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Abstract

Voluntary exercise increases stress resistance by modulating stress-responsive neurocircuitry, 

including brainstem serotonergic systems. However, it remains unknown how exercise produces 

adaptations to serotonergic systems. Recruitment of serotonergic systems during repeated, daily 

exercise could contribute to the adaptations in serotonergic systems following exercise, but 

whether repeated voluntary exercise recruits serotonergic systems is unknown. In this study, we 

investigated the effects of six weeks of voluntary or forced exercise on rat brain serotonergic 

systems. Specifically, we analyzed c-Fos and FosB/ΔFosB as markers of acute and chronic cellular 

activation, respectively, in combination with tryptophan hydroxylase, a marker of serotonergic 

neurons, within subregions of the dorsal raphe nucleus using immunohistochemical staining. 

Compared to sedentary controls, rats exposed to repeated forced exercise, but not repeated 

voluntary exercise, displayed decreased c-Fos expression in serotonergic neurons in the rostral 
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dorsal portion of the dorsal raphe nucleus (DRD) and increased c-Fos expression in serotonergic 

neurons in the caudal DR (DRC), and interfascicular part of the dorsal raphe nucleus (DRI) during 

the active phase of the diurnal activity rhythm. Similarly, increases in c-Fos expression in 

serotonergic neurons in the DRC, DRI, and ventral portion of the dorsal raphe nucleus (DRV) 

were observed in rats exposed to repeated forced exercise, compared to rats exposed to repeated 

voluntary exercise. Six weeks of forced exercise, relative to the sedentary control condition, also 

increased FosB/ΔFosB expression in DRD, DRI, and DRV serotonergic neurons. While both 

voluntary and forced exercise increase stress resistance, these results suggest that repeated forced 

exercise, but not repeated voluntary exercise, increases activation of DRI serotonergic neurons, an 

effect that may contribute to the stress resistance effects of forced exercise. These results also 

suggest that mechanisms of exercise-induced stress resistance may differ depending on the 

controllability of the exercise.
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1. Introduction

Stress-related psychiatric disorders, including anxiety disorders and major depressive 

disorder (MDD), are prevalent and have major socioeconomic costs. For example, MDD is 

the second leading cause of disability-adjusted life years worldwide and a major contributor 

to the burden of suicide [1]. It is estimated that 16.2 million adults in the United States alone 

had at least one major depressive episode in 2016 [2]. Major depressive disorder also has a 

major economic cost, exceeding $83 billion in 2000 in the United States alone, a cost that 

continues to increase ([3]; for review, see [4]). Current treatments have limited efficacy and 

are associated with many adverse side effects. With current treatments, only 50% of 

depressed patients recover within six months [5]. Taken together, these findings indicate a 

need for more effective treatments with fewer negative side effects. Physical exercise is 

emerging as reliably efficacious in decreasing depressive symptoms [6], but the mechanisms 

involved are not known.

A major risk factor for development of MDD is stressful life events, which can precipitate 

and exacerbate psychiatric disorders, such as MDD and anxiety disorders [7-9]. An increase 

in stress resistance is one potential mechanism through which physical activity may mediate 

antidepressant and anxiolytic responses [10-13]. Stress resistance is defined as the ability of 

an organism to be protected from the negative consequences of future adverse events. This 

differs from stress resilience, which is the ability of an organism to be able to recover 

quickly from past adverse events [14]. Indeed, studies in rodents have found that voluntary 

access to running wheels for a period of six weeks, relative to a sedentary control condition, 

results in increased stress resistance [15-20].

Investigations into the neurochemical basis of the stress-protective effects of voluntary 

exercise have focused on the serotonergic (5-hydroxytryptamine; 5-HT) system [17,21,22]. 

Hyperactivation of 5-HT neurons in the dorsal part of the mid-rostrocaudal dorsal raphe 
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nucleus (DRD) and caudal dorsal raphe nucleus (DRC) is sufficient to produce the 

behavioral consequences of inescapable stress (IS, a stress paradigm whereby the stress 

termination is independent of response from the subject), including depression- and anxiety-

like behaviors, by sensitizing 5-HT neurons to subsequent mild stressors [23]. Excessive 5-

HT efflux in projection sites of the DRD and DRC during mild stress leads to the behavioral 

consequences of IS, which resemble symptoms of human stress-related disorders, including 

social avoidance, exaggerated anxiety- and fear-related defensive behavioral responses, and 

shuttle box escape deficits, through a mechanism involving 5-HT2C receptors [24-26]. Six 

weeks of voluntary exercise prevents both the IS-induced hyperactivation [19] and 

subsequent sensitization [27] of 5-HT neurons in the DRD, perhaps through a mechanism 

involving upregulation of 5-HT1A autoreceptors [18]. Six weeks of voluntary wheel running 

also reduces mRNA coding for the 5-HT2C receptor within DR projection sites important for 

producing the behavioral effects of IS [28]. Together, these exercise adaptations in the 5-HT 

system could contribute to exercise-induced stress resistance.

The mechanisms by which wheel running changes the 5-HT system to enable stress 

resistance are still unknown. One possibility is that repeated recruitment of DR 5-HT 

neurons during chronic wheel running leads to the long-term, stable changes in gene 

expression within the 5-HT system that are thought to confer stress resistance. If this is the 

case, then wheel running should enhance DR 5-HT neuron activity. Although forced motor 

activity is associated with activation of DR 5-HT neurons [29-31], whether voluntary wheel 

running is associated with activation of DR 5-HT neurons is unknown [19]. The current 

study tests the hypothesis that wheel running elicits both acute and chronic activation of DR 

5-HT neurons. Sedentary rats or rats allowed access to running wheels for 6 weeks were 

euthanized after sedentary conditions or after initiation of wheel running activity during the 

active phase of the diurnal activity rhythm. Activation of DR 5-HT neurons was quantified 

indirectly by immunolabeling for the acute and chronic activation markers c-Fos and FosB/

ΔFosB within 5-HT neurons, identified with tryptophan hydroxylase, throughout the rostro-

caudal extent of the DR. We investigated the effects of both voluntary and forced wheel 

running on DR c-Fos and FosB/ΔFosB, because both voluntary and forced wheel running 

prevent the behavioral consequences of IS [32].

2. Material and Methods

2.1. Animals

Adult male Fischer 344 rats (N = 41; F344/NHsd Harlan Laboratories, Indianapolis, IN, 

USA) arrived from the vendor weighing 161 ± 26 g. The rats were singly housed and 

randomly assigned to treatment groups. Both food (irradiated 18% protein, Cat. No. 

2918.15, Harlan Laboratories) and tap water were provided ad libitum for the duration of the 

experiment. Rats were kept on a standard 12 h: 12 h light/dark cycle, with lights on at 3:45 

AM. Room temperature was maintained at 22 °C. Rats were individually housed in 

polycarbonate cages (45 cm L × 25.2 cm W × 14.7 cm D; R20 series cage, Ancare, 

Bellmore, NY, USA). The room was organized by cage type, according to experiment, as 

follows: Experiment 1: 17 Mini-Mitter wheel (Model 640-0700-00, Mini-Mitter Company, 

Inc., Bend, OR, USA) cages and 24 standard-housing (no wheel) cages were located on one 

Arnold et al. Page 3

Behav Brain Res. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



side of the room; Experiment 2: the opposing side of the room contained 24 Lafayette wheel 

cages (Model 80850a, Lafayette Instrument Company, Lafayette, IN, USA). Readers should 

refer to Greenwood et al. [32] for photos of the different wheel environments. The Mini-

Mitter wheel environment is comprised of a standard housing cage with a wheel mounted to 

the inside of the cage, in which the rat lives for 24 hours per day for the entire experiment. 

The Mini-Mitter wheel environment is the typical housing environment for the majority of 

long-term voluntary exercise studies. The Lafayette wheel running condition is a wheel that 

lacks an associated cage; the rat is simply placed on the wheel and remains on the wheel for 

the duration of the active cycle. Rats in the Lafayette wheel running conditions do not live in 

this environment 24 hours a day, but rather are moved from a standard home cage into the 

wheel at the start of the active cycle and are removed from the wheel and placed back into 

their home cages at the end of the active cycle. Rats are not housed in the Lafayette wheels 

24 hours a day, because the Lafayette wheels would be an uncomfortable place for the rats to 

sleep, since the wheels lack bedding. In Experiment 1, we used a sedentary control condition 

and a voluntary wheel running condition using the Mini-Mitter caging environment. In 

Experiment 2, we used a sedentary control condition and a forced wheel running condition 

using the Lafayette wheel condition. As the voluntary wheel running condition in the Mini-

Mitter caging environment is not the optimal control group for the Lafayette forced wheel 

running group used in Experiment 2, Experiment 2 included the Lafayette voluntary wheel 

running condition in order to control for the differences in housing between the Mini-Mitter 

group in Experiment 1 and the Lafayette forced running in Experiment 2. Since we observed 

no differences between the Mini-Mitter and Lafayette voluntary running conditions, we can 

confidently conclude that differences observed in the Lafayette forced wheel running group 

were due to the forced nature of the exercise and not differences in the housing conditions. 

All procedures were in accordance with the Guide for the Care and Use of Laboratory 
Animals, Eighth Edition (Institute for Laboratory Animal Research, The National 

Academies Press, Washington, DC, 2011) and were approved by the University of Colorado 

Boulder Institutional Animal Care and Use Committee. All possible efforts were made to 

minimize the number of rats used and their suffering.

2.2. Experimental design

2.2.1. Experiment 1. Repeated voluntary exercise for six weeks—The 

experimental design for Experiment 1 is illustrated in Fig. 1A, B. Upon arrival, rats were 

weighed and housed individually in cages containing a running wheel (Mini-Mitter), which 

was locked in order to prevent revolutions. All rats were housed with locked wheels for one 

week to allow acclimation to the colony. After one week, the rats were split into two 

treatment groups (N = 17 total): a Mini-Mitter wheel running condition (Voluntary MM, n = 

9) and a sedentary, locked wheel control condition (Sedentary, n = 8). Wheels in the cages 

belonging to the Mini-Mitter wheel running condition were unlocked after acclimation, and 

these rats were allowed ad libitum access to the wheel 5 days per week. The wheels in the 

cages of the rats in the locked wheel condition remained locked throughout the experiment. 

See [32] for pictures of the different wheels and housing conditions.

Each rat was handled twice daily, 4 days per week, and on two additional days during each 

week, the animals were handled once per day. Rats were weighed once per week during a 
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handling session. Rats were lifted out of their cages for 5-8 seconds at the same times of day 

as the rats in Experiment 2 were shuttled between their home cage and the Lafayette wheel 

cage. The rats were handled within 30 minutes before or one hour after the onset of the dark 

and light cycle, respectively. This additional handling was performed to allow for 

comparison between the treatment groups of the different experiments by controlling for 

possible handling effects. In addition, to mimic the conditions of the treatments used in 

Experiment 2, rats in the wheel running group (Experiment 1) were allowed ad libitum 
access to running wheels only 5 days per week. On day 6, the rats were handled in the 

morning and the wheels were locked for 60 hours, at which point the week-long treatment 

cycle would repeat. After 7 days of acclimation, rats repeated the week-long exercise 

protocol for 37 days, during which time the rats were handled 10 times. Wheels were locked 

2 nights/week (the same nights as for Experiment 2). Wheel revolutions were collected 

automatically by Vital View software (Mini Mitter Company, Inc.), and the distance traveled 

was calculated by multiplying wheel revolutions by wheel circumference.

2.2.2. Experiment 2. Repeated voluntary versus forced exercise for six weeks
—The experimental design for Experiment 2 is illustrated in Fig. 1A, C. After the rats 

arrived, they were weighed and single-housed in a cage with the wheel locked for one week. 

Using a Lafayette wheel cage during the active phase of the diurnal activity rhythm (3:45 

PM-3:45 AM) and the standard housing described above during the light phase, the rats 

were divided into 3 treatment groups (n = 8 per group). The three treatment groups consisted 

of: 1) ad libitum access to the wheel during the dark phase (Lafayette wheel running) 5 days 

per week (Voluntary LAF); 2) a forced run (forced running) condition (Forced LAF), where 

the rats were exposed to a motor-generated moving wheel during the dark phase 5 days per 

week; and 3) a Sedentary control group where the rats were moved to the Lafayette wheels 5 

days per week, but the wheels were locked for the duration of the experiment. Motorized 

wheels belonging to rats in the Forced LAF group were driven by a motor controlled by the 

Activity Wheel Monitor software (Lafayette Instruments) according to a protocol 

preprogramed to closely approximate rats' natural voluntary running behavior based on 

analyses of prior experiments (Greenwood et al., 2013; Herrera et al., 2016). This pattern is 

characterized by brief bouts of running (average of 2.04 ± 1.95 min) at various speeds (range 

4–17 m/min) interspersed with frequent periods of no running (range 0.33–30 min). Forced 

LAF rats were confined to the forced wheels for the entire active cycle and were returned to 

their home cages at the start of the sleep cycle. Pilot experiments revealed that rats forced to 

wheel run with no prior running experience were tumbled about in the wheel and hung onto 

the wheel rungs rather than running. Five days of prior experience with voluntary running 

minimized these non-running behaviors. For this reason, all rats in the Forced LAF condition 

were placed nightly into Voluntary LAF wheels for the first 5 nights of the experiment.

Each rat was weighed weekly starting on Day 5 of the experiment (Fig. 1). Rats were moved 

from their home cages 5 nights per week and placed in a Lafayette Instruments wheel 

environment (i.e., Voluntary LAF, Forced LAF, or Sedentary) just minutes before the 

beginning of the dark phase and returned to the individually housed polycarbonate cage 

within one hour after the start of the light phase. On Day 6, the rats were moved to their 

home cages where they remained for the next 60 hours, at which point the week-long 
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treatment cycle was repeated. Wheel revolutions were collected automatically by Lafayette 

Activity Wheel Monitor software, and the distance traveled was calculated by multiplying 

wheel revolutions by wheel circumference. These exercise conditions provide stress 

resistance effects as measured by social exploration, fear conditioning, and a shuttle box 

escape task 24 h following inescapable tail shock stress [32].

2.3. Euthanasia

After six weeks of treatment, rats from Experiments 1 and 2 were euthanized in time-

matched groups of 3, 135 minutes-350 minutes after the onset of the dark phase, during 

which rats were exposed to exercise or control treatments as usual. The order was randomly 

selected for the five total groups, 2 groups from Experiment 1 and 3 groups from 

Experiment 2, for the first round of perfusions. Once a rat from each of the five treatment 

groups was euthanized and transcardially perfused the order was repeated until all rats had 

been euthanized.

2.4. Tissue processing

Brains were post-fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer overnight 

(12-16 hours), rinsed twice for 12 hours each time in 0.1 M sodium phosphate buffer, and 

finally placed into cryoprotectant (30% sucrose in 0.1 M sodium phosphate buffer, pH 7.4) 

until they sank. Brains were then blocked caudal to the mammillary bodies (approximately 

−5.0 mm with respect to bregma) into forebrain and hindbrain pieces using a rat brain matrix 

(RBM-4000C, ASI Instruments, Warren, MI, USA), snap-frozen in isopentane cooled with 

dry ice, and stored at −80 °C until sectioning. Brains were sectioned using a Leica cryostat 

(Model CM1900, Leica GmbH, Wetzlar, Germany) at 30 microns and collected as 6 

alternate sets of sections; sections were placed into 1.5 mL of cryoprotectant solution (30% 

ethylene glycol/ 20% glycerol/ 0.05 M sodium phosphate buffer, pH 7.4) in 24-well tissue 

culture plates and stored at −20 °C until processing for immunohistochemical staining. 

Sections were collected in separate sets of wells for the medulla (−15.84 mm bregma to the 

caudal border of the inferior colliculi at −9.86 mm bregma), for the isthmus/midbrain (−9.86 

mm to −7.04 mm bregma), and for the ventral tegmental area (VTA; −7.04 to −5.00 mm 

bregma).

2.5. Antibodies

The brains were sectioned and processed for immunohistochemical staining of tryptophan 

hydroxylase (sheep anti-tryptophan hydroxylase (Tph) antibody (Cat. No. T8575, Sigma-

Aldrich, St. Louis, MO, USA) as a marker of serotonergic neurons. This antibody has been 

characterized previously, and has been shown to bind both Tph1 and Tph2 isoforms [34]. 

The C-Fos antibody used as a marker of neuronal activation in the DR (i.e., rabbit anti-c-Fos 

antibody, Cat. No. PC-38, Lot No. D00119667; CalBiochem, San Diego, CA, USA) has 

previously been characterized and has been shown to bind specifically to amino acids 4-17 

of the human c-Fos protein [35]. In addition, a second set of sections was stained for FosB/

ΔFosB (Cat. No. sc-7203 Lot. C239, Santa Cruz Biotechnology, Santa Cruz, CA, USA; see 

[36-39]). This antibody recognizes both the transient FosB and the more stable, ΔFosB 

isoforms [40]. Importantly, the ΔFosB isoform accumulates in cells during repeated activity 

and thus can be used as a marker of chronic cellular activation.
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2.6. Imnmnohistochemistry

Immunohistochemistry for c-Fos and FosB/ΔFosB was conducted on free-floating tissue in 

12-well tissue culture plates in 1.0 mL of solution and gently shaken on an orbital shaker 

throughout the staining process. Unless stated otherwise, tissue was washed for 15 minutes 

in-between steps. Tissue was rinsed twice in a 0.05 M phosphate-buffered saline solution 

(PBS), then placed in 0.05 M PBS containing 1% hydrogen peroxide (H2O2) for 15 min. 

Tissue was then rinsed twice with 0.05 M PBS containing 0.3% Triton X-100 (PBST). 

Sections were incubated at 4 °C for 60 hours with a rabbit anti-c-Fos polyclonal antibody 

(1:1000) in PBST containing 0.1% bovine serum albumin (BSA) and 4% normal donkey 

serum (Cat. No. S30-100ML, Millipore Corporation, Billerica, MA USA). For FosB/ΔFosB 

immunostaining, tissue was incubated overnight with a rabbit anti-FosB polyclonal antibody 

(1:1000) in PBST containing 4% normal donkey serum. After primary antiserum incubation, 

tissue was washed twice in PBST, followed by incubation with 1:400 biotinylated donkey 

anti-rabbit IgG (Cat. No. 711-065-152, Lot No. 86149, Jackson Immunolabs, West Grove, 

PA, USA) in PBST for 90 min. Tissue was then washed twice in PBST, followed by 

incubation with an avidin-biotin-peroxidase complex (Elite ABC reagent, Cat. No. PK-6100, 

1:500 avidin, 1:2000 biotin; Vector Laboratories, Burlingame, CA, USA) in 0.05 M PBS for 

90 min. Tissue was then washed twice in PBST, then placed in a peroxidase substrate 

solution (SG substrate, Cat No. SK4700, Vector Laboratories, diluted as recommended by 

vendor) in 0.05 M PBS for 10 min. After the chromogen reaction, tissue was immediately 

washed twice in 0.05 M PBS, then placed in 0.05 M PBS containing 1% H2O2 for 15 min. 

Tissue was then washed twice in PBST, followed by a 60 h incubation in sheep anti-

tryptophan hydroxylase antibody (1:2500) in PBST containing 4% normal donkey serum at 

4 °C. After 4 nights, tissue was then washed twice in PBST, followed by a 90-min 

incubation in biotinylated rabbit anti-sheep IgG (1:200; Cat. No. PK-6016, Vectastain Elite, 

Vector Laboratories) in 0.05 M PBS. After incubation, tissue was washed twice in PBST, 

followed by incubation with an avidin-biotin-peroxidase complex (Elite ABC reagent; Cat. 

No. 6100, 1:250 avidin, 1:1000 biotin; Vector Laboratories) in PBST for 90 min. Tissue was 

washed twice in PBST, followed by an optimal incubation in 0.01% 3-3’-diaminobenzidine 

tetrahydrochloride (DAB, Cat. No. D9015; Sigma-Aldrich) in 0.05 M Tris-buffered saline 

(TBS) solution containing 0.0066% H2O2. Once optimal staining was achieved, the tissue 

was rinsed twice in 0.05 M PBS to stop the reaction. Brain sections were stored in 0.1 M 

sodium phosphate buffer containing 0.01% NaN3 at 4 °C until tissue mounting. Brain 

sections were then rinsed in 0.1 M sodium phosphate buffer and then rinsed in 0.15% gelatin 

diluted in distilled H2O, then mounted on glass microscope slides (VistaVision UniMark 

microscope slides, Cat. No. 16005-106; VWR International, Aurora, CO, USA), dehydrated 

through an alcohol series, and cleared with xylenes. Slides were mounted with cover slips 

using mounting medium (Entellen® Rapid Embedding Agent for Microscopy; Cat. No. 

107961 Merck KGaA, Darmstadt, Germany).

2.7. Cell counting

Three rostrocaudal levels of the DR were chosen for analysis (−7.64, −8.18, and −8.54 mm 

bregma). The subdivisions of the DR studied included the dorsal raphe nucleus, dorsal part 

(DRD), and dorsal raphe nucleus, ventral part (DRV) at −7.64 mm bregma, the DRD, DRV, 

and dorsal raphe nucleus, ventrolateral part (DRVL)/ventrolateral periaqueductal gray 
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(VLPAG) at −8.18 mm bregma, and the dorsal raphe nucleus, caudal part (DRC), and dorsal 

raphe nucleus, interfascicular part (DRI) at −8.54 mm bregma (Figs. 2-4). Rostrocaudal 

levels and anatomical divisions of the brainstem raphe complex were based on comparison 

of immunostained sections to a stereotaxic rat brain atlas (Paxinos and Watson, 1998) and an 

atlas of tryptophan hydroxylase immunostaining in the rat DR (Abrams et al., 2004). Cell 

counting of c-Fos (PC38)- or FosB/ΔFosB-immunoreactive (ir)/Tph-ir neurons, c-Fos 

(PC38)- or FosB/ΔFosB-ir/Tph-immunonegative cells, and total Tph-ir neurons was 

performed. Cells were counted from both left and right sides of the DRVL/VLPAG and 

summed to give a total number of cells. All remaining cell counts were from midline 

subdivisions. Cell counts were performed using brightfield microscopy at a total 

magnification of 100x. If necessary, a total magnification of 400x was used to verify double 

labeling. The experimenter was blind to the treatment groups throughout cell counting. 

(Figs. 2-4).

2.8. Statistical analysis

Statistical analyses were conducted using the software package IBM Statistical Package for 

the Social Sciences (version 24.0, SPSS Inc., Chicago, IL, USA). For analysis of body 

weight in Experiments 1 and 2, a linear mixed model analysis was used to calculate 

differences in bodyweight with exercise, week, and exercise by week used as the fixed 

effects. The SPSS syntax can be found in the supplemental material. If a two-tailed test with 

a level of significance of 0.05 was reached, post hoc analysis was carried out using Fisher’s 

least significant difference (LSD) test.

For analysis of distance run in Experiment 2 a linear mixed model analysis was used to 

calculate differences in distance with exercise, day, and exercise by day used as the fixed 

effects. The SPSS syntax can be found in the supplemental material. If a two-tailed test with 

a level of significance of 0.05 was reached, post hoc analysis was carried out using Fisher’s 

least significant difference (LSD) test to understand differences in wheel running by week. 

The SPSS syntax can be found in the supplemental material.

A two-tailed Fisher’s least significant difference (LSD) test was used to understand if there 

were differences in running distances the night of euthanasia between the Forced LAF and 

Voluntary LAF groups. The SPSS syntax can be found in the supplemental material.

For analysis of immunohistochemistry data, c-Fos- (PC38) immunoreactive (ir) cells and c-

Fos (PC38)-ir/Tph-ir neurons and, additionally for Experiment 2, FosB/ΔFosB-ir cells and 

FosB/ΔFosB-ir/Tph-ir neurons in each rostrocaudal level of each DR subregion in each 

treatment group for each animal were generated. Extreme outliers (2.4%, c-Fos studies; 

2.9%, FosB/ΔFosB study) were identified and removed using Grubbs’ test for single outliers 

using two-sided α = 0.05 [41]. All tests were two-tailed, with a level of significance of 0.05. 

We used a linear mixed model (LMM), modeling the number of double immunostained 

serotonergic neurons within each rostrocaudal level (units of mm bregma and included the 

values: −7.64, −8.18, and −8.54) of each raphe subregion (DRD, DRV, DRVL/VLPAG, 

DRC, DRI). In addition, 16 covariate structures were used, including: ARMA (1,1); 

compound symmetry; correlation compound symmetry; diagonal; first-order analytic; first-

order ante-dependence; first-order autoregressive; first-order factor analytic; heterogeneous 
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first-order autoregressive; heterogeneous compound symmetry; heterogeneous Toeplitz; 

Huynh-Feldt, identity; toeplitz; unstructured; and unstructured correlations. The SPSS 

syntax for the level one model can be found in the supplemental material. To determine the 

model of best fit, the surveyed covariance structures were compared to minimize −2 log-

likelihood. Following this analysis, if a main effect or interaction between a main effect and 

any other factor reached p < 0.05, post hoc pairwise comparisons were made with Fisher’s 

least significant difference (LSD) test. The SPSS syntax for the post hoc analysis can be 

found in the supplemental material.

Furthermore, in the immunohistochemistry analysis, no post hoc analyses were conducted at 

specific points in the rostrocaudal extent of the DR if one of the group sample sizes was 

below 50% of the full sample size for its respective treatment group. Additionally, post hoc 

analyses were conducted only when the overall LMMs yielded significant effects of exercise 

treatment, raphe subregion, or exercise treatment within raphe subregion. Data are presented 

as means ± standard error of means (SEM). Two-tailed significance was set at p < 0.05.

3. Results

3.1. Experiment 1. Repeated voluntary exercise for six weeks

3.1.1. Body weight and distance run—Analysis of body weight data revealed that 

there were no differences between the treatment groups (Fig. 5, Table S1). The first week of 

running data was lost due to a computer failure. The mean (SEM) running distance on the 

night of perfusion was 1729 (397) meters.

3.1.3. c-Fos (PC38)-ir/Tph-ir neurons in the DR—Analysis of c-Fos (PC38)-ir/Tph-

ir and c-Fos (PC38)-ir/Tph-immunonegative neurons using LMM analysis revealed no 

significant effects of voluntary exercise versus sedentary condition in an overall model (Fig. 

6, Tables 1 and S2).

3.2. Experiment 2. Repeated voluntary versus forced exercise for six weeks

3.2.1. Body weight and distance run—Analysis of group body weight and distance 

run over the 6-week time course using LMM revealed significant differences in both metrics. 

Forced LAF, relative to the sedentary condition, decreased body weight from week 1 

through week 5. Forced LAF, relative to Voluntary LAF, decreased body weight from week 

2 through week 5. Voluntary LAF, relative to sedentary condition, decreased body weight 

from week 1 through week 3 (Fig. 7, Table S3). The first week of running data was lost due 

to a computer failure. There was no difference in the distance run between the Voluntary 

(mean= 644 meters, SEM= 204) and Forced LAF (mean= 1057 meters, SEM= 156) groups 

on the night of euthanasia (t14 = 1.503, p = 0.15).

3.2.2. c-Fos (PC38)-ir/Tph-ir neurons in the DR—Analysis of c-Fos (PC38)-ir/Tph-

ir neurons using LMM analysis revealed an exercise × raphe subregion interaction 

(F(14,107.4) = 4.263, p < 0.001) and a main effect of exercise (F(2.42.9) = 3.793, p < 0.01; Fig. 

8, Table S4). Based on this finding, post hoc analysis was conducted on each of the raphe 

subregions.
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Exposure to forced exercise compared to the sedentary control condition decreased c-Fos 

(PC38)-ir/Tph-ir neurons within the DRD at −7.64 mm bregma. In contrast, at −8.18 mm 

bregma, forced exercise increased c-Fos (PC38)-ir/Tph-ir neurons within the DRV at −8.18 

mm bregma, relative to the voluntary exercise condition. Finally, exposure to forced 

exercise, relative to the voluntary exercise condition as well as the sedentary condition, 

increased c-Fos (PC38)-ir/Tph-ir neurons within the DRC and the DRI at −8.54 mm bregma 

(Fig. 8, 9, 10).

Analysis of c-Fos (PC38)-ir/Tph2-immunonegative neurons using LMM analysis revealed 

an exercise × raphe subregion interaction (F(14,64.8) = 1.98 8, p < 0.05; Table S4). Table 2 

illustrates the mean and standard error of the mean for each bregma level, subregion, and 

treatment group investigated. Exposure to forced exercise compared to the sedentary control 

condition revealed decreased c-Fos (PC38)-ir/Tph-immunonegative neurons within the DRV 

at −7.64 mm bregma. In contrast, at −8.18 mm bregma, forced exercise increased c-Fos 

(PC38)-ir/Tph-immunonegative neurons within the DRV, relative to the voluntary exercise or 

sedentary control condition. Additionally, at −8.54 mm bregma, voluntary exercise relative 

to the sedentary control condition increased c-Fos (PC38)-ir/Tph-immunonegative neurons 

within the DRC. Finally, exposure to forced exercise, relative to the sedentary control 

condition, increased c-Fos (PC38)-ir/Tph-immunonegative neurons within the DRI at −8.54 

mm bregma.

3.2.3. FosB/ΔFosB-ir/Tph-ir neurons in the DR—Analysis of FosB/ΔFosB-ir/Tph-ir 

neurons using LMM analysis revealed an exercise × raphe subregion interaction (F(14.66.2) = 

2,454, p < 0.01) and a main effect of exercise (F(2,120.2) = 3.391, p < 0.05) (Fig. 11, Table 

S5). Based on this finding, post hoc analysis was conducted on each of the raphe subregions.

Exposure to forced exercise compared to the sedentary condition increased FosB/ΔFosB-ir/

Tph-ir neurons within the DRD and DRV at −8.18 mm bregma and the DRI at −8.54 mm 

bregma. In contrast, forced exercise compared to voluntary exercise decreased FosB/ΔFosB-

ir/Tph-ir neurons within the DRD at −7.46 mm bregma. Within the DRV at −8.18 mm 

bregma and the DRI at −8.54 mm bregma, forced exercise increased FosB/ΔFosB-ir/Tph-ir 

neurons compared to the voluntary exercise condition (Fig. 11, 12).

Analysis of FosB/ΔFosB-ir/Tph-immunonegative neurons using LMM analysis revealed an 

exercise × raphe subregion interaction (F(14,59.3) = 3.050, p < 0.01) and a main effect of 

exercise treatment (F(2,124.2) = 21.731, p < 0.001; Table S5). Table 3 illustrates the mean and 

standard error of the mean for each bregma level, subregion, and treatment group 

investigated. Exposure to forced exercise compared to the voluntary exercise and sedentary 

control conditions increased FosB/ΔFosB-ir/Tph-immunonegative neurons within every 

subregion at −8.18 mm bregma and within the DRI at −8.54 mm bregma. Exposure to forced 

exercise also increased FosB/ΔFosB-ir/Tph-immunonegative expression relative to the 

sedentary control within the DRC at −8.54 mm bregma.
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4. Discussion

Here we report the novel finding that forced exercise modulates expression of activation 

markers in a subregion-specific manner within serotonergic neurons of the DR. Relative to 

sedentary conditions, forced exercise—but not voluntary exercise—increased c-Fos and 

FosB/ΔFosB expression in serotonergic neurons within the DRI. Forced exercise also 

increased FosB/ΔFosB expression in the mid-rostrocaudal DRD and DRV and decreased c-

Fos and FosB/ΔFosB expression in the rostral DRD, relative to sedentary and voluntary 

exercise conditions, respectively. In addition, forced exercise, relative to sedentary control 

conditions, decreased body weight throughout the experimental protocol. These observations 

suggest that repeated activation of specific populations of DR neurons could contribute to 

the stress-protective effects of forced, but not voluntary, exercise. The pattern of c-Fos 

expression within nonserotonergic neurons in the DR followed the same general pattern as 

that observed for c-Fos and FosB/ΔFosB expression within DR serotonergic neurons.

It has been reported previously that both voluntary and forced exercise provide protection 

against anxiety- and depression-like consequences of stress [32]. Given the differential 

activation of c-Fos and FosB/ΔFosB in serotonergic neurons within subregions of the DR 

between the voluntary and forced exercise groups found in the current study, it is likely that 

these protective effects are the product of activation of different neural circuitry. It is 

possible that the activation of distinct subsets of serotonergic neurons following forced 

exercise, but not voluntary exercise, may provide some insight into how the forced exercise 

condition, specifically, provides stress-protective effects. Within the dorsal raphe nucleus, 

activation of serotonergic neurons within the DRD, DRV, and DRC subsets (i.e., regions 

with increased c-Fos and/or FosB/ΔFosB expression in serotonergic neurons in the forced 

exercise condition) have been shown to be stress-promoting, while activation of the DRVL/

VLPAG and DRI subsets have been shown to be stress-protective (for a review within the 

context of exercise, please see [20,42]). In the current study, the forced exercise condition 

was associated with increased c-Fos and/or FosB/ΔFosB expression in serotonergic neurons 

within both stress-promoting regions (i.e., DRD, DRV, and DRC), and stress-protective 

regions (i.e., DRI). Although these findings are paradoxical, a likely possibility is that forced 

exercise is both acutely stressful and can confer long-term stress-protective effects. An 

analogous situation, albeit one that involves different neurobiological mechanisms, is that 

escapable tail shock, while clearly acutely stressful, is protective against negative 

consequences of future stressors [14].

The lack of effects of voluntary exercise on c-Fos expression in DR serotonergic neurons is 

surprising, given the longstanding association of behavioral arousal and locomotor activity 

with activation of DR serotonergic neuronal firing [29,30,43-47]. It should be noted, 

however, that all animals in the study, regardless of the exercise condition, would have 

responded to the transition from the light phase to the dark phase of the light cycle with 

increases in behavioral arousal. Indeed, there is greater c-Fos expression within DR 5-HT 

neurons during the active cycle compared to the inactive cycle [48]. Furthermore, it has been 

shown that some serotonergic neurons, specifically those in the raphe obscurus, show 

increases in neuronal firing that are highly correlated with the speed of running on a 

treadmill [49,50]. It is, therefore, possible that both voluntary and forced exercise could 
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increase c-Fos in the raphe obscurus, relative to sedentary control conditions, but we did not 

include the raphe obscurus in our analysis [51-54]. Additionally, Cunha et al. (2012) [55] 

report that depletion of 5-HT with p-chlorophenylalanine (PCPA), a selective and 

irreversible inhibitor of Tph, prevents the antidepressant effects of voluntary exercise in the 

forced swim and tail-suspension tests, two animal models of depression. It is possible that 

previously observed effects of voluntary exercise on the 5-HT system and resulting stress 

resistance could be due to local modulation of terminal 5-HT release, rather than modulation 

of cell firing. Indeed, voluntary exercise reduces mRNA coding for the terminal 5-HT1B 

autoreceptor and the serotonin transporter [18], changes that could increase extracellular 5-

HT without necessarily impacting neural firing. Additional experiments will be required to 

understand the mechanisms by which voluntary exercise changes the 5-HT system.

The lack of effect of voluntary wheel running on c-Fos expression in serotonergic neurons in 

the DR could be because voluntary wheel running does not recruit DR 5-HT neurons to an 

extent sufficient to induce c-Fos. Alternatively, voluntary exercise might induce c-Fos in DR 

serotonergic neurons, but the c-Fos response to voluntary exercise might have habituated 

over the 6 weeks of the study, so that by the time rats were euthanized after an acute bout of 

wheel running, voluntary exercise no longer induced c-Fos. Indeed, c-Fos responds robustly 

to acute stimuli, but quickly habituates when stimuli become repeated or chronic. In 

contrast, FosB family proteins, especially ΔFosB, accumulate with repeated stimuli and 

remain stably expressed even following chronic exposure to the same stimulus. The lack of 

an effect of voluntary exercise on FosB/ΔFosB expression in serotonergic neurons in 

Experiment 2 is, therefore, further evidence that voluntary exercise does not activate 

serotonergic neurons in the DR. It should be noted, however, that, although voluntary 

exercise had no effect on c-Fos expression in serotonergic neurons in the DR, it increased c-

Fos expression in non-serotonergic neurons in the DRC, and increased FosB/ΔFosB in non-

serotonergic neurons in the DRI. Future studies should explore the neurochemical phenotype 

of these non-serotonergic cells affected by voluntary exercise, and their potential role in the 

stress-protective effects of voluntary exercise.

In contrast to voluntary exercise, forced exercise increased expression of both acute (c-Fos) 

and chronic (FosB/ΔFosB) activity markers in several DR subregions. Interestingly, the 

pattern of c-Fos and FosB/ΔFosB expression in DR serotonergic neurons following exposure 

to forced exercise was similar to that observed following exposure to a number of conditions 

previously associated with antidepressant-like behavioral responses. For example, Hale and 

colleagues showed that exposure to warm ambient temperature, relative to room temperature 

conditions, increased c-Fos expression in serotonergic neurons within subregions of the DR, 

including the DRI. Open and randomized, double blind, sham-controlled clinical trials have 

shown antidepressant effects following exposure to infrared whole-body heating [56,57]. 

Consistent with the hypothesis that DRI serotonergic neurons are thermosensitive, c-Fos 

expression in DRI serotonergic neurons correlates with change in core body temperature in 

rats exposed to home cage control conditions, or forced swimming at 19 °C, 25 °C, and 

35 °C [58]. Other conditions associated with antidepressant-like behavioral responses that 

activate DRI serotonergic neurons include either intratracheal or subcutaneous 

administration of a heat-killed preparation of Mycobacterium vaccae [59], as well as 

intraperitoneal administration of lipopolysaccharide [60]. Subcutaneous administration of 
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M. vaccae has antidepressant-like behavioral effects in the forced swim test [59] and has 

long-term stress resistance effects [58,61-67].

If activation of DRI serotonergic neurons is common to several stress-protective and 

antidepressant strategies, including forced exercise, it is important to elucidate the 

mechanisms through which DRI activation elicits these effects. The DRI projects to a 

distributed system previously implicated in the etiology and pathophysiology of major 

depressive disorder [20,59,68-72]. This includes the mediodorsal thalamic nucleus, medial 

orbital cortex, anterior cingulate cortex, dorsolateral prefrontal cortex, ventral pallidum [73], 

nucleus accumbens [74], and the dorsal and ventral hippocampus [20,75]. The mediodorsal 

thalamic nucleus, medial orbital cortex, nucleus accumbens, and ventral pallidum have been 

identified as a neural circuit mediating components of hedonic responses, including liking, 

wanting, and learning [76-80], and therefore may be particularly relevant to symptoms of 

anhedonia in MDD. Consistent with DRI activation leading to functional changes in these 

circuits is the observation that administration of heat-killed M. vaccae increases c-Fos in the 

DRI and also increases serotonin and serotonin metabolism in the medial prefrontal cortex 

[60,81], a common effect of antidepressant drugs.

Another explanation for why forced, but not voluntary, exercise increased cFos and FosB/

ΔFosB within 5-HT neurons of the DR could be simply that the Forced LAF rats ran more 

than the Voluntary LAF rats. Indeed, the Forced LAF rats ran more than the Voluntary LAF 

rats during the last two weeks of the study. However, the voluntary Mini-Mitter rats used in 

Experiment 1 ran distances very similar to the Forced LAF rats used in Experiment 2, and 

yet, voluntary wheel running also failed to increase activation markers within DR 5-HT 

neurons in Experiment 1. Moreover, Forced LAF and Voluntary LAF rats ran equal distances 

prior to perfusion on the last day of Experiment 2. These observations suggest that the 

differences in the effects of exercise on activation markers within DR 5-HT neurons is due to 

the controllability of the exercise, rather than differences in distance run between exercise 

types.

In contrast to the observed increase in c-Fos expression in DRI serotonergic neurons 

produced by forced exercise, forced exercise decreased c-Fos expression in serotonergic 

neurons within the rostral DRD. Greenwood et al. have shown that 6 weeks of voluntary 

exercise increases htr1a mRNA expression in the rostral DR [16-19]. If this also occurs 

following forced exercise, an increase in 5-HT1A autoreceptor-mediated inhibition would be 

expected to decrease the excitability of rostral DRD serotonergic neurons, as observed in our 

study. In this case, the excitability could be induced by the behavioral activation that occurs 

during the transition from the inactive to active cycle, the time when the rats were 

euthanized. Increases in htr1a may be stress protective by preventing hyperactivation of 

DRD serotonergic neurons, which is thought to be responsible for the negative consequences 

of inescapable stress [82].

Forced exercise also increased FosB/ΔFosB expression in serotonergic neurons within the 

mid-rostrocaudal dorsal DR region (DRD, dorsomedial DR). Based on previous studies, 

activity of the dorsomedial DR is associated with increased anxiety-like defensive 

behavioral responses. The dorsomedial DR has been shown to be activated by a number of 
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anxiogenic stimuli including anxiogenic drugs [83], anxiety-related neuropeptides (such as 

urocortin 2 [84-87]), social defeat [88], and inescapable stress [89]. The increase in FosB/

ΔFosB in this region could, therefore, reflect some degree of anticipatory anxiety prior to the 

daily forced exercise, or even in-between exercise bouts during the dark phase, which, for 

the rats in the forced exercise condition, is associated with uncertainty or unpredictability 

regarding the onset of each bout of exercise. Consistent with this possibility, we previously 

observed that forced wheel running elicits some classic hallmarks of chronic stress, 

including adrenal hypertrophy and attenuation of weight gain [32]. In support of interactions 

among forced exercise, the hypothalamic-pituitary-adrenal (HPA) axis, and FosB/ΔFosB 

expression in serotonergic neurons within the mid-rostrocaudal DRD and DRV, chronic 

treatment of rats with corticosterone in the drinking water (40 μg/ml or 100 μg/ml) for 21 

days increases tph2 mRNA expression [90], as well as Tph2 protein expression, and Tph2 

activity [91] within the DRD and DRV subregions when assessed 2 h into the inactive, light 

phase (tph2 mRNA) or 10 h into the light phase (Tph2 protein and activity). The changes 

observed in the DRD may be particularly relevant to behavioral outcomes of stress-exposure 

as exposure to inescapable stress increases tph2 mRNA expression in the DRD, but not the 

DRV subregion, 4 h following stress exposure in a model of learned helplessness [92]. 

Forced wheel running can, therefore, enable stress resistance despite potential stress and 

anxiety elicited by forced exercise. Interestingly, this is in stark contrast to forced treadmill 

training, which also produces signs of chronic stress in rats, but fails to prevent the 

behavioral consequences of inescapable stress [32]. For reviews of the presumed role of 

serotonergic neurons within the dorsomedial DR in control of anxiety-like defensive 

behavioral responses, see [42,93-97].

One limitation of the current study is the use of the Fos-family transcription factors as an 

index of neural activity. The lack of c-Fos expression is not conclusive evidence for a lack of 

neuronal activation [98]. Furthermore, it has been well documented that c-Fos induction 

does not detect cells with a net inhibitory synaptic or transcriptional drive, and c-Fos 

induction, as a generic marker of transcriptional activation, does not provide evidence for 

transcriptional activation of specific target genes in a certain cell type of interest [98]. 

Furthermore, the maximal level of c-Fos protein expression typically occurs between 1 and 3 

h following an acute challenge; c-Fos then gradually disappears from the cell nucleus by 4–6 

h after challenge, and thus, the timing of assessment of c-Fos expression is also important 

[98]. Complementary approaches, including in vivo recording in behaving animals, are 

required in order to gain a complete understanding of the effects of voluntary and forced 

exercise on brainstem serotonergic neuronal function.

Convergence among high intensity forced exercise, M. vaccae NCTC 11659, anti-
inflammatory and immunoregulatory signaling, DRI serotonergic activation, and stress 
resistance Of potential relevance to neurobiological mechanisms through which forced 

exercise induces stress resistance, both forced exercise and peripheral immune activation 

using a heat-killed preparation of the immunomodulatory bacterium, Mycobacterium vaccae 
NCTC 11659, acutely activate DRI serotonergic neurons [68,81]. Similar to forced exercise, 

immunization withM vaccae NCTC 11659 has antidepressant-like behavioral effects [59,68] 

and confers long-lasting stress resistance effects [61-65,99]. Both immunization with M. 
vaccae NCTC 11659 [100] and forced high intensity exercise (but not low, or moderate 
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intensity forced exercise) for six weeks [101] in mice increase anti-inflammatory cytokines 

(i.e., interleukin (IL)-10 and transforming growth factor beta (TGFβ)) and regulatory T cells 

(Treg). Conversely, depletion of Treg selectively increases Tph2 mRNA expression in DRI 

serotonergic neurons (without affecting Tph2 mRNA expression in any other DR subregion) 

and prevents the stress resistance effects of M. vaccae NCTC 11659 [65]. In line with these 

findings, depletion of Treg induces anxiety- and depressive-like behavioral responses [102]. 

Together, these data suggest a close association between anti-inflammatory and 

immunoregulatory signaling, DRI serotonergic function, and stress resistance. Interestingly, 

6 weeks of voluntary wheel running fails to modulate the balance of circulating pro- and 

anti-inflammatory cytokines, including tumor necrosis factor (TNF), IL-1β, IL-6, and IL-10, 

both under basal conditions and following uncontrollable stress, although voluntary exercise 

can promote an anti-inflammatory state within specific tissues, primarily by increasing IL-10 

[103]. Although further studies are needed to clarify effects of different exercise conditions 

on anti-inflammatory cytokines (i.e. IL-10 and TGFβ) and immunoregulation (i.e. Treg), 

these data suggest that some forms of forced exercise would be expected to induce anti-

inflammatory and immunoregulatory signaling, and promote stress resistance through a 

circuit involving activation of DRI serotonergic neurons. Despite the clear parallels between 

immunization with M. vaccae NCTC 11659 and forced exercise on anti-inflammatory and 

immunoregulatory signaling, activation of DRI serotonergic neurons, and stress resistance, 

the degree to which immunization with M. vaccae NCTC 11659 and forced exercise mediate 

stress resistance through similar neurobiological mechanisms will require further study.

5. Conclusions

Forced exercise increased both c-Fos and FosB/ΔFosB in DRI serotonergic neurons, relative 

to sedentary control conditions. These findings are consistent with a number of studies 

showing that stimuli that have antidepressant-like and stress-protective behavioral effects, 

including peripheral immune stimulation and whole-body heating, activate DRI serotonergic 

neurons. The finding that forced exercise, but not voluntary exercise, increased activation of 

DRI serotonergic neurons suggests that forced and voluntary exercise may act through 

different mechanism to enable stress resistance. Future studies are required to determine if 

DRI serotonergic neurons are indeed causal in the stress-protective effects of forced 

exercise.
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Abbreviations

5-HT 5-hydroxytryptamine, serotonin

5-HT1A serotonin receptor type 1A

5-HT2C serotonin receptor type 2C

Aq cerebral aqueduct

CLi caudal linear nucleus

DRC dorsal raphe nucleus, caudal part

DRD dorsal raphe nucleus, dorsal part

DRI dorsal raphe nucleus, interfascicular part

DRV dorsal raphe nucleus, ventral part

DRVL/VLPAG dorsal raphe nucleus, ventrolateral part/ventrolateral 

periaqueductal gray

FOR forced wheel running condition

-ir immunoreactive

LAF Lafayette

LMM linear mixed model

mlf medial longitudinal fasciculus

DR dorsal raphe nucleus

MM Mini-Mitier

MDD major depressive disorder

PBS phosphate-buffered saline

SED sedentary

Tph tryptophan hydroxylase

VOL voluntary wheel running condition

VTA ventral tegmental area
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Highlights

• Forced exercise increased c-Fos expression in DRC, DRI, and DRV 

serotonergic neurons

• Forced exercise increased FosB/ΔFosB expression in DRD, DRI, and DRV 

serotonergic neurons

• Results suggest that the mechanisms of exercise-induced stress resistance may 

differ depending on exercise controllability.

Arnold et al. Page 24

Behav Brain Res. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Experimental timelines for Experiments 1 and 2. Abbreviations: LAF, Lafayette wheel 

running condition; FOR, forced wheel running condition, MM, Mini-Mitter wheel running 

condition; SED, sedentary; VOL, voluntary wheel running condition.
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Fig. 2. 
Low magnification photomicrographs illustrating c-Fos (PC38) and tryptophan hydroxylase 

(Tph) immunostaining from different rostrocaudal levels of the rat dorsal raphe nucleus 

(DR) in Experiment 1. C-Fos (PC38) immunostaining can be identified by a dark blue/black 

nuclear stain. Tryptophan hydroxylase-immunoreactive (ir) neurons and dendrites can be 

identified by a red/brown cytoplasmic stain. The rostrocaudal levels selected for analysis 

were: (A) −7.64 mm bregma, (B) −8.18 mm bregma, and (C) −8.54 mm bregma. The 

subdivisions of the DR that were analyzed at each rostrocaudal level are delineated by 

dashed lines. Abbreviations: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part; 

DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part; 

DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral 

part/ventrolateral periaqueductal gray; mlf, medial longitudinal fasciculus. Scale bar, 500 

μm.

Arnold et al. Page 26

Behav Brain Res. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Low magnification photomicrographs illustrating c-Fos (PC38) and tryptophan hydroxylase 

(Tph) immunostaining from different rostrocaudal levels of the rat dorsal raphe nucleus 

(DR) in Experiment 2. C-Fos (PC38) immunostaining can be identified by a dark blue/black 

nuclear stain. Tryptophan hydroxylase-immunoreactive (ir) neurons and dendrites can be 

identified by a red/brown cytoplasmic stain. The rostrocaudal levels selected for analysis 

were (A) −7.64 mm bregma, (B) −8.18 mm bregma, and (C) −8.54 mm bregma. The 

subdivisions of the DR that were analyzed at each rostrocaudal level are delineated by 

dashed lines. Abbreviations: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part; 

DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part; 

DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral 

part/ventrolateral periaqueductal gray; mlf, medial longitudinal fasciculus. Scale bar, 500 

μm.

Arnold et al. Page 27

Behav Brain Res. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Low magnification photomicrographs illustrating FosB/ΔFosB and tryptophan hydroxylase 

(Tph) immunostaining from different rostrocaudal levels of the dorsal raphe nucleus (DR) in 

Experiment 2. FosB/ΔFosB immunostaining can be identified by a dark blue/black nuclear 

stain. Tryptophan hydroxylase-immunoreactive (ir) neurons and dendrites can be identified 

by a red/brown cytoplasmic stain. The rostrocaudal levels selected for analysis were (A) 

−7.64 mm bregma, (B) −8.18 mm bregma, and (C) −8.54 mm bregma. The subdivisions of 

the DR that were analyzed at each rostrocaudal level are delineated by dashed lines. 

Abbreviations: Aq, cerebral aqueduct; DRC, dorsal raphe nucleus, caudal part; DRD, dorsal 

raphe nucleus, dorsal part; DRI, dorsal raphe nucleus, interfascicular part; DRV, dorsal raphe 

nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral part/ventrolateral 

periaqueductal gray; mlf, medial longitudinal fasciculus. Scale bar, 500 μm.
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Fig. 5. Body weight and distance run.
The left y-axis depicts distance run per night by rats in Mini-Mitter wheels. Data represent 

mean ± SEM each week studied. The right y-axis depicts the body weight throughout the 

study.
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Fig. 6. 
Graphs illustrating numbers of c-Fos (PC38)-immunoreactive (ir)/tryptophan hydroxylase- 

(Tph-)ir cells from different rostrocaudal levels of the rat dorsal raphe nucleus (DR) in 

Experiment 1. Foreground bars represent the numbers of c-Fos (PC38)-ir/Tph-ir neurons. 

Background bars represent the total numbers of Tph-ir neurons (both c-Fos (PC38)-ir/Tph-ir 

neurons and c-Fos-immunonegative/Tph-ir neurons) within each subdivision. Graphs are 

arranged (A-H) according to rostrocaudal level in mm from bregma. Values indicate mean + 

standard error of the mean (SEM). Abbreviations: CLi, caudal linear nucleus; DRC, dorsal 

raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe 

nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal 

raphe nucleus, ventrolateral part/ventrolateral periaqueductal gray.
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Fig. 7. Body weight and distance run of rats placed in LAF wheels.
The left y-axis depicts distance run per night by rats in LAF wheels. Data represent mean ± 

SEM each week studied. The right y-axis is the body weight throughout the study. **p < 

0.01, ***p < 0.001, Sedentary versus Forced LAF exercise; #p < 0.05, ##p < 0.01, ###p < 

0.001, Voluntary LAF exercise versus Forced LAF exercise,; $p < 0.05, $$p < 0.01, 

Sedentary versus Voluntary LAF exercise.
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Fig. 8. 
Graphs illustrating numbers of c-Fos (PC38)-ir/tryptophan hydroxylase- (Tph-) 

immunostained cells from different rostrocaudal levels of the rat dorsal raphe nucleus (DR) 

in Experiment 2. Foreground bars represent the numbers of c-Fos (PC38)-ir/Tph-ir neurons. 

Background bars represent the total numbers of Tph-ir neurons (both c-Fos (PC38)-

immunoreactive/Tph-immunoreactive neurons and c-Fos (PC38)-immunonegative/Tph-

immunoreactive neurons) within each subdivision. Graphs are arranged (A-H) according to 

rostrocaudal level in mm from bregma. Abbreviations: CLi, caudal linear nucleus; DRC, 

dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe 

nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal 

raphe nucleus, ventrolateral part/ventrolateral periaqueductal gray. *p < 0.05, Sedentary 
versus Forced LAF exercise. #p < 0.05, Voluntary LAF exercise versus Forced LAF 
exercise.
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Fig. 9. 
Photomicrographs illustrate c-Fos (PC38)/tryptophan hydroxylase (Tph) immunostaining in 

the dorsal raphe nucleus (−7.64 mm bregma) in representative rats from each treatment 

group in Experiment 2. Photomicrographs illustrate immunostaining in rats exposed to (A, 

D, and G) sedentary conditions, (B, E, H) voluntary exercise, and (C, F, and I) forced 

exercise. Black boxes in A, B, and C indicate regions displayed at higher magnification in D, 

E, and F. Black boxes in D, E, and F indicate regions displayed at higher magnification in G, 

H, and I. Black arrowheads indicate c-Fos (PC38)-immunoreactive/Tph-immunoreactive 

neurons (brown cytoplasmic staining with blue/black nuclear staining). Abbreviations: 

DRD; dorsal raphe nucleus, dorsal part; Aq; cerebral aqueduct. Scale bar: A-C, 500 μm; D-

F, 100 μm; G-I, 25 μm.
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Fig. 10. 
Photomicrographs illustrate c-Fos (PC38)/Tph immunostaining in the dorsal raphe nucleus 

(−8.54 mm bregma) in representative rats from each treatment group in Experiment 2. 

Photomicrographs illustrate immunostaining in rats exposed to (A, D, and G) sedentary 

conditions, (B, E, and H) voluntary exercise, and (C, F, and I) forced exercise. Black boxes 

in A, B, and C indicate regions displayed at higher magnification in D, E, and F. Black boxes 

in D, E, and F indicate regions displayed at higher magnification in G, H, and I. Black 

arrowheads indicate c-Fos (PC38)-immunoreactive/Tph-immunoreactive neurons (brown 

cytoplasmic staining with blue/black nuclear staining). Abbreviations: Aq; cerebral 

aqueduct; DRD; dorsal raphe nucleus, dorsal part. Scale bar: A-C, 500 μm; D-F, 100 μm; G-

I, 25 μm.
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Fig 11. 
Graphs illustrating numbers of FosB/ΔFosB-immunoreactive (ir)/tryptophan hydroxylase- 

(Tph-) ir cells from different rostrocaudal levels of the rat dorsal raphe nucleus (DR) in 

Experiment 2. Foreground bars represent the numbers of FosB/ΔFosB-ir/Tph-ir neurons. 

Background bars represent the total numbers of Tph-ir neurons (both FosB/ΔFosB-

immunoreactive/Tph-immunoreactive neurons and FosB/ΔFosB-immunonegative/Tph-

immunoreactive neurons) within each subdivision. Graphs are arranged (A-H) according to 

rostrocaudal level in mm from bregma. Abbreviations: CLi, caudal linear nucleus; DRC, 

dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal raphe 

nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal 

raphe nucleus, ventrolateral part/ventrolateral periaqueductal gray; LAF, Lafayette. *p < 

0.05. **p < 0.01. Sedentary versus Forced LAF exercise. #p < 0.05, ##p < 0.01 Voluntary 
LAF exercise versus Forced LAF exercise.
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Fig. 12. 
Photomicrographs illustrate FosB/ΔFosB/Tph immunostaining in the dorsal raphe nucleus 

(−7.64 mm bregma) in representative rats from each treatment group in Experiment 2. 

Photomicrographs illustrate immunostaining in rats exposed to (A, D, and G) sedentary 

conditions, (B, E, and H) voluntary exercise, and (C, F, and I) forced exercise. Black boxes 

in A, B, and C indicate regions displayed at higher magnification in D, E, and F. Black boxes 

in D, E, and F indicate regions displayed at higher magnification in G, H, and I. Black 

arrowheads indicate FosB/ΔFosB-immunoreactive/Tph-immunoreactive neurons (brown 

cytoplasmic staining with blue/black nuclear staining). Abbreviations: Aq; cerebral 

aqueduct; DRD; dorsal raphe nucleus, dorsal part. Scale bar: A-C, 500 μm; D-F, 100 μm; G-

I, 25 μm.
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Table 1.

Mean ± SEM numbers of c-Fos (PC38)-ir/Tph-immunonegative cells in Experiment 1

Rostrocaudal level
(mm bregma) Subregion

1 Sedentary
(mean ± SEM)

Voluntary MM
(mean ± SEM)

−7.64 DRD 1.8 ± 0.9 2.1 ±0.7

DRV 2.9 ± 1.1 2.0 ± 0.5

CLi 0.3 ± 0.2 0.3 ± 0.2

−8.18 DRD 1.1 ± 0.5 1.6 ± 0.8

DRV 2.0 ± 1.1 1.2 ± 0.6

DRVL/VLPAG 3.7 ± 1.2 3.2 ± 1.4

−8.54 DRC 1.3 ± 0.6 4.3 ± 1.5

DRI 2.8 ± 0.9 11.0 ± 3.4

1
The subregions used for Experiment 1 included: CLi, caudal linear nucleus; DRC, dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, 

dorsal part; DRI, dorsal raphe nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, 
ventrolateral part/ventrolateral periaqueductal gray.
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Table 2.

c-Fos (PC38)-ir/Tph-immunonegative cells

Rostrocaudal
level (mm
bregma)

Subregion
1 Sedentary

(mean ± SEM)
Voluntary
LAF (mean ±
SEM)

Forced LAF
(mean ± SEM)

−7.64 DRD 9.0 ± 1.7 4.8 ± 0.9 7.9 ± 2.0

DRV 13.6 ± 2.6 8.1 ± 2.2 6.5 ± 1.7*

CLi 0.9 ± 0.2 0.6 ± 0.3 1.0 ± 0.4

−8.18 DRD 8.9 ± 4.3 10.1 ± 3.1 11.9 ± 2.9

DRV 4.6 ± 1.7 4.3 ± 1.1 16.8 ± 4.0**##

DRVL/VLPAG 25.1 ± 6.6 42.9 ± 10.5 42.9 ± 9.4

−8.54 DRC 1.7 ± 0.8 6.0 ± 2.2* 3.9 ± 0.7

DRI 9.5 ± 2.5 16.9 ± 5.7 22.4 ± 4.8*

1
The subregions used for Experiment 2 included: DRC, dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, dorsal part; DRI, dorsal 

raphe nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, ventrolateral part/ventrolateral 
periaqueductal gray.

*
p < 0.05

**
p < 0.01, versus Sedentary group

##
p < 0.01, Voluntary LAF exercise versus Forced LAF exercise,.
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Table 3.

FosB/ΔFosB-ir/Tph-immunonegative neurons

Rostrocaudal
level (mm
bregma)

Subregion
1 Sedentary

(mean ± SEM)
Voluntary
LAF (mean ±
SEM)

Forced LAF
(mean ± SEM)

−7.64 DRD 5.3 ± 1.3 5.9 ± 1.8 7.3 ± 1.7

DRV 1.6 ± 0.4 3.1 ± 1.1 1.6 ± 0.8

CLi 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.2

−8.18 DRD 3.4 ± 1.0 3.6 ± 1.0 7.3 ± 1.7 *#

DRV 1.4 ± 0.4 3.0 ± 0.9 7.6 ± 1.7**#

DRVL/VLPAG 10.1 ± 2.0 12.6± 3.1 21.8 ± 2.6**#

−8.54 DRC 1.3 ± 0.5 2.7 ± 0.5 3.6 ± 1.1*

DRI 1.0 ± 0.3 7.1 ± 1.5* 11.0 ± 2.3***

1
The subregions used in Experiment 2 included: CLi, caudal linear nucleus; DRC, dorsal raphe nucleus, caudal part; DRD, dorsal raphe nucleus, 

dorsal part; DRI, dorsal raphe nucleus, interfascicular part; DRV, dorsal raphe nucleus, ventral part; DRVL/VLPAG, dorsal raphe nucleus, 
ventrolateral part/ventrolateral periaqueductal gray.

*
p < 0.05

**
p < 0.01

***
p < 0.001, versus Sedentary group

#
p < 0.05 Voluntary LAF exercise versus Forced LAF exercise.
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