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Abstract

Background: The antidepressant effect of physical exercise has been reported in several clinical and animal studies. Since
serotonin, norepinephrine, and dopamine play a central role in depression, it is possible that the beneficial effects of physical
exercise are mediated via monoamine pathways. This study investigates the effects of voluntary wheel running on the
excitability of monoamine neurons.

Materials and Methods: Male Sprague-Dawley rats were used in the study. Voluntary wheel running (VWR) rats were housed
in individual cages with free access to a running wheel, while control animals were housed in standard laboratory cages.
After three weeks, the rats were anesthetized, and in vivo electrophysiological recordings were taken from dorsal raphe
nucleus serotonin neurons, locus coeruleus norepinephrine neurons, and ventral tegmental dopamine neurons.

Results: VWR stimulated activity in serotonin, but not in norepinephrine or dopamine neurons. Subsequently, acute
administration of the selective serotonin reuptake inhibitor escitalopram in control rats led to complete suppression of
serotonin neurons; this suppression was reversed by subsequent administration of selective antagonist of serotonin-1A
receptors, WAY100135. Escitalopram induced only partial inhibition of serotonin neurons in the VWR rats while WAY100135
increased the firing activity of serotonin neurons above the baseline value.

Conclusions: The beneficial effect of physical exercise on mood is mediated, at least in part, via activation of serotonin
neurons. Physical exercise can potentiate the response to selective serotonin reuptake inhibitors by increasing the basal firing
activity and diminishing selective serotonin reuptake inhibitor-induced inhibition of serotonin neurons.

Keywords: Voluntary wheel running (VWR) rats, serotonin (5-HT), norepinephrine, dopamine, selective serotonin reuptake
inhibitors (SSRIs).
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Significance Statement

The aim of our study is to test the hypothesis that voluntary wheel running (VWR) in rats modifies the excitability of monoam-
ine-secreting neurons. To the best of our knowledge, this is the first study to directly examine the effect of physical exercise,
alone or in combination with an antidepressant drug, on brain monoamine-secreting neurons in vivo. We found that (1) VWR led
to selective tonic activation of serotonin (5-HT) neurons; and (2) the inhibitory effect of acute administration of escitalopram on
5-HT neuronal firing activity in VWR rats was less pronounced than in controls. Our conclusions are that antidepressant-like
effect of physical exercise is mediated, at least in part, by stimulation of 5-HT neurons, and regular physical exercise can potenti-
ate and facilitate the response to antidepressant drugs in patients with depression.

Introduction

The beneficial effect of physical exercise on mood has been
accepted since antiquity: mens sana in corpore sano (Satire X of
the Roman poet Juvenal, II AD) and recent studies have demon-
strated that regular physical exercise reduces the risk of devel-
oping Alzheimer and Parkinson diseases (Paillard et al., 2015).
Additional benefits include the stimulation of memory and
cognitive functioning (Ikudome et al., 2016), decreased anxi-
ety, and improved emotional wellbeing (McMahon et al., 2016).
The beneficial effect of physical exercise in depression has been
investigated in several clinical studies as well and summarized
in the recent review by Kvam et al. (2016). Seven open-label stud-
ies (Martinsen et al., 1985; Doyne et al., 1987; Veale et al., 1992;
Singh et al., 1997; Pinchasov et al., 2000; Pilu et al., 2007; Hemat-
Far et al, 2012) and 4 blind studies (Dunn et al., 2005; Singh
et al., 2005; Blumenthal et al., 2012a; Salehi et al., 2014) demon-
strated significantly decreased depressive symptoms in patients
involved in physical exercise compared with sedentary controls.
Furthermore, the efficacy of physical exercise was comparable
with that of psychotherapy (Gary et al., 2010) and pharmaco-
therapy (Blumenthal et al., 2012a, 2012b).

Animal models of physical exercise, such as voluntary wheel
running (VWR) in rats, are essential in investigating neural
mechanisms mediating enhanced mood effects from physical
exercise. There is evidence that VWR in rats has anxiolytic and
antidepressant effects that mimic the antidepressant effects
of physical exercise observed in human studies. A recent study
demonstrated that VWR rats had reduced immobility during the
forced swim test compared with sedentary controls (Chen et al.,
2016). Earlier studies also reported that VWR diminished stress-
induced depressive-like behavior in rats; including the immobil-
ity in the forced swim test, avoidance in the elevated T-maze
test, and latency in the shuttle box test (Greenwood et al., 2003;
Lapmanee et al., 2012).

Observations on central neurotransmission suggest involve-
ment of glutamate, serotonin (5-HT), norepinephrine (NE), and
dopamine (DA) systems in the behavioral effects induced by the
VWR. Greenwood et al. (2003) found that VWR activity in rats
reversed stress-induced suppression of c-fos gene expression
and increased serotonin-1A (5-HT,,) receptor expression in the
dorsal raphe nucleus (DRN), and a more recent study highlighted
increased extracellular 5-HT and NE levels in the hippocampus
of VWR rats (Wang et al., 2013).

More recently, Chen et al. (2016) reported increased corti-
cal DA levels in VWR rats. It was also found that intra-corti-
cal injection of the glucocorticoid receptor antagonist RU486
diminished the stimulatory effect of VWR on DA levels, and the
same administration of the D2 receptor antagonist haloperidol
completely suppressed the antidepressant-like effect of VWR.
Other studies reported increased expression of genes encoding
selected subunits of the main ionotropic glutamate receptors in

the ventral tegmental area (VTA) of VWR rats (Makatsori et al.,
2003; Schwendt et al., 2003). It is therefore possible that physical
exercise alters the effect of glutamate and stress hormones on
DA neurotransmission.

While the above-mentioned results support the crucial role
of 5-HT, NE, and DA neurotransmission in the behavioral effect
of physical exercise, the effect of exercise on the excitability
of monoaminergic neurons has not been directly examined.
Therefore, this study employed in vivo single-unit extracellular
electrophysiology to investigate the impact of rat VWR on the
firing activity of DRN 5-HT neurons, locus coeruleus (LC) NE neu-
rons, and VTA DA neurons. We also assessed the influence of the
selective serotonin reuptake inhibitor (SSRI) escitalopram on the
firing activity of 5-HT neurons in VWR and control rats.

Materials and Methods

Animals

Adult male Sprague-Dawley rats weighting 200 to 250 g at the
beginning of the experiments were ordered from Velaz s.r.o.
The animals were housed under standard laboratory condi-
tions with free access to food and water. A constant light-dark
cycle was maintained with light on at 6:00 am and off at 6:00 pMm.
Temperature was maintained at 23+2°C and humidity at 60+5%.
All experimental procedures were approved by the Animal
Health and Animal Welfare Division of the State Veterinary and
Food Administration of the Slovak Republic (permission no Ro
331/16-221) and they conformed to Directive 2010/63/EU on the
protection of animals used for scientific purposes.

VWR

The animals were randomly assigned to the control and VWR
groups, with VWR method as previously described (Makatsori
et al.,, 2003; Ondkova et al., 2010). While control rats were housed
in pairs in standard laboratory cages, VWR rats were housed for
3 weeks in individual 35-x20-x15-cm plastic cages with free
access to the stainless-steel activity wheel (35-cm diameter,
Techniplast Gazzada). VWR rat running time, distance covered,
and average speed were monitored daily, using the U4 Digital
Cycling Computers (Echowell, Taipei, Taiwan).

Twenty-eight control and 24 VWR rats were used in this
study. Of 28 control rats, 7, 6, and 7 were used for the assess-
ment of spontaneous firing activity of 5-HT, NE, and DA neurons,
respectively; 8 were used to assess the effect of escitalopram on
the excitability of 5-HT neurons. Of 24 control rats, 5, 5, and 6
were used for the assessment of spontaneous firing activity of
5-HT, NE, and DA neurons, respectively; 5 were used to assess
the effect of escitalopram on the excitability of 5-HT neurons.



Electrophysiology

In vivo electrophysiological experiments were performed as
described in our previous publications (Dremencov et al., 2007a,
2007b, 2009). Animals were anesthetized by chloral hydrate (400
mg/kg, i.p.) and mounted in a stereotaxic frame (David Kopf
Instruments). Rat body temperature was maintained between
36°C and 37°C with a heating pad (Gaymor Instruments).
Catheters were inserted to the lateral tail vein for later injection
of escitalopram and WAY100135.

The scalp was then opened and a 3-mm hole drilled in the
skull for insertion of electrodes into the DRN (7.8-8.3 mm poste-
rior to the bregma and 4.5-7.0 mm ventral to the brain surface),
LC (8.0-8.3 mm posterior to the bregma, 1.2-1.4 mm lateral to
the midline, and 5.5-7.5 mm ventral to the brain surface), and
VTA (4.5-5.5 mm posterior to the bregma, 0.6-0.8 mm lateral
to the midline, and 7.0-8.5 mm ventral to the brain surface) as
shown in Paxinos and Watson (2007). Since the electrode inser-
tion into one brain area can affect the excitability of neurons
in other brain areas, the firing activities of 5-HT neurons of the
DRN, NE neurons of the LC, and DA neurons of the VTA were
measured in separate animals.

Glass- ipettes with a fine tip approximately 1 um in diameter
were pulled using the programmable horizontal puller (DMZ-
Universal, Zeitz-Instruments) and filled with 2 M Nacl solution.
Electrode impedance ranged from 4 to 6 MQ. The pipettes were
lowered into the DRN, LC, and VTA by hydraulic micro-positioner
(David Kopf Instruments), and signals were amplified by HEKA
EPC-10 amplifier and recorded by Patchmaster software package
(HEKA Elektronik-Dr Schulze).

Serotonin, NE, and DA neurons were identified by their firing
patterns (5-HT neurons: regular firing rate of 0.5-2.5 Hz and posi-
tive action potential of 0.8-1.2 ms; NE neurons: regular firing rate
of 0.5-5.0 Hz, positive action potential of 0.8-1.2 ms and charac-
teristic bursts discharges in response to a nociceptive pinch of
the contralateral hind paw; DA neurons: slow irregular firing rate
of 0.5-10 Hz, mixed single spike and burst firing, tri-phasic action
potentials with a dominant positive component, a minor one over
2.5-millisecond duration and a “notch” often present on the ini-
tial rising phase and a minimum 1.1-millisecond duration from
action potential initiation to the negative trough).

Drugs

Escitalopram was received as a gift from Lundbeck A/S, Valby,
Denmark, and dissolved in saline (0.9% NaCl) at 0.1 mg/mL con-
centration. WAY100135 was purchased from Sigma-Aldrich s.r.o.
and dissolved in saline at 0.1 mg/mL concentration. When a
5-HT neuron was identified, its basal firing activity was recorded
for 2 minutes and 0.1 mg/kg escitalopram was then adminis-
tered via the tail vein catheter. After 2 minutes, WAY100135 was
administered i.v. in a 0.1-mg/kg dosage. The doses of escitalo-
pram and WAY 100135 were chosen according to a previous study
(El Mansari et al., 2005), which reported that i.v. administration
of 0.1 mg/kg of escitalopram completely inhibited 5-HT neurons
in the DRN of Sprague-Dawley rats, and subsequent administra-
tion of 0.1 mg/kg WAY 100135 reversed the escitalopram-induced
inhibition of 5-HT neurons.

Statistical Analysis

One-way ANOVA for repeated measures (RM ANOVA), for factor
time, followed by Bonferoni posthoc test, was used to compare
the daily running distances and times in VWR rats.
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In the experiments aiming to compare spontaneous 5-HT, NE,
and DA neuronal firing activity in control and VWR rats, multiple
neurons per animal were recorded. Two-tailed Student’s t test was
used to compare the average spontaneous activity of 5-HT, NE,
and DA neurons in control and VWR rats. In experiments aiming
to compare the effect of escitalopram on 5-HT neurons in control
and VWR rats, one 5-HT neuron per animal was recorded.

For the comparison of the effects of escitalopram and
WAY100,135 on 5-HT neurons in control and VWR rats the aver-
aged basal firing rates (prior to escitalopram administration)
of 5-HT neurons for each group of animals (control and VWR)
were considered to be 100%. The values of the firing activity of
each individual neuron after escitalopram administration and
after subsequent WAY100135 administration were calculated as
a percentage of the average basal activity of the corresponding
group. Two-way RM ANOVA was used to determine the effect of
the time (baseline, after escitalopram administration, and after
subsequent WAY100135 administration), group (control and
WVR), and time x group interaction on the firing activity of 5-HT
neurons.

Results

Running Characteristics of VWR Rats

The daily running distance was 0.97+0.18km on day 1 and
this gradually increased to 5.70+1.37km by day 21. One-way
RM ANOVA demonstrated a significant effect of time (F=14.44,
P<.001) and the Bonferoni posthoc test revealed significant
(P<.001) difference between running distances on day one and
days 5 to 21 (Figure 1A). Daily running time was 0.34+0.07 h on
the first day with gradually increases to 1.90+0.43 h by day 21.
One-way RM ANOVA demonstrated significant effect of time
(F=11.69, P<.001) and the Bonferoni posthoc test revealed sig-
nificant (P<.001) difference between running times on day 1 and
days 5-21 (Figure 1B). Their average velocity was 3.04+0.15 km/h,
and this did not change over the time course (Figure 1C).

Effect of the VWR on Spontaneous Activity of 5-HT,
NE, and DA Neurons

The mean firing frequencies of 5-HT, NE, and DA neurons in con-
trol rats were 1.03+0.15 (73 neurons from 7 rats), 1.71+0.40 (17
neurons from 6 rats), and 3.80+0.55 Hz (37 neurons from 7 rats),
respectively. The mean firing frequencies of 5-HT, NE, and DA
neurons in VWR rats were 2.20+0.43 (71 neurons from 8 rats),
1.60+0.27 (37 neurons from 5 rats), and 2.82+0.043 Hz (52 neu-
rons from 6 rats), respectively. VWR led to tonic activation of
5-HT (214 +45% of controls, P<.05, 2-tailed Student’s t test), but
not in NE (P=.82) and DA (P=.16) neurons (Figure 2).

Effect of Acute Escitalopram on 5-HT Neuronal Firing
Activity in Control and VWR Rats

Acute 0.1 mg/kg i.v. administration of escitalopram to con-
trol rats almost completely suppressed 5-HT neurons (4+3%
of baseline, 8 neurons from 8 rats) (Figure 3A, C). Subsequent
administration of WAY100135 (0.1 mg.kg, i.v.) reversed this esci-
talopram-induced suppression to 45+26% of the baseline value.
In contrast, escitalopram-induced inhibition of 5-HT neurons
was less in VWR rats (43+13% of the baseline, 5 cells from 5 rats)
(Figure 3), and WAY100135 induced a higher increase than in
controls (258+122% of the baseline) (Figure 3B, C). Two-way RM
ANOVA demonstrated the following significant main effects for
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Figure 1. Characteristics of voluntary wheel running (VWR). (A) Daily running
distances. (B) Running time. (C) Average running speed. *P<.05 in comparison
with day 1 value (Bonferroni posthoc test).

time (F=4.52, P<.05); group (F=7.70, P<.05) and also time x group
interaction (F=3.87, P<.05). Meanwhile, the Bonferroni posthoc
test revealed significant difference in the degree of escitalo-
pram-induced inhibition of 5-HT neurons between control and
VWR rats (P<.05). Even though the Bonferroni posthoc test failed
to reveal statistically significant difference between the values,

the WAY100135-induced increase in 5-HT levels in VWR rats was
5.5 times greater than in controls.

Discussion

Rats placed in cages equipped with the exercise wheel became
engaged in voluntary running behavior. Moreover, running time
and distance increased daily to a plateau of 1.5 h and 4 km by
day 8 to 9 of running wheel exposure. These are similar results
to those in our previous studies (Makatsori et al., 2003; Bakos
et al.,, 2007; Ondkova et al., 2010). This study demonstrates sig-
nificantly greater spontaneous activity of 5-HT neurons in the
DRN of VWR rats than in controls. In contrast, the firing activity
of NE neurons of the LC and DA neurons of the VTA were not
affected by VWR. In addition, the suppression of 5-HT neuronal
activity induced by acute administration of the SSRI escitalo-
pram was significantly diminished in VWR rats compared with
controls, and the stimulatory effect of the subsequent adminis-
tration of the selective agonist of 5-HT receptors WAY100135 on
5-HT neuronal firing activity in VWR rats tended to be greater
than in controls.

Our results demonstrate that the average excitability of 5-HT
neurons was significantly greater in VWR rats than in controls.
Interestingly, an increase in hippocampal 5-HT levels in VWR
rats was also observed in the in vivo microdialysis study of Wang
et al. (2013). However, Greenwood et al. (2003) reported that while
VWR did not activate 5-HT neurons per se, it reversed stress-
induced inhibition of these neurons. The difference between our
results and those of Greenwood and colleagues is likely due to
the different techniques determining excitability of 5-HT neu-
rons. Specifically, we used direct in vivo single-unit electrophysi-
ological assessment of 5-HT neuronal firing activity in contrast
to those authors’ indirect determination of 5-HT neuron activa-
tion by c-Fos gene expression measurement.

It is well established that 5-HT plays a central role in the
pathophysiology and treatment of depression. Almost all known
antidepressant drugs stimulate 5-HT transmission, either
directly or indirectly (Dremencov, 2009; Pavlovicova et al., 2015).
Accordingly, tryptophan depletion and the subsequent decrease
in 5-HT bioavailability leads to the onset of the symptoms of
depression (Delgado et al., 1994, 1999; Franklin et al., 2015). Since
increased excitability of 5-HT neurons leads to the increased
synaptic levels of 5-HT in the brain, it is possible that the anxi-
olytic and antidepressant effect of physical exercise, reported
in previous studies in animal models (Greenwood et al., 2003;
Lapmanee et al., 2012; Chen et al,, 2016) and human subjects
(Kvam et al., 2016) is mediated, at least in part, via increased
excitability of 5-HT neurons in the DRN.

There is evidence that physical exercise in animals stimu-
lates synaptic plasticity. Patten et al. (2013) reported that VWR
enhances synaptic plasticity in the hippocampus of normal rats
(Patten et al.,, 2013), and Bjornebekk et al. (2010) recorded the
same effect in the Flinder Sensitive Line rats, a genetic animal
model of depression. Since 5-HT plays a critical role in the regu-
lation of the synaptic plasticity (Fernandez et al., 2017), it is pos-
sible that the enhancing effect of the VWR on the hippocampal
plasticity is mediated, at least in part, via the stimulation of the
excitability of 5-HT neurons.

While our study revealed no VWR effect on excitability of
LC NE neurons or VTA DA neurons, Wang et al. (2013) reported
increased levels of NE in the hippocampus, and Chen et al. (2016)
reported increased levels of DA in the cortex. It is therefore likely
that VWR increases brain NE and DA levels via a mechanism
involving the alteration of synaptic release, reuptake, and/or
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Figure 2. The effect of voluntary wheel running (VWR) on serotonin (5-HT), norepinephrine (NE), and dopamine (DA) neuron spontaneous firing activity. (A) Repre-
sentative recording from a spontaneously active 5-HT neuron from the dorsal raphe nucleus of a control rat. (B) Representative recording from a spontaneously active
5-HT neuron from the dorsal raphe nucleus of a VWR rat. (C) Average firing rates of 5-HT, NE, and DA neurons in control and VWR rats. *P<.05, 2-tailed Student’s t test.
Note: Since an extracellular recording technique was used, the amplitude of the action potentials on the panels A and B does not correspond to the actual membrane

potential of the neurons.

metabolism of these neurotransmitters rather than attenua-
tion of excitability of NE- and DA-secreting neurons. Consistent
with this, Zangen et al. (2001) and Dremencov et al. (2004) found
local administration of 5-HT to the nucleus accumbens (NAcc)
increased extracellular DA levels, and Dremencov et al. (2006)
have suggested the 5-HT-induced rise in NAcc DA levels is medi-
ated via activation of 5-HT, receptors on DA neuron terminals
and does not involve stimulation of excitability of DA neurons.

We found that acute escitalopram administration almost
completely inhibited 5-HT neurons in control rats and subse-
quent WAY100135 injection reversed this inhibition, similarly to
the findings of el Mansari et al. (2005). In VWR rats, escitalopram
induced only a partial inhibition of 5-HT neurons, and subse-
quent administration of WAY100135 increased the firing activity
of 5-HT neurons above the basal values. It is therefore possible
that the increased excitability of 5-HT neurons in VWR rats is
the result, at least in part, of desensitization of 5-HT,, autore-
ceptors and/or 5-HT transporters (SERT) expressed on the cell
bodies of 5-HT neurons of the DRN.

Indeed, Dey (1994) reported that chronic swimming exer-
cise in rats leads to reduced behavioral responses to the

administration of the 8-OH-DPAT, an agonist of 5-HT,, recep-
tor. However, Greenwood et al. (2005) reported increased levels
of 5-HT,, mRNA in VWR rats. A further possible mechanism
underlying decreased escitalopram-induced inhibition of these
neurons is decreased 5-HT,, autoreceptor and/or 5-HT trans-
porter (SERT) expression at the nerve terminal (Greenwood
et al,, 2005). Since a,-adrenoceptors have a tonic stimula-
tory effect on 5-HT neuronal firing activity (Dremencov et al.,
2007a), it is also possible that VWR-induced upregulation of
a,-adrenergic receptors (Greenwood et al., 2005) contributes to
increased 5-HT excitability. Interestingly, the increased stim-
ulatory effect of WAY100135 on 5-HT neuronal firing activity
observed in our study is similar to the stronger effect of the
different 5-HT,, receptor antagonist, WAY100635, on the excit-
ability of 5-HT neurons in heterozygote SERT*" mice pretreated
with escitalopram (Guiard et al., 2012). This supports the sug-
gestion that physical exercise leads to SERT desensitization
(Greenwood et al., 2005).

A limitation of the present study is single housing of VWR
rats. The social isolation is a well-known stressor, and it may
interfere with some but not all changes induced by the VWR
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Figure 3. The effect of acute administration of escitalopram on the serotonin (5-HT) neuronal firing activity in control and voluntary wheel running (VWR) rats. (A)
Effects of escitalopram and WAY 100135 on a representative 5-HT neuron from the dorsal raphe nucleus of a control rat. (B) Effects of escitalopram and WAY 100135 on
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action potential on the panels A and B does not correspond to the actual membrane potentials of the neurons.

(Shetty and Sadananda, 2017). It was shown that social isolation
affected synaptic plasticity and leads to increased spontaneous
activity of hippocampal CA1 pyramidal neurons (Gémez-Galan
et al., 2016). Since in individually housed rats an antidepressant-
like behavioral effect of VWR was reported in previous studies
(Greenwood et al., 2003), it is not likely that increased excitabil-
ity of 5-HT neurons in the DRN of the VWR rats was caused by
the social isolation and not by the VWR.

We have demonstrated that VWR in rats leads to the tonic
activation of mean spontaneous activity of DRN 5-HT neurons,
and it is therefore likely that the increased 5-HT neuronal fir-
ing activity mediates, at least in part, the antidepressant and
anxiolytic effects of physical exercise. VWR also leads to the
diminished inhibitory effect of escitalopram on 5-HT neuronal
firing activity. Moreover, numerous studies have reported that
the inhibition of 5-HT neuronal firing after acute or subchronic
administration of SSRIs is responsible, at least in part, for the
delayed onset of the therapeutic effect of SSRIs and also for the
lack of adequate response to SSRI treatment in some patients
(Romero et al., 1996; Blier et al., 1998; Pineyro and Blier, 1999;
Dremencov, 2009; Pavlovicova et al., 2015). It is therefore hypoth-
esized that regular physical exercise can facilitate and potenti-
ate the response to SSRIs in patients with depression. However,
further studies are necessary to examine the effects of VWR,
SSRIs, and their combination on anxiolytic and antidepressant-
like behavior and to directly test our hypothesis.
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