5: F(2,54)= 3.31, p= .044, ηp2 = 0.11; week 6: F(2,54)= 4.73, p= .013,

ηp2 = 0.15; week 7: F(2,54) = 5.74, p = .005, ηp2 = 0.18) that was not

shown inweek four (F(2,54)=0.69,p= .51, ηp2=0.025),with amedium

effect inweek five, and large effects inweeks six and seven. Bonferroni

post hoc tests demonstrated that Val/Met rats completed slightly, but

significantly more wheel rotations than both Val/Val andMet/Met rats

during weeks five to seven (Figure 2; p< .05) irrespective of sex.
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F IGURE 3 Time spent in open arms of the elevated plus maze (EPM) (a), time spent in center (b) and distance traveled in the open field (c) ,and
immobility time in the forced swim test (FST) (d). Exercise rats showed significantly less time in open arms, time in center and distance traveled and
higher immobility compared to individually ventilated cage (IVC) control housed rats (**p< .001; FST p< .05). Female rats had higher time in open
arms, time in center and distance traveled and lower immobility compared tomales (* p< .001). Most effects were independent of genotype.
FemaleMet/Met rats displayed higher immobility than female Val/Met rats (#p< .05). Values represent mean± SEM (n= 10–16/group; FST
n= 6–8/group).

3.3 Behavioral testing

3.3.1 Elevated plus maze

Analysis of total duration of time spent in open arms (Figure 3a) found

a significant medium main effect of sex (F(2,136) = 13.9, p < .001,

ηp2 = 0.09) where males showed shorter duration on the open arms

than females. There was also a significant large main effect of condi-

tion (F(1,136)= 61.8, p< .001, ηp2 = 0.31), with exercise rats spending

less time in the open arms, and a significant interaction between geno-

type and condition (F(2,136) = 3.22, p = .043, ηp2 = 0.05) with a small

effect, although there was nomain effect of genotype (F(2,136)= 0.29,

p = .75, ηp2 = 0.004). Bonferroni-adjusted post hoc pairwise compar-

isons of the genotype × condition interaction with sexes combined

revealed that, despite this significant interaction, rats of all genotypes

in the exercise condition displayedmore anxiety-like behavior than the

controls (Val/Val p= .0004, Val/Met p= .019,Met/Met p< .0001).

To ensure the change in the duration of time spent in the open

arms does not merely reflect an overall reduction of activity, we also

calculated this measure as a percentage of the total duration of time

spent in the open arms and closed arms combined (Figure S1a). This

% ratio was significantly lower in rats in the exercise condition com-

pared to controls (large main effect of condition, F(1,136) = 53.3,

p < .001, ηp2 = 0.28). Females had significantly higher % time

in open arms than males independent of genotype or condition

(F(1,136) = 14.0, p < .001, ηp2 = 0.093) with a medium effect. We also

scored the number of entries in open arms and closed arms and, as

another measure of anxiety-like behavior independent of overall loco-

motor activity (Pellow et al., 1985), calculated the % number of open

arm entries over the total number of arm entries (Figure S1b). Again,

this% ratiowas significantly lower in rats in theexercise condition com-

pared to controls (large effect, F(1,136) = 35.9, p < .001, ηp2 = 0.21)

and significantly higher in females compared to males (small effect,

F(1,136)= 6.39, p= .013, ηp2 = 0.045).

3.3.2 Open field

Center field duration and number of visits: ANOVA on the time spent in

the center of the open field (Figure 3b) found a large significant main

effect for condition (F(1,136) = 62.87, p < .001, ηp2 = 0.32), with rats

in the exercise condition showing lower time in center than controls.

A significant main effect of sex was also found (F(1,136) = 14.03,

p< .001, ηp2 = 0.09)with amedium effect, reflecting lower time in cen-

ter observed in males compared to females. No main effect was found

for genotype (F(2,136) = 0.62, p = .54, ηp2 = 0.01), and no significant
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interaction effects were seen. We also calculated the % number of

entries into the center of the open field (Figure S1c). ANOVA of the

percentage of center field entries versus total number of entries in

center and outer zones combined showed that this % ratio was sig-

nificantly lower in rats in the exercise condition compared to controls

(F(1,136)= 35.9, p< .001, ηp2 = 0.21) with a large effect.

Total distance traveled: An ANOVA performed on total distance

traveled (Figure 3c) found a significant main effect for condition

(F(1,136) = 75.48, p < .001, ηp2 = 0.36) with a large effect, indicat-

ing that rats in the exercise condition had lower exploratory activity

than controls. There was also a large significant main effect of sex

(F(1,136) = 26.80, p < .001, ηp2 = 0.17), where females showed more

activity than males. The main effect of genotype was nonsignificant

(F(2,136) = 0.40, p = .67, ηp2 = 0.01), and all interaction effects were

also nonsignificant.

3.3.3 Forced swim test

Analysis of immobility time in FST (Figure 3d) found a significant inter-

action of genotype and sex (F(2,65) = 3.78, p = .028, ηp2 = 0.10) with

a medium effect. Bonferroni-adjusted post hoc pairwise comparisons

demonstrated that in females, Met/Met rats displayed more immobil-

ity thanVal/Met rats (p= .012). Additionally, amedium significantmain

effect of condition was found (F(1,68) = 5.36, p = .024, ηp2 = 0.073) in

which rats in the exercise condition displayed more immobility behav-

ior than controls. Furthermore, a large significant main effect of sex

was found (F(1,68) = 40.9, p < .001, ηp2 = 0.38), reflecting more

immobility time in males than females. Additional preliminary analy-

sis of climbing behavior showed no significant main effect of condition

or genotype, and no significant interactions between these factors

(Figure S1d). Female rats showed significantly more climbing behavior

than male rats (F(1,68) = 6.68, p = .012, ηp2 = 0.089) with a medium

effect.

3.4 Organ weights

Pituitary gland: ANOVA conducted on pituitary gland weights

(Figure 4a) showed a significant main effect of sex (F(1,84) = 453.7,

p < .001, ηp2 = 0.84) with a large effect, where females had larger

pituitary gland percentages compared to males. There was also a sig-

nificant main effect of condition (F(1,84) = 40.7, p < .001, ηp2 = 0.33)

and a significant interaction between condition and sex (F(1,84)= 12.5,

p = .001, ηp2 = 0.13) with a medium effect, although exercise led to

lower weights in both males (p = .003) and females (p < .001). There

was nomain effect of or interactions with genotype.

Adrenal gland: ANOVA of adrenal gland weights (Figure 4b) showed

a significant main effect of sex (F(1,85) = 356.0, p < .001, ηp2 = 0.81)

where females had larger relative adrenal weights than males. There

were also main effects of both condition (F(1,85) = 16.1, p < .001,

ηp2 = 0.16) and genotype (F(2,85) = 4.11, p = .020, ηp2 = 0.088)

as well as significant interaction effects between condition and

F IGURE 4 Pituitary (a), adrenal (b), and heart (c) weight expressed
as % of final body weight. Exercise rats had significantly smaller
pituitary glandweight percentages and significantly larger adrenal
glands and hearts compared to individually ventilated cage (IVC)
control housed rats (**p< .01). For adrenal glands, this difference was
found only in female Val/Met andMet/Met rats. Female rats had larger
pituitary and adrenal glands and hearts compared tomales (*p< .001).
Values represent mean± SEM (n= 6–13/group).

sex (F(1,85) = 10.6, p = .002, ηp2 = 0.11), genotype and condi-

tion (F(2,85) = 5.19, p = .007, ηp2 = 0.11), and genotype and sex

(F(2,85)= 3.31, p= .041, ηp2 = 0.072) withmedium effects. Bonferroni

post hoc pairwise comparisons indicated that only in female Val/Met

(p= .003) andMet/Met (p= .006) rats, chronic exercise led to increased

adrenal weight compared to controls.
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Heart: ANOVA of heart weights (Figure 4c) showed a significant

main effect of sex (F(1,85) = 55.6, p < .001, ηp2 = 0.40), with females

having larger hearts as a percentage of body weight than males. There

was also amain effect of condition (F(1,85)=16.3, p< .001, ηp2 =0.16),

whereexercise led toan increase inheart size. Therewasnomaineffect

of or interactions with genotype or any other significant interactions.

3.5 Gene expression

RT-qPCR analysis of total Bdnf mRNA levels (Figure 5a) revealed

a significant effect of exercise condition (F(1,53) = 4.12, p = .040,

ηp2 = 0.077) with exercise increasing gene expression. However, there

was no significant effect of either genotype (F(2,53) = 0.067, p = .94,

ηp2 = 0.003) or sex (F(1,53) = 1.71, p = .20, ηp2 = 0.031) or any

significant interactions.

RT-qPCR analysis of glucocorticoid receptor (Nr3c1; GR) mRNA

levels as well as of other stress-related genes (Sgk1, Fkbp5) showed

varying effects of the exercise condition (Figure 5b–d). As shown

by main effects of condition, exercise significantly decreased the

expression of Nr3c1 (F(1,57) = 5.0, p = .029, ηp2 = 0.080) and Sgk1

(F(1,51) = 8.0, p = .007, ηp2 = 0.14) but increased the expression of

Fkbp5 (F(1,50)=15.1,p< .001, ηp2 =0.23). Therewerenoeffects of sex

or genotypeonNr3c1 expression, andno significant interactions. There

was a significant main effect of sex on Sgk1 expression (F(1,51) = 12.0,

p = .001, ηp2 = 0.19), with females showing higher expression than

males, and a significant sex × genotype × condition interaction

(F(2,51) = 3.51, p = .037, ηp2 = 0.12). Analysis of data from males

and females separated showed a significant effect of exercise in males

(F(1,28) = 5.40, p = .028, ηp2 = 0.16) but not females (F(1,23) = 3.0,

p = .097, ηp2 = 0.12) with no further effects of or interactions with

genotype. There was a significant main effect of sex on Fkbp5 expres-

sion (F(1,50)= 7.09, p= .010, ηp2 = 0.12) where females again showed

higher expression than males, while there was also a significant main

effect of genotype on expression of this gene (F(2,50)= 8.12, p < .001,

ηp2 = 0.25), with no significant interactions. Bonferroni post hoc analy-

sis of the main effect of genotype with sexes and conditions combined

showed that Val/Met rats had significantly higher expression of Fkbp5

than both Val/Val (p= .0064) andMet/Met (p= .011) rats.

3.6 ELISA

ANOVA analysis of BDNF protein levels in the ventral hippocampus

(Figure 5e) showed a significant effect of condition (F(1,60) = 53.2,

p < .001, ηp2 = 0.47), where exercise resulted in increased levels of

BDNF compared to controls. There was a significant main effect of

sex (F(1,60) = 9.37, p = .003, ηp2 = 0.14), with males showing higher

levels than females. There was also a significant main effect of geno-

type (F(2,60) = 4.34, p = .017, ηp2 = 0.13) and significant interactions

between sex and condition (F(1,60) = 6.24, p = .015, ηp2 = 0.094) and

sex, genotype, and condition (F(2,60)= 11.9, p< .001, ηp2 = 0.29). Bon-

ferroni post hoc analysis showed that exercise significantly increased

BDNF levels only inmale Val/Val (p< .001) andMet/Met (p< .001) rats

and female Val/Met rats (p< .001).

4 DISCUSSION

This study in rats showed that voluntary access to wheel running

from weaning leads to significantly higher anxiety and depression-like

behavioral measures, demonstrated by decreased open-arm time on

the EPM, decreased OF center time and overall exploratory activity,

and increased immobility time in the FST. There were no differences

between Val66Met genotypes in the effect of exercise on behavior. It

was also shown that exercise rats had significantly smaller pituitary

glands and significantly larger adrenal glands and hearts compared to

controls, while in males exercise led to a decrease in total body weight.

Finally, exercise led to a significant increase in Bdnf mRNA levels as

well as BDNF protein levels in the hippocampus. Exercise decreased

the expression of the glucocorticoid receptor, Nr3c1, and Sgk1 while

increasing the expression of Fkbp5.

4.1 Duration and severity of exercise

Exercise is widely considered to have beneficial antidepressant-like

and anxiolytic-like effects (see Section 1). However, it has also been

suggested that excessive exercise, such as that associatedwith exercise

addiction or overtraining syndrome, may be psychologically harmful

(Weinstein et al., 2015), and the prevalence of depressive symptoms is

reported to be higher in athletes than nonathletes (Frank et al., 2013;

Ostapiuk-Karolczuk et al., 2015). Theremay be a dose-dependent rela-

tionship between exercise and affective behavior, whereby too much

exercise may have detrimental psychological effects. In exercise addic-

tion, an individual develops anobsessionwith exercise causing features

such aswithdrawal symptomsandmoodmodification (Peluso&Guerra

deAndrade, 2005;Weinstein et al., 2015). Although previous studies in

rats have used different methods of reporting distance run or number

of wheel revolutions over different time periods (Fan et al., 2022; Fer-

guson et al., 2020; Ferguson et al., 2021; Ishikawa et al., 2014; O’Leary

et al., 2019; O’Leary et al., 2019), the amount of exercise experienced

by the rats in our study generally appears high by comparison. Thismay

be a possible explanation for the increase in anxiety- and depression-

like behaviors seen in our exercise rats. However, it is difficult to draw

direct comparisons between our study and human athletes who are

also exposed to high levels of stress due to environmental factors such

as travel and competition.

4.2 Forced versus voluntary exercise and age of
the animals

While many studies have shown a strong and consistent trend for anx-

iolytic effects of voluntary exercise in rodents (Binder et al., 2004;

Duman et al., 2008; Morgan et al., 2018), some have demonstrated
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8 of 13 JAEHNE ET AL.

F IGURE 5 mRNA levels of total Bdnf (a),Nr3c1 (b), Sgk1 (c), and Fkbp5 (d) in the dorsal hippocampus. Exercise led to an overall increase in Bdnf
and Fkbp5, and a significant decrease in Nr3c1 and Sgk1 expression (*p< .05, **p< .01, ***p< .001). Females showed higher expression of Sgk1 and
Fkbp5 compared tomales (*p< .05, **p< .01), while Val/Met rats had higher expression of Fkbp5 than both Val/Val and Val/Met rats (*p< .05).
Brain-derived neurotrophic factor (BDNF) protein levels in the ventral hippocampus as measured by ELISA (e). Females had lower BDNF levels
thanmales (*p< .01). Exercise led to a significant increase in BDNF levels in male Val/Val andMet/Met and female Val/Met rats only (**p< .001).
Values represent mean± SEM (n= 6–7/group) andwith gene expression data presented as % of controls (male Val/Val control rats).

anxiogenic effects of exercise (Burghardt et al., 2004; Morgan et al.,

2018) or an increase in FST immobility (Singhal et al., 2019). An

explanation for this discrepancy may be whether exercise is forced

or voluntary. Burghardt et al. (2004) showed that forced treadmill

exercise had no effect on measures of anxiety-like behavior in male

Sprague−Dawley rats, but voluntarily exercising rats showed height-

ened anxiety-like behaviors. Morgan et al. (2018) showed reduced

anxiety-like behaviors after 6 months of voluntary wheel running, and

also showed some signs of increases in anxiety-like behavior in younger

mice that underwent voluntary exercise for only 1–2months. This sug-

gests that the age of the animals may also play a role. Several studies

comparing wheel running in rats starting in adulthood compared to

adolescence or younger have shown rats starting at a younger age do

tend to show higher levels on voluntary running (Hopkins et al., 2011;
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O’Leary, Hoban, Cryan, et al., 2019; O’Leary, Hoban, Murphy, et al.,

2019; Purohit et al., 2020). Although these studies did not show an

increase in anxiety-like behavior as seen in our study, one reported

exercise induced increased freezing in a fear memory task (O’Leary,

Hoban, Cryan, et al., 2019). It may be the unique combination of

early commencing age, voluntary access, and duration of exercise that

explains the current findings.

4.3 Role of the adolescent HPA axis

Adolescent rats exhibit greater and more prolonged corticosterone

secretion, that is, an exaggerated HPA axis response, following

restraint stress compared to adult rats (Gomez et al., 2002; Romeo

et al., 2006). This is an important further consideration to explain dis-

crepancies between our study and previous studies mostly done in

adult rats ormice. Voluntary exercise is known to activate components

of the HPA axis, including at the level of corticotrophin releasing fac-

tor in the brain, pituitaryACTH secretion, and glucocorticoid receptors

in pituitary and hippocampus (Stranahan et al., 2008). At moderate

levels of exercise, a complex interplay of these factors in hippocam-

pus, hypothalamus, and frontal cortex maintains homeostasis (Duclos

& Tabarin, 2016; Stranahan et al., 2008). However, excessive exercise

may cause HPA axis dysfunction, increase resting cortisol levels, and

affect psychological outcomes (Duclos & Tabarin, 2016; Luger et al.,

1987; O’Connor et al., 1989). This dysregulation of the HPA axis dur-

ing stress caused by excessive exercise may contribute to the cognitive

deficits and behavioral impairments seen in depression and anxiety

(Stone et al., 2008).

HPA axis hyperactivity in mood disorders may lead to physiological

outcomes such as altered pituitary and adrenal gland volume (Krish-

nan, 1993). In patients with depression, a significant 38%–50% adrenal

volume increasewas found compared to controls (Kessing et al., 2011).

This adrenal hypertrophy reflects chronic HPA axis activation lead-

ing to hypercortisolism, confirmed by elevated plasma cortisol levels

in depressed patients compared to controls (Rubin et al., 1996). Pitu-

itary volumes were similarly increased in patients with depression

compared to controls (Kessing et al., 2011). This may reflect both an

increase in number and size of corticotrophic cells that secrete ACTH

(Kessing et al., 2011; Krishnan, 1993). The finding of larger relative

adrenal glands in our rats suggests that exercise likely resulted in

stress, and in turn adrenal hyperactivity, leading to adrenal hyperpla-

sia. Although it was expected that increased ACTH secretion would

also cause hypertrophy of the pituitary gland, this was not observed

and rats in the exercise condition actually had smaller relative pitu-

itary weights compared to sedentary controls. This could indirectly

suggest reduced ACTH release from the pituitary gland after exposure

to exercise stress, potentially as a feedback response to chronically

elevated corticosterone levels. Reduced pituitary size in our study is

contradictory to findings of larger pituitary gland volumes in patients

with major depressive disorder (Kessing et al., 2011; Krishnan, 1993).

Further studies should include direct measures of corticosterone and

ACTH during exercise to confirm these findings.

Analysis of gene expression in the dorsal hippocampus also sug-

gested altered HPA axis activity, leading to feedback changes in the

brain. Specifically, chronic exercise decreased the expression of GR

and Sgk1 but increased the expression of Fkbp5. It has been sug-

gested that exposure to chronic stress in early life and adulthood in

rodents can lead to reduced expression of GR, with increased expres-

sion of Sgk1 and Fkbp5 (Anacker et al., 2013; Cattaneo & Riva, 2016;

Guidotti et al., 2013). However, different types of exercise and stress

have been shown to lead to different changes in the brain in terms of

these stress markers. Previous studies have shown similar decreases

in hippocampal GR gene expression following voluntary wheel run-

ning in adult rodents compared to forced treadmill running (Mojtahedi

et al., 2020), while exposure to potentially more stressful combined

aerobic and resistance exercise training protocols has been shown

to result in increases in GR protein levels in the hippocampus (Ros-

tami et al., 2021). Sgk1 expression has been shown to be increased

in the hippocampus following 3 weeks of corticosterone administra-

tion (Li et al., 2015), decreased in the hypothalamus in mice following

social isolation housing (Berry et al., 2021), and not changed in the hip-

pocampus of male rats following 7 weeks of chronic mild stress (Brivio

et al., 2021). Further studies have shown that chronic mild stress in

rats leads to increased gene expression of GR and Sgk1 in the pre-

frontal cortex but not hippocampus, while Fkbp5was increased in both

regions (Wei et al., 2016). An 18-day voluntary wheel running proto-

col has also been shown to increase Fkbp5 expression in the medial

prefrontal cortex and hippocampus of female but not male rats (Yang

et al., 2020). From the gene expression analysis, it is therefore unclear

if the changeswehave seen in our exercise rats indicate a level of stress

or not. Interestingly, FKBP5-overexpressing mice have been shown to

have lower basal levels of corticosterone and demonstrate increased

depressive-like behavior (Criado-Marrero et al., 2020), while showing

an increased anxiety phenotype following maternal separation stress

(Criado-Marrero et al., 2019).

4.4 No genotype differences in behavior despite
differential levels of exercise and gene expression

There were no differences between genotypes in any behavioral mea-

sures, although Val/Met rats completed significantly greater numbers

of wheel rotations compared to Val/Val and Met/Met genotypes,

and there were some genotype-specific findings in gene expression,

organ weights, and hippocampus BDNF levels. Val/Met rats had higher

expression of Fkbp5 than both Val/Val and Met/Met rats, although

this effect was seen in rats from both conditions. If Fkbp5 is higher

in Val/Met rats throughout their lifetime, it may play a possible role

in these rats displaying higher wheel running, although other factors

are also likely to be involved. While there was no effect of geno-

type on pituitary weights, only female Val/Met and Met/Met rats had

increased adrenalweight compared to controls following exercise. This

may reflect a role of sex of the animals in the relationship betweenMet

carriers and the effect of exercise or stress on adrenal weight. Previous

studies have shown that women with the Val/Val genotype showed a
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larger cortisol response during a mental stress protocol than Met car-

riers, with no change seen in men (Jiang et al., 2017). BDNF protein

levels in the ventral hippocampus were increased following exercise as

expected (Johnson et al., 2003; Neeper et al., 1995), but the increase

was particularly pronounced in male Val/Val and Met/Met and female

Val/Met rats. BDNF gene expression in the dorsal hippocampus was

also increased following exercise, although there were no significant

effects of or interactions with genotype or sex as seen for protein lev-

els. It is unclear if these results fit with the stress phenotype indicated

by other measures in our study, or why the increase in protein levels

was seen in different genotypes in either sex. Previous mouse studies

have shown that female Val66Met mice show greater gene expression

activation than males after acute stress in the CA3 region of the hip-

pocampus (Marrocco et al., 2017); however, no previous studies have

investigated the Val66Met genotype in exercise between males and

females. Exercise at an intensity that increases glucocorticoid levels,

indicating stress, was shown not to increase hippocampal BDNF levels

(Anderson & Shivakumar, 2013; Basso & Suzuki, 2017), suggesting the

beneficial effects of exercise on BDNF were reversed when exercise

was stressful. Increased anxiety-like behaviors after stressful exer-

cisewere associatedwith increased hippocampal andprefrontal cortex

BDNF levels after both stressful and nonstressful exercise (Uysal et al.,

2015). In our experiments, it is possible that despite somegenotypedif-

ferences in exercise levels and gene expression, the degree of wheel

running displayed by these rats was high enough to result in the same

behavioral outcomes in all genotypes.

4.5 Limitations

Rats in the exercise conditionwere housed in a different cage type than

controls, with exercise cages having open tops to allow room for the

wheels, and controls being housed in IVC cages which are standard to

our facility. Exercise cages also contained only two rats of the same

genotype in each cage, while IVC cages housed three to four rats of

mixed genotypes. It has been shown that cage type can have a signifi-

cant effect on behavioral measures in rodents (Logge et al., 2014). We

therefore completed a small cohort of rats in the open top exercise

wheel cages with the wheels locked in place to prevent activity (see

Supporting Information Methods and Results). This showed no signif-

icant difference in behaviors between locked-wheel and IVC controls

(Figures S2 and S3), therefore confirming the increases in anxiety- and

depression-like behaviors seenwere due to the running-wheel activity,

not the different cage type.

Biochemicalmeasureswere obtained fromhippocampal tissue sam-

pled from the rats 1–2 days after the last behavioral test. It cannot

be excluded that the repeated behavioral testing, which includes a

degree of acute stress, may have had lasting effects on the molecular

markers we assayed. Therefore, to confirm our results, future studies

should include a cohort which undergoes the same exercise protocol

but is not subjected to behavioral testing. In addition, analysis of HPA

axis markers should be expanded to other tissues, including ventral

hippocampus, pituitary, and blood.

The high levels of wheel-running of the rats may have prevented

some of the social interaction the rats would normally have engaged

in. Social deprivation and social isolation may interfere with normal

adolescent/young adult development in both humans and rats (Orben

et al., 2020) and single housing, a form of extreme social interaction

deprivation, is known to cause increased anxiety-like behavior in rats

(Hall, 1998). Thus, we cannot exclude that reduced social interaction

may have contributed to the results in this study.

Rats in the exercise condition had lower overall exploratory activ-

ity than controls. We speculate that this represents another indication

of enhanced anxiety-like behavior (Carola et al., 2002), resulting in the

animals being less likely to explore the open field. It has been shown

that different anxiety testing paradigms may reveal different aspects

of anxiety (van Gaalen & Steckler, 2000). However, while anxiety-like

measures on the plus maze were independent from overall number of

arms visited, it cannot be excluded that exercise effects on locomotor

activity may be contributing to performance differences in the open

field. Therefore, before final conclusions about the effect of chronic

exercise on anxiety-like behavior can be drawn, further studies are

required to dissociate effects of chronic exercise on locomotor activ-

ity from those on anxiety-like behavior. This may include other testing

models of this behavior, such as the light−dark box, acoustic startle,

novelty-suppressed feeding, or analysis of home-cage approach behav-

ior (Kumar et al., 2013). Thismay also include treatmentwith anxiolytic

drugs to reverse the anxiety-like phenotype.

It should also be noted that immobility in the FST as a measure

of depression-like behavior has been questioned (Yankelevitch-Yahav

et al., 2015), and it has been suggested that this immobility behavior

may reflect an effort to preserve energy until opportunity for escape

as rodents learn that they will eventually be removed from the water;

therefore, the most efficient solution would be to remain passive

until rescue (Yankelevitch-Yahav et al., 2015). Future studies should

employ other commonly used measures of depression-like behavior

with validity in rodents such as the sucrose preference test.

5 CONCLUSION

This study showed that continuous voluntary exercise fromweaning at

3 weeks of age leads to increases in anxiety-like behavior as well as

immobility in the FST. These behavioral findings are accompanied by

smaller pituitary glands and significantly larger adrenal glands as well

as decreased gene expression of GR and Sgk1 but increased expres-

sion of Fkbp5. This increase in anxiety and depression-like phenotypes

was independent of BDNF Val66Met genotype. It is important in

future studies to compare different exercise protocols to differentiate

between beneficial effects and possibly stressful effects.
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