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ABSTRACT: 

Experimental Autoimmune Encephalomyelitis (EAE) is an appropriate model for investigating the inflammation indices in Multiple Sclerosis (MS). 

The aim of this study was to evaluate the pretreatment effect of 6-week forced swimming exercise alongside vitamin D supplementation on levels 

of cytokines and brain-derived neurotrophic factor (BDNF) in rats with EAE. Swimming exercise was performed for 5 d/week over a period of 6 

weeks. The swimming training program initiated with 30 minutes in the first week and then by adding 5 min daily it reached 60 min in the second 

week. The overload was exerted by adjusting the workload through increasing the water flow speed. EAE was induced at the end of the sixth week 

of training. The vitamin D was injected 2 weeks (every two days) before inducing the EAE model. The animals were sacrificed 14 days after EAE 

induction. Disease progress was evaluated daily. Statistical analysis was done using a one-way analysis of variance. The results of ELISA test 

indicated that swimming exercise alongside vitamin D in Lewis female rats with EAE led to lower concentrations of TNF-α (p<0.0001). However, 

there was not observed a significant change in IL-10 (p<0.05) and BDNF (p<0.05). The results of current study suggest that this protocol would 

possibly help neuroprotection through confronting the EAE-stimulated inflammation. However, there are more studies required for discovering the 

mechanisms through which forced swimming exercise alongside vitamin D exert their neuroprotective roles. 
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INTRODUCTION 

Multiple Sclerosis (MS) is an inflammatory immune system disease. The 

exact cause of its incidence is rather unclear. This debilitating disorder 

causes injuries to central nervous system (CNS), spinal cord, brain stem 

and some parts of the brain white matter leading to impairments in 

neurotransmission from these regions [1].  
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Experimental autoimmune encephalomyelitis (EAE) is a reliable model 

for studying inflammatory signaling in MS. In this model, the T cells of 

animals are directly exposed to myelin antigens stimulating 

demyelination [2]. It has been demonstrated that vitamin D alters the 

immune responses [3]. In other words, the insufficiency of this vitamin 

increases the susceptibility of the body to MS occurrence [4]. Vitamin D 

can be supplied from diet, supplements and through endogenous 

production. However, only 30% of the body’s total vitamin D 

requirement is provided through diet. Thus, the main supplier of this 

vitamin is the exposure to sunlight or through the use of supplements [5]. 

Previous works has suggested that vitamin D could prevent the 

occurrence of the disease, providing a rationale for continuing research 

in this area [6]. Several experimental studies have shown that using 

vitamin D results in reduction of immune system inflammation [7]. The 

immune and the nervous systems are characterized by striking parallels. 

complemented by a complicated assembly of factors that induce cell 

growth and differentiation. In the immune system, these factors are 

identified as cytokines and in the nervous system they are called 

neurotrophic factors [8].  

Cytokines can be divided into pro-inflammatory and anti-inflammatory 

isoforms. MS is an autoimmune disease where  an imbalance between 

pro- and anti-inflammatory cytokines plays a pivotal roles in lesion 

incidence and deterioration of symptoms [9]. Among these cytokines, 

TNF-α is a pro-inflammatory cytokine that can activate immune system-

mediated inflammation in CNS [11]. On the other hand, IL-10 is an anti-

inflammatory cytokine which is related to the remission period of MS 

[10]. It is now revealed that brain-derived neurotrophic factor (BDNF) is 

expressed in immune cells [12].  BDNF production have been shown in 

infiltrating immune cells in the experimental models of CNS injury and 

respiratory inflammation [13]. Clinically, the roles of neurotrophins in 

MS is complicated. Studies have often shown paradoxical results in 

BNDF concentrations during MS treatment period remained unchanged 

[14], decreased [15] or increased [16]. 

Exercise-based protocols for animal models encompass wheel running, 

treadmill running, resistance exercises and swimming training. Although 

both voluntary and forced exercises are suggested as two potential 

approaches for neuroprotection, it seems that forced exercise, because of 

changing the brain metabolism, is more effective than voluntary exercise 

in promoting neuroprotection [17]. As a result, using forced exercise as 

a pre-treatment protocol prior to the induction of EAE in animal models 

sounds to be a better approach to study the effects of physical activity 

prior to the onset of disease. Furthermore, by manipulating the intensity, 

duration and frequency of training, an appropriate protocol can be 

identified. Based on previous studies, it seems that a training period of 

more than 3 weeks is mandatory for increasing adaptability with 

attenuated stress responses [18]. Also, in a comparison between 6-week 

forced treadmill running and swimming training on the reduction in 

injuries of motor neurons and oligodendrocytes in ALS model, the 

swimming training was more effective [19]. Bernardes and colleagues 

(2014) have studied the effects of 6-week forced swimming training on 

the concentrations of IL-10, IL-1β, TNF-α, IL-6 cytokines and BDNF in 

the brain and the spinal cord tissues in rats’ model of EAE. The results 

of their study have shown that there was a considerable increase in IL-1β 

in the brain, TNF-α, IL-6 in the spinal cord and BDNF in both tissues 

[20].  

All the while, there are not any studies investigating the effect of 

combining swimming exercise and vitamin D administration in rat model 

of EAE. Therefore, we hypothesized that preconditioning with forced 

swimming and vitamin D supplementation can protect brain tissue 

against inflammatory cytokines. Thus, the purpose of this study was to 

investigate the effects of pre-conditioning with forced swimming training 

along with vitamin D injection in EAE models of Lewis female rats on 

the IL-10, TNF-α and BDNF levels. 

 

METHODS 

Forty, six-week old, female Lewis rats were provided from Razi 

Vaccine and Serum Research Institute of Karaj, Iran. Animals were 

randomly divided equally into 8 groups: control healthy (C-H), control 

MS (C-EAE), control MS vitamin D (C-EAE-VD), exercise MS vitamin 

D (EX-EAE-VD), exercise healthy vitamin D (EX-H-VD), vehicle (V), 

exercise MS (EX-EAE) and exercise healthy (EX-H). During the study 

period, animals had free access to water and nutrition. The overall design 

of this research is presented in Figure 1. The use of animals for this 

protocol was reviewed and approved by the care and use committee of 

the University of Mazandaran. 

Swimming training protocol 

The training groups were subjected to once daily swim training, 5 days 

a week for 6 weeks. The training protocol was initiated with a 1 week 

ramping protocol with rats starting at 30 min of swimming on day 1 and 

increasing the duration of swimming by 5 min until 60 min was reached 

in week 2. Overload was conducted in weeks 2-6 by modulating the 

speed of the water flow. In the training period, the speed of the water 

flow reached 20 lit/min from 7 lit/min, while the duration remained at 60 

min. 

EAE induction 

Rats were immunized using a combination of guinea pig spinal cord 

and complete Freund adjuvant (Sigma F5881, CFA) containing oil-in-
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water emulsified mycobacteria. Spinal cords were taken out from 

anesthetized guinea pigs, placed in saline and were transferred to -40 °C 

for 25 min afterwards. The mycobacterium concentration in CFA was 

offset at 4 mg/ml [21]. At the end of the sixth week, the EAE model was 

induced (tail base). The assessment approach of disease intensity, which 

was conducted by a researcher blinded to the treatments beginning the 

eighth day continuously included: 0 = no clinical signs 1 = tail paralysis 

(or loss of tail tone), 2 = tail paralysis and hind-limb weakness, 3 = hind-

limb paralysis and 4 = complete hind-limb paralysis and front- limb 

weakness [20]. 

Vitamin D injection 

The treatment with vitamin D or sham injections started two weeks 

before EAE induction, and it continued for 2 weeks until the end of the 

training sessions [22]. EAE rats randomized to vitamin D treatment 

received 2 µg/BW vitamin D in 150 µl sesame oil every other day 

through intraperitoneal injections. In EAE control group rats, sham 

injections with 150 µl sesame oil were administered via intraperitoneal 

injections every other day.  

Tissue preparation and measurements 

Rats were anesthetized through intraperitoneal injection of Ketamine 

and Xylazine. After removing the whole brain from the skull, the brain 

was divided into right and left hemispheres, then the left hemisphere was 

quickly placed in liquid nitrogen and maintained in -80 °C until analysis. 

After homogenizing, samples were centrifuged for 12 mins at 12000 g 

BDNF concentrations were measured using Zell Bio commercial kit 

(Germany), and the TNF-α and IL-10 were measured by Diaclone 

commercial kit (France) using ELISA test according to the instructions 

of the kits. 

For determining the normality of the data distribution in different 

variables, Shapiro-Wilk test was utilized where the significance level 

was P≤0.05. One-way analysis of variance (One-Way ANOVA) and the 

Tukey`s post hoc test were used, for analyzing the intergroup differences, 

at the significance level of P≤0.05. All the statistical analysis was 

performed using GraphPad Prism software (version 6.07). 

 

 

STATISTICAL RESULTS 

The purpose of this study was to assess the effects of exercise and 

vitamin D preconditioning on brain proteins associated with 

neurodegeneration and neuroprotection in an EAE model. We 

hypothesized that preconditioning with forced swimming and vitamin D 

supplementation can protect brain tissue against inflammatory cytokines. 

All the animals successfully completed the training protocol. 

Therefore, all of them were employed for data analysis. EAE animals 

have shown more disability compared to healthy animals (P<0.05). No 

debilitating clinical symptoms have been observed among non-EAE 

animals. The first clinical sign of the disease showed up on the tenth day 

after inducing the EAE model. No significant differences were observed 

for body mass.  

TNF-α 

ANOVA revealed significant differences between the groups with 

respect to TNF-a concentrations in the brain (F (7, 26) = 9.838; 

p<0.0001). Post-hoc analysis revealed that C-EAE group had 

significantly greater TNF-alpha concentration compared to the C-H 

group (p=0.0006). Specifically, C-EAE group had significantly greater 

TNF-alpha compared to EX-EAE-VD (p=0.007), EX-H-VD (p< 0.0001) 

and V groups (p< 0.0001) (Figure 2). These results show that the 

combination of exercise and VD considerably decreased the 

concentration of this cytokine.  

IL-10 

Following the 6-week swimming training protocol, no significant 

difference was noticed in IL-10 concentration (F (7, 28) = 0.8597, P = 

0.5493) (Fig. 3). IL-10 concentration in C-EAE-VD group showed a 

decremental inclination (359.1±64.89 pg/ml). 

BDNF 

There was no observed significant differences between the study 

groups regarding BDNF concentration (F (7, 28) = 1.224, P = 0.323) 

(Fig. 4). The BDNF concentration among the groups was as following: 

1.316± 0.1074 ng/ml in C-H, 1.361± 0.1042 ng/ml in C-EAE, 1.227± 

0.0482 ng/ml in C-EAE-VD, 1.227± 0.1447 ng/ml in EX-EAE-VD, 

1.303± 0.07397 ng/ml in EX-H-VD, 1.217± 0.1140 ng/ml in V, 1.281± 

0.08308 ng/ml in EX-EAE and 1.244± 0.09888 ng/ml in EX-H. 
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Figure 1. The overall design of the study 
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Figure 2. Comparing the TNF-α levels in the brain: * significant difference between C-EAE with C-H (p=0.0006) **significant difference of 
C-EAE group with EX-EAE-VD (p< 0.007). 
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Figure 3. Comparing the levels of IL-10 in the brain tissue do not show significant differences among groups (P ≤ 0.05) 
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Figure 4. Comparing the BDNF levels of the brain between groups (P ≤ 0.05) 
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DISCUSSION 

The purpose of this study was to investigate the neuroprotective effects 

of swimming training along with vitamin D supplementation on the brain 

BDNF and cytokines of the EAE model of Lewis female rats prior to 

disease onset. The results of this study revealed that swimming exercise 

in combination with Vitamin D supplemented preconditioning reduce 

TNF-alpha concentrations in the brain of EAE rats. These results are 

favorable despite no significant differences seen in the anti-inflammatory 

cytokine IL-10 or the neurotrophin protein BDNF. Bernardes and 

colleagues (2016) have investigated the effects of regular exercise 

pretreatment on clinical symptoms improvements derived from 

demyelination reduction and axonal injury in autoimmune 

encephalomyelitis. The results of their study demonstrated that long-term 

pretreatment over a period of 6 weeks improves clinical symptoms and 

reduces the intensity of pathological symptoms in EAE [19]. Bernardes 

and colleagues (2013) outcome support the results of our investigation 

and confirm that exercise can be effective in reducing pathology 

associated with EAE [20]. Nevertheless, others have reported that 

exercise could not decrease these symptoms which has been attributed to 

the inadequacy of training intensities and durations [23].  

The study conducted on EAE shows that vitamin D prevents the 

progression of the disease [24]. Currently there has been a growing 

interest in using vitamin D as a regulatory factor of immune system in 

treating MS. The studies have demonstrated that vitamin D is efficacious 

in reducing the intensity of autoimmune diseases, particularly MS [5, 7]. 

But, the mechanism in which vitamin D exerts its effects is rather 

unclear. However, it is probable that vitamin D reduces the cellular 

infiltration that can be effective in controlling the disease [25], which is 

in accordance with our study. Also vitamin D can increase the secretion 

of anti-inflammatory cytokine, IL-10, from TCD4+ cells. They have 

shown that one reason behind the decrease of the secretion in the brain 

and spinal cord is the increase in apoptosis of infiltrated cells to CNS. 

The results of our study have shown that there is not a significant 

difference in IL-10 levels following a swimming training program 

alongside vitamin D. IL-10 is a regulatory cytokine which is also 

observed during the remission period in EAE and MS patients. However, 

the decrease in TNF-α observed in this study was able to reduce the 

incidence of the disease symptoms. This finding is likely related to the 

effects of exercise along with vitamin D on the regulation and balance of 

cytokines in MS patients. Previous studies have shown that exercise is 

associated with the secretion of inflammatory cytokines, IL-4, IL-6, 

TNF-α and anti-inflammatory cytokine, IL-10 [26]. Interestingly, since 

the ratio between these IL-10 and TNF-α in MS patients is impaired, 

exercise as a modulator is able to restore this imbalance [25].  

Other major finding of our study is that pretreatment with exercise or 

Vitamin D supplementation do not influence BDNF levels in the brain 

tissue of EAE model Lewis rats. In congruency with our results, Patel 

and White (2013), in a study investigating the effects of 10-day forced 

treadmill running on neurotrophic factors in Lewis rats with EAE, did 

not observe any significant differences in the brain BDNF and clinical 

symptoms between forced treadmill running and control groups [27]. On 

the other hand, Castellano and White have revealed a reduction in BDNF 

serum levels following a 4-week training protocol, which returned to the 

baseline in the eighth week in just the MS group [28]. Similar results 

have been reported in healthy animal models [29]. Similar, Zoladz and 

colleagues (2008) have attributed the increase in plasma BDNF 

responses to exercise [30]. Therefore, with regard to these paradoxical 

results, more studies are required to investigate the potential effects of 

swimming training program on BDNF in rats’ model of EAE. In majority 

of studies, BDNF level returns to its initial level during 10 to 60 min after 

exercise which shows the high rate of BDNF removal from blood 

circulation after intercepting the exercises. Castellano and White [28] 

and Yarrow et al. [31] have reported a significant decrease in BDNF 

levels below pre-exercise baseline 2 to 3 h after exercise. In MS patients 

and healthy people, the response of BDNF to exercise seems to be 

resulted from BDNF secretion to blood circulation and also from 

increasing the tissue uptake.  

The findings of this study have shown that using vitamin D alongside 

swimming exercise can reduce pro-inflammatory TNF-alpha 

concentrations. Measurement of BDNF levels did not show any changes. 

Nevertheless, the unchanged levels of IL-10 and BDNF have 

demonstrated that the neuroprotective effect of swimming exercise 

alongside vitamin D is not exerted through anti-inflammatory cytokines 

and neurotrophic factors, and therefore there should be other mechanisms 

involved. Thus, for unravelling the responsible mechanisms for this 

neuroprotective effect more studies are required. 

 

ACKNOWLEDGEMENT 

This article was written according to the PhD thesis in the laboratory 

of the Sports Sciences faculty at the University of Mazandaran. The 

authors are grateful of all people who contributed to this research.



 

57 
International Journal of Applied Exercise Physiology    www.ijaep.com 

Swimming Training brain levels of BDNF, TNF-α                                              VOL. 8 (1) 
 

 

REFERENCES 

1. Baranzini SE. Revealing the genetic basis of multiple sclerosis: are we there yet? Current opinion in genetics & development. 

2011;21(3):317-24. 

2. Hemmer B, Archelos JJ, Hartung H-P. New concepts in the immunopathogenesis of multiple sclerosis. Nature Reviews Neuroscience. 

2002;3(4):291-301. 

3. Deluca HF, Cantorna MT. Vitamin D: its role and uses in immunology. The FASEB Journal. 2001;15(14):2579-85. 

4. Cantorna MT. Vitamin D and its role in immunology: multiple sclerosis, and inflammatory bowel disease. Progress in biophysics and 

molecular biology. 2006;92(1):60-4. 

5. Simpson S, Taylor B, Blizzard L, Ponsonby AL, Pittas F, Tremlett H, et al. Higher 25‐hydroxyvitamin D is associated with lower 

relapse risk in multiple sclerosis. Annals of neurology. 2010;68(2):193-203. 

6. Muthian G, Raikwar HP, Rajasingh J, Bright JJ. 1, 25 dihydroxyvitamin‐D3 modulates JAK–STAT pathway in IL‐12/IFNγ axis leading 

to Th1 response in experimental allergic encephalomyelitis. Journal of neuroscience research. 2006;83(7):1299-309. 

7. Harandi AA, Harandi AA, Pakdaman H, Sahraian MA. Vitamin D and multiple sclerosis. Iranian journal of neurology. 2014;13(1):1. 

8. Smolders J, Damoiseaux J, Menheere P, Hupperts R. Vitamin D as an immune modulator in multiple sclerosis, a review. Journal of 

neuroimmunology. 2008;194(1):7-17. 

9. Kerschensteiner M, Stadelmann C, Dechant G, Wekerle H, Hohlfeld R. Neurotrophic cross‐talk between the nervous and immune 

systems: Implications for neurological diseases. Annals of neurology. 2003;53(3):292-304. 

10. Lim S-Y, Constantinescu CS. TNF-α: A paradigm of paradox and complexity in multiple sclerosis and its animal models. The open 

autoimmunity journal. 2010;2(1). 

11. Ates Ö, Musellim B, Ongen G, Topal-Sarıkaya A. Interleukin-10 and tumor necrosis factor-α gene polymorphisms in tuberculosis. 

Journal of clinical immunology. 2008;28(3):232-6. 

12. Stadelmann C, Kerschensteiner M, Misgeld T, Brück W, Hohlfeld R, Lassmann H. BDNF and gp145trkB in multiple sclerosis brain 

lesions: neuroprotective interactions between immune and neuronal cells? Brain. 2002;125(1):75-85. 

13. Hohlfeld R. Neurotrophic cross-talk between the nervous and immune systems: relevance for repair strategies in multiple sclerosis? 

Journal of the neurological sciences. 2008;265(1):93-6. 

14. Sarchielli P, Greco L, Stipa A, Floridi A, Gallai V. Brain-derived neurotrophic factor in patients with multiple sclerosis. Journal of 

neuroimmunology. 2002;132(1):180-8. 

15. Azoulay D, Urshansky N, Karni A. Low and dysregulated BDNF secretion from immune cells of MS patients is related to reduced 

neuroprotection. Journal of neuroimmunology. 2008;195(1):186-93. 

16. Liguori M, Fera F, Patitucci A, Manna I, Condino F, Valentino P, et al. A longitudinal observation of brain-derived neurotrophic 

factor mRNA levels in patients with relapsing–remitting multiple sclerosis. Brain research. 2009;1256:123-8. 

17. Hayes K, Sprague S, Guo M, Davis W, Friedman A, Kumar A, et al. Forced, not voluntary, exercise effectively induces 

neuroprotection in stroke. Acta neuropathologica. 2008;115(3):289-96. 

18. Sigwalt A, Budde H, Helmich I, Glaser V, Ghisoni K, Lanza S, et al. Molecular aspects involved in swimming exercise training 

reducing anhedonia in a rat model of depression. Neuroscience. 2011;192:661-74. 

19. Bernardes D, Brambilla R, Bracchi‐Ricard V, Karmally S, Dellarole A, Carvalho‐Tavares J, et al. Prior regular exercise improves 

clinical outcome and reduces demyelination and axonal injury in experimental autoimmune encephalomyelitis. Journal of 

neurochemistry. 2016;136(S1):63-73. 

20. Bernardes D, Oliveira-Lima OC, da Silva TV, Faraco CCF, Leite HR, Juliano MA, et al. Differential brain and spinal cord cytokine 

and BDNF levels in experimental autoimmune encephalomyelitis are modulated by prior and regular exercise. Journal of 

neuroimmunology. 2013;264(1):24-34. 

21. Nataf S, Garcion E, Darcy F, Chabannes D, Muller J, Brachet P. 1, 25 Dihydroxyvitamin D3 exerts regional effects in the central 

nervous system during experimental allergic encephalomyelitis. Journal of Neuropathology & Experimental Neurology. 

1996;55(8):904-14. 

22. Junge RE, Gannon FH, Porton I, McAlister WH, Whyte MP. Management and prevention of vitamin D deficiency rickets in captive-

born juvenile chimpanzees (Pan troglodytes). Journal of Zoo and Wildlife Medicine. 2000;31(3):361-9. 

23. Klaren RE, Stasula U, Steelman AJ, Hernandez J, Pence BD, Woods JA, et al. Effects of exercise in a relapsing‐remitting model of 

experimental autoimmune encephalomyelitis. Journal of neuroscience research. 2016;94(10):907-14. 

24. Garcion E, Sindji L, Nataf S, Brachet P, Darcy F, Montero-Menei CN. Treatment of experimental autoimmune encephalomyelitis in 

rat by 1, 25-dihydroxyvitamin D3 leads to early effects within the central nervous system. Acta neuropathologica. 2003;105(5):438-

48. 

25. Das UN. Anti-inflammatory nature of exercise. Nutrition. 2004;20(3):323. 

26. Mokhtarian F, Shi Y, Shirazian D, Morgante L, Miller A, Grob D. Defective production of anti-inflammatory cytokine, TGF-beta by 

T cell lines of patients with active multiple sclerosis. The Journal of Immunology. 1994;152(12):6003-10. 

 



 

58 
International Journal of Applied Exercise Physiology    www.ijaep.com 

Swimming Training brain levels of BDNF, TNF-α                                              VOL. 8 (1) 
 

27. Patel DI, White LJ. Effect of 10-day forced treadmill training on neurotrophic factors in experimental autoimmune encephalomyelitis. 

Applied Physiology, Nutrition, and Metabolism. 2013;38(2):194-9. 

28. Castellano V, Patel DI, White LJ. Cytokine responses to acute and chronic exercise in multiple sclerosis. Journal of Applied 

Physiology. 2008;104(6):1697-702. 

29. Adlard PA, Perreau VM, Cotman CW. The exercise-induced expression of BDNF within the hippocampus varies across life-span. 

Neurobiology of aging. 2005;26(4):511-20. 

30. Zoladz J, Pilc A, Majerczak J, Grandys M, Zapart-Bukowska J, Duda K. Endurance training increases plasma brain-derived 

neurotrophic factor concentration in young healthy men. J Physiol Pharmacol. 2008;59(Suppl 7):119-32. 

31. Yarrow JF, White LJ, McCoy SC, Borst SE. Training augments resistance exercise induced elevation of circulating brain derived 

neurotrophic factor (BDNF). Neuroscience letters. 2010;479(2):161-5. 

 
 
 

 

 

 

 

 

 

 

  

 

 

 

 


