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Abstract 
Introduction: The intricate relation between depression and inflammation has become a prevalent topic of discussion among 

the scientific community. Pro-inflammatory cytokines exert depressogenic effects by crossing the blood brain barrier and 

disrupting serotonin (5-hydroxytryptamine, 5-HT) homeostasis through serotonin transporters (SERTs). SERTs induce 5-HT 

reuptake, causing 5-HT deficiency. This study demonstrates that (1) exercise decreases levels of the pro-inflammatory 

cytokine, Tumor Necrosis Factor alpha (TNF-α), and (2) a decline in TNF-α attenuates SERT activity through the proposed 

mechanism of activating the p38 mitogen-activated protein kinase (MAPK) pathway in the hippocampus. 

Methods: 32 Sprague-Dawley rats are randomly divided into four groups. Rats not exercising serve as control. Exercising 

rats, exposed to 6 weeks of treadmill exercise, receive either vehicle intracerebroventricular injection, intracerebroventricular 

injection of TNF-α antibody Infliximab, or intracerebroventricular injection of MAPK inhibitor SB203580. Control rats also 

receive vehicle intracerebroventricular injection. 24 hours post-injection, blood is collected, and serum is separated for an 

ELISA test to assess TNF-α levels. To measure SERT gene expression, RNA is isolated from hippocampal tissue and PCR is 

performed.   

Results: Exercising rats are anticipated to show reduced TNF-α levels compared to control, confirming exercise decreases 

pro-inflammatory cytokines. Exercising rats should also show decreased SERT gene expression, as exercise attenuates TNF-

α mediated stimulation of SERTs. SERT expression is expected to be similar in rats injected with Infliximab and SB203580, 

suggesting that TNF-α exerts its effect through the p38 MAPK pathway.  

Discussion: Moderate intensity exercise reduces TNF-α levels, which limits 5-HT uptake by attenuating the expression of the 

SERT gene, thus mitigating depressive symptoms. It is also postulated that TNF-α modulates levels of SERT expression 

through the p38 MAPK pathway, as rats injected with SB203580 have shown to have similar gene expression as rats injected 

with Infliximab. 

Conclusion: Understanding the negative correlation between exercise and depression provides insight into viable treatment 

alternatives for depression. Exercise may be used alone or in conjunction with current treatments to prevent or minimize 

symptoms of mood disorders. Further investigation may reveal the effects of other cytokines on extracellular 5-HT levels, 

and their consequent influence on depression and its symptoms. 
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Introduction 

Depression is one of the most common mental disorders 

worldwide, with over 264 million people affected [1]. It is 

characterized by persistent feelings of sadness and anhedonia, 

and its symptoms may include fatigue, diminished ability to 

concentrate, and changes in appetite. Depressive symptoms 

may cause distress to the point where they can impair social 

or occupational functioning [2]. According to the Ontario 

Ministry of Health, one in four Canadians have experienced 

depressive symptoms that were severe enough to require 

treatment at least once in their life [3]. Many genetic and 

psychological vulnerabilities can result in the pathogenesis of 

depression, including the presence of certain genes,  

dysfunction of specific brain systems, and stressful life events 

[2]. Various neurobiological mechanisms have been 

implicated in the onset of depression, each involving the 

underlying notion that depressive symptoms are caused by a 

functional deficiency of brain monoaminergic transmitters, 

specifically serotonin, norepinephrine, and dopamine [4]. This 

study focuses on the role of dysregulation of central serotonin 

(5-hydroxytryptamine, 5-HT) homeostasis on the 

pathophysiology of depression, as serotonin transporters 

(SERTs) may induce 5-HT uptake and result in its deficiency. 

5-HT has been widely implicated in regulating mood, eating, 

and sleeping patterns, therefore making it the key 

neurotransmitter of interest in this study. 
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Changes in SERT activity impact 5-HT availability in 

target areas, therefore affecting a host of neuronal functions 

[4]. With a prominent role in the regulation of 5-HT, 

SERTs are a common pharmacological target for 

antidepressants. In recent years, studies have demonstrated 

several mechanisms involved in the regulation of SERT 

activity, including protein kinases and phosphatase 

dependent pathways [4]. Some of these pathways are 

initiated with immune modulators, particularly pro-

inflammatory cytokines. These findings suggest the 

prevalent role of the immune system and cytokines in 

depression through the regulation of SERTs.  

Cytokines are essential to brain development and 

functioning, as they play an important role in supporting 

neuronal integrity, neurogenesis, and synaptic remodeling 

[5]. Cytokines can affect neurotransmitter systems and 

consequently produce behavioral alterations, including 

changes in motivation, arousal, and anxiety. Acute 

administration of inflammatory cytokines can engage the 

innate immune system and induce an adaptive behavioral 

response known as “sickness behavior,” which may involve 

fever, loss of appetite, lethargy, changes in sleep pattern, 

anhedonia, and decreased social interaction [5]. These 

responses to inflammatory cytokines may be beneficial in 

order to allow for the conservation of energy and combat 

infection. However, chronic exposure to elevated levels of 

inflammatory cytokines can cause significant alterations in 

neurotransmitter systems and function, resulting in 

neuropsychiatric dysfunction and development of disorders, 

particularly depression. Recent studies have confirmed 

increased rates of depression among those who have 

elevated levels of inflammatory cytokines [5]. Such 

behavioural effects manifest through cytokine-induced 

activation of inflammatory signalling pathways in the brain, 

resulting in alterations in monoamine and glutamate 

systems, while also depleting levels of essential growth 

factors [5].  

Due to their effects on monoamine systems, 

inflammatory cytokines are particularly known to alter the 

metabolism and release of 5-HT in the central nervous 

system (CNS) [6]. Meta-analytic research has shown that 

moderate intensity exercise can reduce levels of 

proinflammatory cytokines [6]. Physical exercise activates 

the immune system, and regular exercise of moderate 

intensity promotes an anti-inflammatory status, which is an 

important factor in improving health [6]. Past studies have 

consequently examined the efficacy of exercise as a 

behavioural intervention in alleviating depressogenic 

symptoms, with the majority indicating that it is effective [5]. 

The pro-inflammatory cytokine of interest in this  

study is Tumor Necrosis Factor alpha (TNF-α). Recent 

meta-analyses confirmed that circulating levels of TNF-α  

 

 

 

 

are significantly higher in depressed patients compared with 

healthy control subjects [7]. The binding of TNF-α to 

astrocyte surface receptors in the brain results in a dose and 

time dependent increase in SERT-mediated 5-HT uptake 

[8]. To further understand the effect of TNF-α on SERT 

gene expression, Infliximab, an IgG1κ monoclonal 

antibody, is administered in the study [9]. Infliximab binds 

to TNF-α with high affinity to block interaction with its 

receptor and disrupt the pro-inflammatory signalling 

cascade, thereby reducing the activation of the pathway 

responsible for SERT gene expression [9]. Administration 

of Infliximab is hypothesized to decrease SERT gene 

expression compared to TNF-α, highlighting the prominent 

role of this cytokine in serotonin homeostasis. 

This study catalyzes the need for further analysis of 

p38 MAPK kinases and their mediative role on SERT gene 

expression. P38 MAPK kinases are primarily activated 

through extracellular stressors and cytokines, and are 

extensively studied in the field of inflammation [10]. 

Cytokines, such as TNF-α, activate the p38 MAPK pathway 

through cell surface receptors on microglia and astrocytes, 

consequently engaging in multiple signal transduction 

pathways involving the alteration of gene expression [10]. 

This study investigates how exercise can alter TNF-α 

levels, and how TNF-α levels can in turn have an effect on 

SERT gene expression. Considering the prominent role of 

TNF-α in the p38 pathway, it is postulated that the decrease 

in TNF-α levels with exercise may alter SERT expression 

through this pathway [11]. To understand the possible 

relationship between p38 MAPK and SERT gene 

expression, injections of SB203580 are administered to one 

group of exercising experimental rats. SB203580 

selectively inhibits p38 catalytic activity by binding to the 

ATP binding pocket and preventing its phosphorylation, 

consequently inhibiting the downstream activation of the 

pathway [12, 13]. 

 

Objective  

Proinflammatory cytokines and serotonergic 

homeostasis have been implicated in the pathogenesis of 

depression. The aim of this study is to determine (1) how 

regular exercise alters levels of the proinflammatory 

cytokine, TNF-α, and (2) how changes in TNF-α levels 

alter the expression of SERT genes [14, 15]. With reduced 

expression of SERTs, less 5-HT is removed from the 

synaptic cleft, improving depressogenic conditions. 

Through this study, it is postulated that TNF-α exerts its 

effect through the p38 MAPK pathway [11]. Relevant 

connections between exercise, proinflammatory cytokines, 

and SERT gene expression suggest alternative practices that 

can be applied in conjunction with treatments to prevent or 

mitigate depressive symptoms.  
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Methods 

 
Figure 1. Overview of Experiment 

 

Preparation of Rat Models  

Sprague-Dawley rats are housed in groups of 4 in 

polyethylene cages, in a laboratory at controlled 

temperatures (21±1°C) [16]. Rats are maintained under a 12 

h light-dark cycle (lights on at 07:00 h, with a 30 minute 

dim and rise phase) [16]. All rats are naive to experimental 

procedures, and food and water is available ad libitum. 

Procedures are in accordance with the guidelines of the 

Canadian Council on Animal Care [16]. 

 

Reagents 

TNF-α, TNF-α inhibitor Infliximab, and MAPK 

inhibitor SB203580 are purchased from Santa Cruz 

Biotechnology Inc [9,12,17].  

 

Treatment Groups 

The 32 rats are randomly divided into four groups. Rats 

not exercising (Group 1) serve as control. The remaining 

exercising rats are exposed to 6 weeks of moderate intensity 

treadmill exercise for 30 minutes/day, 5 days/week. Long-

term (>2 weeks) treadmill exercise has been shown to 

suppress oxidative stress and microglia-induced 

neuroinflammation by decreasing TNF-α levels [18]. 

Following the 6 week period, control rats receive vehicle 

intracerebroventricular (ICV) injection, and exercising rats 

receive either vehicle ICVinjection (Group 2), ICV 

injection of TNF-α antibody Infliximab (Group 3), or ICV 

injection of MAPK inhibitor SB203580 (Group 4).  
 

Intracerebroventricular Injection 

The fully developed blood brain barrier prevents the 

drugs from reaching the brain following injection, 

consequently making intravenous delivery ineffective [19]. 

ICV injection allows for delivery directly into cerebral 

lateral ventricles and into the CNS through the 

cerebrospinal fluid [19]. This method has been used in 

numerous studies to introduce drugs, therapeutic RNAs, 

and viral vectors into the CNS of animal models [19]. 

Furthermore, previous studies have successfully used ICV 

injection of Infliximab and SB203580 at a dose of 5mg/kg 

of body weight in order to demonstrate their protective 

effects on neuropathology [20]. The injection does not 

require extensive surgical devices and can be performed by 

a single person [19]. 

Both Infliximab and SB203580 are administered at 

5mg/kg of body weight after 6 weeks of exercise [16]. A 

30-gauge needle attached to a 5-ml Hamilton syringe 

through long polyethylene tubing is used [21]. The needle 

is inserted 2 mm deep and perpendicular to the skull 

surface, in order to ensure effective entry into the ventricle. 

It is inserted approximately 0.25 mm lateral to the sagittal 

suture and 0.50–0.75 mm rostral to the coronal suture to 

allow for exact penetration into the ventricle [21]. The 

needle is left in place for 1 minute following the 

discontinuation of plunger movement to ensure that  

the entire injection is delivered and prevent backflow  

[21]. 
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Expression of TNF-α 

24 hours post-injection, enzyme-linked immunosorbent 

assay (ELISA) is used to assess serum levels of TNF-α in 

both control and exercising groups. Blood is collected using 

a gauge needle and centrifuged for 10 minutes in sterile 

tubes [22]. The serum layer is separated from the blood and 

stored at -20°C until the test day. Using an ELISA kit 

purchased from ThermoFisher, the serum sample is 

mobilized to the microplate [23]. In the first incubation, 

specific antibodies for TNF-α are added and then washed to 

remove any unbound antibodies. In the second incubation, 

secondary antibodies are added and then washed. A 

substrate solution is added to interact with the enzyme on 

the secondary antibody to generate visible colour [22]. 

Appropriate hardware, as indicated by plate reader 

manufacturers, is used to measure absorbance. Absorbance 

vs. concentration of TNF-a is obtained for each group [24].  
 

Expression of SERT Genes 

To assess SERT gene expression in both control and 

exercising groups, hippocampal tissue is isolated from the 

rat models. The rats are anesthetized hippocampal tissue is 

collected within 24 hours of blood collection. 

RNA is isolated from brain tissue using the Qiazol 

Reagent Method [25]. Tissue samples are homogenized 

with a lysis reagent purchased from QIAzol. With the 

addition of chloroform, the homogenate is separated into 

aqueous and organic phases by centrifugation [26]. The 

RNA is partitioned to the aqueous phase, DNA partitioned 

to the interphase and proteins are partitioned to the organic 

phase. RNA is precipitated from the aqueous phase using 

isopropanol, and then purified using the RNeasy MinElute 

Cleanup Kit purchased from QIAzol [26]. 

Reverse transcription reaction is used to synthesize 

cDNA with a commercial kit [27]. The cDNA is diluted 

with water and then amplified in a PCR reaction.  

Amplification of SERT mRNA is performed using the 

following primers:  5’-CAGCATCTGGAAAGGCGTCA 

AGACC-3’ and 5’- AGTGGACGCTGGATGTTGGC 

TATC-3. Several cycles of PCR is conducted [27]. The 

amplified cDNA fragments are analyzed using 

electrophoresis in polyacrylamide gels. The intensity of 

DNA bands is measured using PhosphorImager, thereby 

showing the levels of SERT expression [27].  
 

Statistical Analysis 

All experiments are conducted at least three times. 

Statistical analysis, such as analysis of variance (ANOVA) 

is performed to note statistical differences between the four 

groups [17]. ANOVA tests are conducted to observe if 

there are significant differences in TNF-a levels and mRNA 

expression between the control and experimental groups.  
 

Results 

This study proposed by the protocol has not been 

started. This section will outline the study timeline and 

anticipated results.  

Expression of TNF-α 

Exercising rats are expected to show reduced TNF-α 

levels compared to control, confirming exercise decreases 

pro-inflammatory cytokines [14]. 

 

 
 

Figure 2. Anticipated results of expression of TNF-α in all 

exercising rats compared to control 

 

SERT Gene Expression 

Exercising rats should show decreased SERT gene 

expression compared to control, as exercise attenuates 

TNF-α mediated stimulation of SERT [15]. The magnitude 

of SERT gene expression may vary amongst the three 

exercising groups. It is expected to be lower in rats injected 

with Infliximab and SB203580 compared to those who 

exercised but received a vehicle injection. Furthermore, 

SERT expression is expected to be similar (i.e. decrease by 

similar magnitude) in rats injected with Infliximab and 

SB203580, indicating TNF-α exerts its effect through the 

p38 MAPK pathway. 

 

 

 
Figure 3. Anticipated results of SERT gene expression  
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Discussion 

In this study, the role of exercise on depression is 

studied through the presence of pro-inflammatory 

cytokines, specifically TNF-α. Firstly, all exercising rats 

show reduced TNF-α levels compared to control, 

confirming exercise decreases pro-inflammatory cytokines 

[14]. The role of TNF-α on SERT gene expression is then 

studied using a process of RNA isolation from hippocampal 

tissue and PCR reaction [24,27]. Compared to the control, 

exercising rats show decreased SERT gene expression. This 

confirms the second focus of this study, demonstrating the 

relationship between low levels of proinflammatory 

cytokines and reduced SERT gene expression [15]. 

Combining these two findings indicates that exercise 

reduces TNF-α levels, thereby limiting 5-HT uptake 

through reduced SERT gene expression.  

Changes in SERT gene expression are observed 

amongst the three exercising groups: those receiving 

vehicle injection, injection with Infliximab, or injection 

with SB203580. SERT expression is expected to be lower 

in all 3 exercising groups compared to control because 

exercise lowers TNF-α-mediated stimulation of SERT [15].  

Rats receiving injection of Infliximab and SB203580 

should show a similar decrease in SERT expression 

following exercise, consequently highlighting the 

relationship between both compounds. Infliximab prevents 

TNF-α from binding to its receptor and exerting its effect, 

thus limiting SERT expression [9]. If expression after 

injection of Infliximab is similar to expression after 

injection of SB203580, it is plausible that TNF-α exerts its 

effect through the p38 MAPK pathway, since inhibiting the 

pathway also lowers SERT expression by a similar extent 

[11]. Furthermore, it is anticipated that although similar, 

there will be a slightly lower expression of SERT in 

exercised rats injected with SB203580 compared to 

exercise rats with Infliximab, due to SB203580’s direct 

interaction with p38 MAPK [11]. 

Understanding the relationship between exercise and 

depression provides insight into possible treatments that can 

mitigate depressive symptoms. Over half of the people 

experiencing depression have recurrent depressive episodes 

and suffer from chronic depression [1]. This sparks the 

need for further research on possible prevention, treatment, 

and management strategies [28]. Currently, people with 

depression generally only receive pharmacologic treatment 

such as antidepressants. However, studies suggest the 

importance of incorporating cognitive-behavioural 

therapies into existing treatment as a means for better 

patient outcomes [28]. As such, this study considered the 

role of exercise on SERT gene expression, an area of target 

in depressive symptoms.  

In a study involving the administration of self-

assessment questionnaires on adults ages 18-45 years to 

assess anxiety and depression levels, physical exercise was 

significantly associated with lower depression levels [28]. 

Furthermore, another study found that exercise reduced 

depressive symptoms among adults, and regular exercise 

was associated with reduced levels of Interleukin-6 after 2 

weeks [29]. These findings demonstrate the effect of 

exercise on reducing inflammatory cytokine levels and 

depressive symptoms. The proposed study corroborates 

these findings, while also demonstrating the effect of 

inflammatory cytokines on SERT gene expression and 

consequent central serotonin uptake, therefore showing the 

direct manner by which exercise-induced attenuation of 

inflammatory cytokines can reduce depressive symptoms.  

Animal models may not reflect phenomena in humans. 

An alternate study can be conducted on humans using a 

randomized control trial, in which adults experiencing 

depressive symptoms are randomly divided into 2 

intervention groups: those who will be subject to regular, 

moderate-intensity exercise, and a control group that will 

do nothing. A questionnaire will be administered to both 

groups after 3 weeks, 6 weeks, and 12 weeks in order to 

evaluate changes in depressive symptoms. Analysis of 

results can demonstrate the direct relationship between 

exercise and depression, although this study will provide no 

mechanistic explanations. 

A limitation of this study is that it only tests the effects 

of exercise on TNF-α and SERT. TNF-α has two cell 

surface receptors, CD120a and CD120b [30]. It binds with 

higher affinity to CD120a, which plays a role in 

inflammatory regulation and activates three groups of MAP 

kinases: extracellular-signal-regulated kinases (ERKs), cJun 

NH2-terminal kinases (JNKs), and p38 MAP kinases  

[11,30]. Therefore, it is possible that TNF-α exerts its effect 

through one of these other pathways rather than only 

activating p38 MAP kinases. However, our study would 

suggest that it is likely for TNF-α to engage the p38 MAPK 

cascade, since inhibiting this pathway would produce a 

similar result as inhibiting TNF-α from binding to its 

receptor, consequently indicating the relationship between 

TNF-α and p38.  

To further strengthen the relationship between 

exercise, inflammation and depression, the p38 MAPK 

pathway should be further explored. A possible study could 

involve a petri dish experiment with RN46A cells - a 

serotonergic neuronal cell line [17]. A western blot analysis 

can be performed to compare SERT protein levels in a 

control group  and exercising groups with either TNF-α, or 

TNF-α + SB203580 [17].  

 

Conclusion 

Studying the relationship between physical exercise, 

proinflammatory cytokines and SERT gene expression 

provides valuable insight into the underlying mechanisms 

of depression. Through experimental procedures conducted 

on rat models, this study will demonstrate that moderate 

intensity exercise reduces levels of TNF-α, and reduced 

levels of TNF-α limit 5-HT uptake by attenuating the 

expression of the SERT gene. It is also postulated that 

TNF-α modulates levels of SERT expression through the 
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p38 MAPK pathway, as rats injected with SB203580 have 

shown to have similar gene expression as rats injected with 

Infliximab. Further experiments should be conducted to 

strengthen the relationship between TNF-α and the p38 

MAPK pathway. Understanding the negative correlation 

between exercise and depression also suggests an effective 

behavioural intervention that may be used as a preventative 

measure, or in conjunction with existing treatment in order 

to further mitigate depressogenic symptoms.  
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