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Abstract  
Multiple sclerosis (MS) is a chronic inflammatory neurological disease that attacks myelinated axons 

in the central nervous system and causes widespread lesions in the brain and spinal cord. Although 

treatments exist for this disease, currently there are none that improve cognitive impairments. 

Environmental enrichment (EE) is the modification of the standard laboratory conditions to improve 

the intensity and quality of environmental stimulation. It consists of social enrichment, physical 

exercise and cognitive activity and it has therapeutic potential for MS patients as it is known to improve 

cognition in other disorders. The aim of this essay is to investigate the mechanism of how EE can 

improve three pathophysiological features of MS: cognitive impairment, inflammation and 

demyelination. Individually, physical exercise and social enrichment are beneficial for MS patients as 

they cause decreased pro-inflammatory cytokine levels and elevated BDNF levels in rodents and 

humans. This is beneficial for cognition, inflammation and myelination. Cognitive training is beneficial 

by activating the dopamine D1 receptor or by increasing 3-hydroxykynurenine and increasing neuronal 

activity in rodents. The components combined as EE, is shown to be beneficial for MS patients since it 

increases myelination, decreases inflammation and improves cognition primarily by decreasing 

inflammation and increasing BDNF levels.  
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Introduction 
Multiple sclerosis (MS) is a chronic inflammatory neurological disease that attacks myelinated axons 

in the central nervous system (CNS) and causes widespread lesions in the brain and spinal cord (Olek, 

2011; Calabresi, 2004; Trapp et al., 1998). Typically, the onset of this disease is between the years 20 

to 45 and the development can be subtle or sudden (Calabresi, 2004). In 2007 in Europe, it was found 

that almost 400 000 patients were afflicted with an estimated cost of thirteen billion per year (Sobocki 

et al., 2007). Symptoms of MS include visual impairment with pain, paresthesia (burning or prickling 

sensation), weakness, impaired coordination, and cognitive impairment (Dobson & Giovannoni, 2019; 

Chiaravalloti & DeLuc, 2008). Furthermore, MS patients suffer from depression and fatigue which 

severely impacts their quality of life (Janardhan & Bakshi, 2002). The available MS therapies aim to 

either slow down the disease or aim to decrease symptoms. However, there are currently no specific 

pharmacological treatments that improve cognitive deficits (Amato et al., 2013).  

Environmental enrichment (EE) has gotten increasingly more attention in the last years for its 

therapeutic potential in animals. EE has been proven beneficial for both healthy animals and animal 

models of neurodegenerative and psychiatric diseases (Silva et al., 2020). EE is the modification of the 

standard laboratory conditions to improve quality and intensity of environmental stimulation 

(Baroncelli et al., 2010). Although enrichment paradigms vary, they broadly include, but are not limited 

to, one or more of these three pathological features: cognitive enrichment, physical activity, and social 

stimulation (Guillén, J., 2017). Animals live in an enriched environment when they are able to interact 

with other animals, in large cages that contain running wheels for exercise and items that can provide 

cognitive enrichment such as tunnels and toys. This provides a more complex environment compared 

to normal housing where they are kept in smaller cages, without other animals to interact with and 

that do not contain toys or running wheels (Figure 1) (Fischer, 2016). As said before, environmental 

enrichment can have beneficial effect on cognitive function, memory, and plasticity in healthy animals, 

but also in animal models of neurological diseases (Baroncelli et al., 2010). For example, in Alzheimer 

disease animal models, EE is able to normalize the cognitive performance and revives adult 

neurogenesis (Jankowsky et al., 2005). Additionally, several studies show that EE also can have 

neuroprotective effects in models of Parkinson’s disease and Huntington’s disease (Faherty et al., 

2005; Lazic et al., 2006).  

Next to improving cognition in animal model of neurodegenerative and psychiatric diseases, EE can 

also provide health benefits for humans. However, there is a big difference between the average 

complexity of the environment of animals and humans. This is because standard laboratory rodents 

live in small cages while, others suggest, the standard human already lives in an ‘enriched environment’ 

compared to animals. However, EE can be applied in humans. Human environmental enrichment 

consists of social enrichment (e.g. social support), sensory enrichment (e.g. tactile, auditory, or visual 

Figure 1. An environmentally enriched cage vs a standard cage (Taken from Silva et al., 2020)  



facilitation), cognitive enrichment (e.g. brain games) and motor enrichment (e.g. exercise) (Singhal et 

al., 2014; Janssen et al., 2012; Clemenson et al., 2015). Applying these enrichment components has 

also been proven to be beneficial for humans as it was proven that EE improves cognition in children 

with autism, although no studies have yet been performed with MS patients (Clemenson et al., 2015).  

Environmental enrichment could provide a good therapy strategy for MS patients as it is already known 

to alleviate cognitive impairments while it can also offer other health benefits. However, because this 

is such a recent topic of interest, only a few studies have been published that investigate the beneficial 

effects of EE on different pathophysiological features of MS. Furthermore, the mechanisms underlying 

the health benefits of EE have not been investigated yet. For this reason, the aim of this article is to 

investigate how environmental enrichment can provide a therapy strategy for patients with multiple 

sclerosis. To do this, first the pathology of MS will be explained. Following, the effect on and possible 

pathways of the three different components of EE (social enrichment, physical exercise and cognitive 

activity) on three pathophysiological features of MS (inflammation, demyelination and cognitive 

deficits) will be explored. Lastly, the mechanisms that contribute to the beneficial effect of the 

combined components of EE on MS patients will be described. The findings will subsequently be 

discussed in the light of MS treatment. 

  

 

  



Multiple sclerosis  
Multiple sclerosis (MS) is a complex disease for which the underlying cause 

has not yet been determined, although some environmental factors that 

combined with the genetic background can play a role in developing MS. A 

few examples of these environmental factors are sunshine, smoking and 

vitamin D. (Ramagopalan et al., 2010). While the direct cause of MS is 

unclear, a lot of research is performed investigating the pathology of MS as 

this is important for developing new treatments for MS patients.  

MS patients can be grouped into four categories based on the course of 

their disease (reviewed by Goldenberg, 2012). These categories are 

relapsing-remitting MS, secondary progressive MS, primary progressive 

MS, progressive-relapsing MS (Figure 2). The first 

category is marked by its periods of relapses of 

symptoms followed by periods of remission, where 

these symptoms improve or disappear. The patients 

that have relapsing-remitting MS can develop 

secondary progressive MS where the disease worsens with or without the periods 

of remission. Treatment with disease-modifying agents can delay the progression 

to this stage. Patients with primary progressive MS do not have periods of 

remission. For them, the disease continuously worsens over time. Progressive-

relapsing MS is the categories of MS that is progressive from the beginning with 

flare-ups of worsening symptoms without periods of remission.  

Inflammation is one of the main 

characteristics of MS. During the course 

of the disease, demyelinated 

inflammatory lesions arise in the white 

and gray matter of the central nervous 

system (CNS) (Figure 3). These lesions 

are composed of areas of oligodendrocyte- and myelin loss 

combined with inflammatory cell infiltrates (Bendszus & 

Storch-Hagenlocher, 2013). Lesions contain T-lymphocytes 

but are dominated by MHC class I restricted CD8+ T-cells 

(Lassmann, 2013). Mainly, increased pro-inflammatory 

cytokines such as interleukin-17 (IL-17), IL-22, IL-1, IL-12, 

tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) 

together with a decreased level of anti-inflammatory 

cytokines IL-4 and IL-10 are thought to cause MS (Figure 4) 

(Wang et al., 2018). Because of this inflammation, 

demyelination and oligodendrocyte damage occurs. This 

damage subsequently causes myelin to be almost completely 

lost (Babinski 1885; Prineas 1985). Although remyelination 

occurs during all stages of the disease and axons are largely 

preserved during the early stages of the disease, irreversible axonal damage will develop as the disease 

progresses (Lassmann, 2013; Trapp et al., 1998). The amount of axonal loss varies a lot between 

patients and between different lesions within the same patient (Ferguson et al. 1997; Trapp et al. 

1998).  

Figure 3. Large confluent focal 

demyelinated lesions in the 

white matter (Taken from 

Lassmann, 2013) 

Figure 2. Clinical categories of MS 

(Taken from Brombin & Serio, 

2016) 

Figure 4. The pro- and anti-inflammatory cytokine 

imbalance in MS 



The symptoms of patients with MS are the consequences of the focal inflammatory plaques that can 

interrupt critical axonal tracts and cause the loss of neuronal functional areas. These inflammatory 

plaques form either intermittently or acutely with periods of relapses. The development of these 

plaques can occur over the course of hours or days, and it can last for weeks or months before they 

improve, if they improve (Olek, 2021). Early MS shows recovery, but most relapses leave behind some 

damage that cannot be salvaged. During the progression of the disease, these damaged areas lead to 

neurological deficits that can eventually cause sustained disability (Goldenberg, (2012). The actual 

symptoms of the patients can vary based on the part of the central nervous system (CNS) that is 

affected. The most common presentations are optic neuritis, brainstem, and spinal cord syndromes 

(Miller et al., 1989).  

Optical neuritis is a symptom of MS where vision is affected. Patients experience vision changes that 

range from blind spots to complete blindness changes and this optical neuritis is caused by lesions in 

the optic nerve (De la Cruz & Kupersmith, 2006). Inflammation resulting in lesions in the spinal cord 

can cause motoric or sensory symptoms. These symptoms include weakness of the muscles and a 

reduced sensation in focal areas. Next to this, inflammation of the vestibular or cerebellar pathways 

can lead to ataxia and vertigo (Olek, 2021). This entails impaired coordination of voluntary muscle 

movement and a subtype of dizziness respectively (Ashizawa & Xia, 2016). Next to these symptoms, 

MS patients can also suffer from cognitive impairment such as deficits in complex attention, deficiency 

of information processing, executive functioning, processing speed, and long-term memory 

(Chiaravalloti & DeLuca, 2008).  

The current therapies for this disease are MS-specific disease-modifying therapies and symptomatic 

therapies that can help with managing neurological dysfunction related symptoms. Disease-modifying 

therapies are usually focused on early treatment which aim to prevent long-term disability. These 

therapies are focused on suppressing inflammation and are therefore often immunosuppressing or 

immunomodulatory drugs and that are administered during the relapsing phase of MS. They reduce 

the rate of relapses, reduce accumulation of lesions, and stabilize, delay, and sometimes improve 

disability (Galetta et al., 2002). In contrary to disease-modifying therapies, symptomatic treatments 

are not MS-specific but aim to target the symptoms that arise from CNS damage (reviewed by Henze 

et al., 2006). However, as stated before, there are currently no therapy strategies that can help MS 

patients with the cognitive impairment. This is where EE can possibly help combat different symptoms 

as it might reduce cognitive dysfunction and inflammation.   

In summary, inflammation is a big factor in MS. Because of this inflammation, inflammatory lesions are 

formed in the CNS which causes demyelination and eventually axonal loss. The location of this axonal 

damage influences the symptoms that MS patients face. The current treatment strategy is slowing 

down the development of the disease and treating the symptoms.   

    

 

 

  



Physical exercise  
Physical exercise (PE) is well known for its health benefits for many diseases and disorders. It can 

alleviate mental health problems, reduce risk of all-cause mortality, cardiovascular disease, diabetes, 

cancer and can improve cognition (Chekroud et al., 2018; Lee et al., 2012). As PE has such a wide range 

of beneficial effects, it might come as no surprise that it also has beneficial effects for MS patients.  

PE and cognition 
First of all, PE can be beneficial for cognition as PE is able to 

increase cognitive ability in both animal studies and human 

studies. One study looked at a pharmacological animal model of 

Parkinson’s disease which uses reserpine to induce cognitive and 

motor deficits. They found that these deficits could be improved 

by running wheel and treadmill exercise in rats (Aguiar et al., 2009). 

Furthermore, human adults that are exposed to chronical aerobic 

exercise performed better with visual pattern separation tasks 

(Déry et al., 2013). One study wanted to study the effect of PE on 

cognition of the elderly and used resistance training. This is a form 

of physical activity that exercises a muscle or muscle group against 

external resistance. They concluded that this kind of training 

improves short- and long-term spatial memory in the elderly 

(Cassilhas et al., 2007).  

Factors that could underlie the beneficial effect of physical exercise 

are the BDNF and the IGF-1 pathways. BDNF is released during 

exercise and is thought to promote changes in neuronal plasticity 

via modulation of multiple neurotrophins (Figure 5) (Gómez-Pinilla 

et al., 2002). Additionally, BDNF is known to be a marker for 

cognitive function in ageing women and individuals with cognitive 

impairment (Komulainen et al., 2008; Siuda et al., 2017). 

Furthermore, the study of Küster et al. (2017) found a trend for an 

increase of BDNF after physical training in older adults at a risk of 

dementia. They also investigated whether there was a correlation 

between BDNF levels and cognitive performance in these older 

adults and observed a significant positive association between 

BDNF and memory (Figure 6). This further suggests that BDNF could 

be part of a pathway between physical exercise and cognition. In 

another study, the same positive association between PE, BDNF and 

cognition has been found, but in young adults. Here, it was 

concluded that endurance-trained athletes have higher 

concentrations of BDNF and that there is a positive correlation 

between cognition and BDNF levels (Belviranli et al., 2016). In 

addition, a study investigating MS patients found that 9 weeks of 

endurance training strongly increased BDNF levels in these patients. 

However, long term effects were much less pronounced (Briken et 

al., 2016).  

 

Figure 6. Higher brain-derived neurotrophic 

factor (BDNF) and irisin serum levels were 

significantly associated with better memory 

performance (Taken from Küster et al., 

2017) 

Figure 5. spinal cord lumbar levels of brain 

derived neurotrophic factor (BDNF) mRNA 

(A) and protein (B) levels after 3 and 7 

consecutive days of voluntary running wheel 

exercise relative to sedentary control (Taken 

from Gómez-Pinilla et al., 2002)  



PE and myelination 
Physical exercise has also been proven to be beneficial for myelination. The general beneficial effect 

of PE on myelination is supported by the fact that PE helps neurogenesis and has a beneficial effect on 

neuroplasticity through the release of brain-derived neurotrophic factor (BDNF) (Gómez-Pinilla et al., 

2002; Cheng et al., 2020). In addition, different types of exercise can improve motor function and 

increase motor nerve conduction velocity which could indicate an enhanced myelin thickness (van 

Meeteren et al., 1997). With respect to myelination and MS, many studies have been performed to 

investigate the effect of physical exercise on sheath regeneration. A meta-analysis by Feter et al. (2018) 

concluded that physical exercise was positively associated with myelin sheath thickness (Figure 7). 

Other studies showed that low-to-moderate continuous physical exercise could increase myelin sheath 

thickness and decreases progression of demyelination (Bobinski et al., 2011; Bernardes et al., 2013). 

However, studies with different physical training protocols did not find the same results (reviewed by 

Feter et al., 2018).  

A few of the suspected underlying factors of this beneficial effect of PE is BDNF. The study of Ahn et 

al. (2016) investigated the effect of therapeutic exercise on memory recovery of aged gerbils after an 

ischemic stroke. They found that four weeks of exercise helped with memory recovery and that long-

term exercise ameliorated myelin damage that was caused by the ischemic stroke. This improvement 

was correlated with increased BDNF levels. This indicates that PE can help MS patients by improving 

myelination which might be mediated by elevated BDNF levels.  

PE and inflammation 
PE has an anti-inflammatory effect in central organs and peripherally. PE generates reactive oxygen 

species (ROS) and activates the immune system which can have both positive and negative health 

effects depending on the type and degree of activated immune system response (Finsterer, 2012). First 

of all, it was found that PE had an anti-inflammatory effect in coronary heart or artery disease patients. 

This was achieved by reducing the levels of pro-inflammatory cytokines IL-6, IL-8, TNF-α, and IFN-γ and 

by increasing the anti-inflammatory IL-10 levels (Figure 8) (Goldhammer et al., 2005; Niessner et al., 

2006). The same anti-inflammatory effect was found in women with MS since plasma IFN-γ and IL-17 

levels were reduced after exercise (Golzari et al., 2010). This anti-inflammatory effect of PE has been 

Figure 7. Metanalysis showing the association of physical exercise with the myelin sheath 

thickness, compared with the control non-exercise group. *: endurance training; α: resistance 

training; β: concurrent training; γ: motor control training; #: balance training (Taken from 

Feter et al., 2018) 



proven valuable for MS patients. One study found that clinically stable MS patients have higher IL-10 

levels than clinically unstable patients (Hu et al., 2017). Furthermore, MS patients who received IFN-γ 

antibodies showed a significant decrease of multiple pro-inflammatory cytokines which were 

associated with an improved disease course (Skurkovich et al., 2001).  

Proliferator-activated receptor g co-activator 1α (PGC-1α) could potentially exert the anti-

inflammatory effects of PE (Handschin et al., 2007). PGC-1α is activated during exercise by the AMP-

activated protein kinase and PGC-1α knockout animals show an increased expression of TNF-α and IL-

6 (Benatti & Pedersen, 2015; Handschin et al., 2007). This shows that PE can help MS patients by 

decreasing inflammation.  

In summary, physical exercise is beneficial for myelination and cognition and reduces inflammation. 

The anti-inflammatory effect of PE is achieved by decreasing the pro-inflammatory cytokines IL-6, IL-

8, TNF-α, and IFN-γ and by increasing the anti-inflammatory cytokine IL-10 possibly through the release 

of PGC-1α. PE also has beneficial effects on cognition and myelin by releasing BDNF. All in all, physical 

exercise can be very beneficial for MS patients.  

 

 

 

 

  

Figure 8. Overview of how exercise can promote anti-inflammatory phenotype in different tissues. PGC1a: 

peroxisome proliferator-activated receptor g co-activator 1a, IL-6: interleukin 6, NFAT: nuclear factor of 

activated T-cells, MAPK: mitogen-activated protein kinase, sTNFr: soluble tumor necrosis factor receptors, 

IL-1ra: interleukin 1 receptor antagonist, TNFa: tumor necrosis factor alpha, IL-1: interleukin 1, CRP: C-

reactive protein (Taken from Metsios et al., 2020). 



Social enrichment 
Social enrichment is one of the main additions that are made to the habitats of animals in rodent 

studies to make it more complex and increase environmental stimulation. It is mostly studied in 

combination with toys and other cognitive enriching objects. To investigate the effect of social 

enrichment on cognition, inflammation and myelination, animals that are socially housed will be 

studied in comparison to animals that are housed in social isolation. Animals that are socially housed 

are in an enclosure with one or more companions are able to have social interactions while socially 

isolated animals cannot interact with other animals. By comparing these living situations, the effect of 

social enrichment on cognition, myelination and inflammation can be seen.  

Social enrichment and cognition 
Social interaction can influence cognitive performance. First of all, this can be seen as animals who 

experience a lack in social interaction show decreased cognitive performance. For example, one study 

showed that mice that are socially isolated had cognitive deficits compared to control animals. 

However, re-socialization could recover these deficits (An et al., 2017). The same is true for rhesus 

monkeys that are raised in a social isolation paradigm as they exhibit cognitive deficits in the object 

learning task (Sanchez et al., 1998). Furthermore, in an Alzheimer transgenic mouse model, isolation 

resulted in impaired spatial working memory (Huang et al., 2011). Secondly, that social interaction can 

influence cognitive performance can be seen in humans, where it is observed that social enrichment 

can benefit cognition. One study looked at social interaction in late 

life and found beneficial effects for cognition as individuals who are 

more socially integrated showed less cognitive decline with ageing. 

Moreover, a socially integrated lifestyle in late life was proven 

protective against AD and dementia (Menec, 2003; reviewed by 

Fratiglioni et al., 2004). Thirdly, social enrichment in animals 

produces similar beneficial effects on cognition. A study by Templer 

et al. (2019) showed that social housing was protective against age-

related working memory deficits in rats (Figure 9). In this study, it 

was hypothesized that social housing preserves prefrontal function 

by enhancing long-term potentiation.  

A possible mechanism for the beneficial effect of social 

enrichment on cognition is BDNF. A study showed that 8 weeks of 

pair-housed social enrichment is enough to increase BDNF levels 

in the hippocampus significantly in comparison to socially isolated 

rats (Figure 10) (Scaccianoce et al., 2006). The same effect of 

social enrichment on BDNF levels has been observed in other two 

studies. Both O’Keefe et al. (2014) and Venna et al. (2014) 

investigated rats that after experiencing a stroke, were housed 

either in pairs, or in isolation. O’Keefe et al. (2014) found a 

significant increase of BDNF levels at day 49 post-stroke in pair-

housed rats in comparison to socially isolated rats. Venna et al. 

(2014) found an increase of BDNF levels at 90 in pair-housed rats 

compared to socially isolated rats. The results from these studies 

are not completely translatable to MS patients as they look at 

animals that have experienced a stroke. However, it does indicate 

that BDNF might be a possible mediator of the beneficial effects 

of social enrichment on cognition as BDNF has often been associated with cognition. For example, in 

Figure 9. Performance on the radial arm maze 

across ages showing mean working memory 

errors (Taken from Templer et al., 2019) 

Figure 10. BDNF protein concentrations in various 

brain region in male rats singly or paired housed 

(Taken from Scaccianoce et al., 2006) 



the elderly, decreased BDNF serum levels are associated with lower cognitive test scores (Shimada et 

al., 2014). Additionally, in subjects that suffer from neurodegenerative diseases, lower BDNF serum 

levels correspond to higher cognitive impairment (Siuda et al., 2017). Furthermore, in subjects with 

bipolar disorder, high BDNF serum levels are associated to good cognitive functioning (Mora et al., 

2019). In Alzheimer’s disease patients, high serum BDNF levels predict a slower cognitive decline (Laske 

et al., 2011). Because of this connection between BDNF serum levels and cognition, higher BDNF levels 

could be a possible mechanism of how social enrichment can benefit cognition.  

Social enrichment and myelination 
The beneficial effect of social enrichment on myelin has not been widely studied. Because of this, the 

effects of social enrichment will mostly be inferred by studying the effects of social isolation.  

The effect of social isolation on myelination was investigated by Makinodan et al. (2012). They found 

that mice that were socially isolated for two weeks after weaning, showed alterations in myelination 

as myelin thickness. This paper also investigated myelin-associated glycoprotein (MAG) and myelin 

basic protein (MBP). These are key myelin specific proteins where MAG is a minor constituent for 

myelin sheath and MAG plays a key role in the early stages of myelination 

and the maintenance of myelin (Gupta et al., 2005). The study found that 

the levels of these proteins in the medial prefrontal cortex was reduced 

due to social isolation (Makinodan et al., 2012). This suggests that the 

decreased MAG and MBP expression caused by social isolation could 

contribute to the decreased myelin thickness. The same effect was found 

in the study of Liu et al. (2012). Here, that social isolation in mice caused 

hypomyelination in the prefrontal cortex (Figure 11). These changes could 

be reversed by exposing the mice to socially enriched environments (Liu et 

al., 2012).  

Multiple mechanisms have been suggested to underly the beneficial effects of social enrichment on 

myelin. One example of such an underlying mechanism is the ErbB3 ligand neuregulin-1 (NRG1). ErbB3 

is a member of the epidermal growth factor receptor family, which is activated by, among others, 

neuregulins and other ErbBs (Sithanandam & Anderson, 2008). Neuregulin-ErbB signaling is essential 

for the onset of myelination and inhibition of ErbB3 results in reduced myelination (Lyons et al., 2005; 

Adilakshmi et al., 2011). As explained before, the study of Makinodan et al. (2012) found that social 

isolation caused reduced myelin thickness and they concluded that reduced ErbB3 ligand NRG1 

expression could contribute to the molecular mechanism for this effect. This was concluded as social 

isolation leads to reduced ErbB3 ligand NRG1 expression levels in the prefrontal cortex. However, in a 

later publication the same authors determined that NRG1-ErbB3 was not involved in remyelination in 

mice (Makinodan et al., 2016). In this later study, they found that although social isolation reduced 

myelin thickness, NRG1 mRNA levels did not differ between socially isolated animals and group housed 

animals. They also investigated BDNF as a possible mediator, but also did not find altered serum BDNF 

levels between socially isolated and group housed animals. Alternatively, they investigated if IL-6 levels 

Figure 11. Electron micrographs of 

axons in the PFC (Taken from Liu et al., 

2012) 



could be involved as they thought stress 

related cytokines, such as IL-6, could differ 

between the two group. Because they 

showed that socially isolated mice have 

increased IL-6 expression, they concluded 

that social isolation might disturb 

remyelination through regulation of IL-6 

(Figure 12). Furthermore, they also found 

that IL-6 administration inhibited 

remyelination while blocking IL-6 function 

facilitated remyelination (Figure 13). IL-6 

influences remyelination by blocking the 

NMDA receptor which is important for neuronal activity and activity-

dependent myelination (Fang et al., 2013; Qiu et al., 1998; McLennan, 1983; 

Wake et al., 2011; Lundgaard et al., 2013). Stress could be an underlying factor 

of the increased IL-6 expression in socially isolated mice, as studies have 

shown that psychosocial stress can increase IL-6 levels (Ganança et al., 2016; 

Lovera & Reza, 2013; Simpson et al., 2014). The IL-6 cytokine family members are crucially involved in 

the immunoregulation of MS patients and blocking IL-6 signaling in MS patients limits immune-

mediated tissue injury (Janssens et al., 2015). As this blocked IL-6 signaling is beneficial for MS patients, 

decreased IL-6 levels might be the underlying mechanism of the beneficial effects of social enrichment.  

Social enrichment and the immune system 
The social environment of animals can influence the immune system. As described in the previous 

paragraph, social isolation is associated with increased IL-6 levels which causes decreased 

remyelination, possibly because of increased social stress. This relationship was also confirmed in a 

meta-analysis where a significant association was found in adults. The analysis showed that if adults 

are lonelier, they also have higher IL-6 levels (Figure 14). Furthermore, there was a correlation between 

the solitude and more downstream inflammatory markers. This was concluded as social isolation was 

associated with increased levels of the acute phase proteins CRP and fibrinogen (Smith et al., 2020). 

These amplified levels of IL-6, CRP and fibrinogen could be bad for MS patients as high levels of IL-6 

are reported with delayed treatment of MS and worse future disease course high levels of these 

fibrinogen and CRP are seen during MS relapses and (Stampanoni Bassi et al., 2018; Acuña et al., 2017; 

Doi et al., 2009). As social enrichment is the opposite of social isolation and might prevent feelings of 

loneliness, it can be suggested that social enrichment can decrease or prevent the increase the levels 

Figure 12. IL-6 mRNA levels 

in the mPFC of socially 

isolated mice and control 

mice (Taken from 

Makinodan et al., 2016) 

Figure 13.  Images of myelinated axons in 

the mPFC of veh-IS and cup-IS mice that 

were treated with an IL-6 inhibitor (taken 

from Makinodan et al., 2016) 

Figure 14. Forest plot of association between social isolation with IL-6 (taken from Smith et al., 2020)  



of inflammatory substances. This in end could prove beneficial for MS 

patients. Eisenberger & Cole (2012) aimed to investigate the neural 

mechanisms that can translate social experiences into health-relevant 

physiological responses and concluded that loneliness can influence 

inflammation through activation of the stress pathway. Some other 

studies have also shown that social influences on health can cause 

reduced inflammation. For example, Walker et al. (2020) investigated 

the effect of social enrichment on several inflammatory cytokines that 

were heightened because of chemotherapy. They examined two groups 

of mice that received chemotherapy. One group was socially housed, 

and the other was housed in social isolation. This study found that the 

group housing animals show lower inflammatory cytokine signaling as 

IL-6 levels were attenuated (Figure 15). Additionally, a study that 

investigated healthy human participants showed that if social networks 

are broader, serum IL-6 levels are lower (Loucks et al., 2006). However, 

some articles discovered the opposite. One study compared the immune 

responses in rhesus monkeys that were housed singly, in pairs or in 

groups. They concluded that the ratios of CD4+ and CD8+ were significantly lower in singly housed 

monkeys than socially housed monkeys, suggesting that immune activation is lower when there is no 

social enrichment. Furthermore, in this study, group housing was also associated with higher levels of 

the pro-inflammatory cytokine IFN-γ and lower levels of anti-inflammatory cytokine IL-10 (Table 1) 

(Schapiro et al., 2000). This increase of these pro-inflammatory cytokines points towards a heightened 

immune activity which could have negative effects on the course of the disease of MS patients 

(Dinarello, 2000). Overall, most studies indicate that social isolation can increase immune activity and 

social enrichment can decrease it. This decrease in immune activity could be helpful for MS patients. 

In summary, social enrichment may have beneficial effects on both myelination and cognitive 

performance. This is mostly based on studies that show that social isolation has detrimental effects on 

these pathophysiological features of MS. Some publications showed beneficial effects of social 

enrichment on inflammation; however, some publications concluded the opposite. The beneficial 

effect of social enrichment on myelination could be caused by decreased IL-6 levels and the beneficial 

effect on cognition has been connected to increased BNDF levels. As these results are mostly based on 

studies investigating social isolation, the effect of social enrichment on the myelination, cognitive 

performance and inflammation cannot be concluded with absolute certainty.  

Table 1. Cytokine production comparing housing situations at 

baseline and at 12 months (taken from Schapiro et al., 2000) 

Figure 15. IL-6 mRNA expression in 

the hippocampus of single or 

group housed mice receiving 

vehicle or a chemotherapeutic 

injection. Graph bars that do not 

share a letter are statistically 

significant different at p < 0.05 

(Taken from Walker et al., 2020) 



Cognitive enhancement 
As MS patients suffer from cognitive impairment, it might not be surprising that cognitive training 

could be beneficial for them. A beneficial effect of cognitive training on cognition is to be expected, 

but does this also work for MS patients and through what mechanism does this happen? Next to this, 

can cognitive training also help combat the loss of myelin and can it perhaps help attenuate the 

inflammation that happens during the MS trajectory?  

Cognitive enhancement and cognition 
Cognition decline is one of the more debilitating symptoms of MS for which cognitive training would 

be an obvious solution. It will come as no surprise that cognitive training is known to increase cognitive 

performance. There are different types of memory that can be targeted by different types of cognitive 

training. The working memory is a capacity limited system that can hold information temporary, and 

its size is thought to be a key determinant of one’s ability to complete cognitive tasks (Engle et al., 

1999). Cognitive training that is designed to target working memory capacity has a wide range of 

cognitive benefits (reviewed by Morrison & Chein, 2011). For example, multiple studies show that core 

can have far reaching effects on the broader landscape of cognitive ability. Core training involves 

repetition of demanding working memory tasks that are created to target domain-general working 

memory structures (Klingberg & Westerberg, 2002). This has, for example, been found in a study that 

studied the effects of core working memory training with a computer program on the working memory 

and other cognitive domains in healthy adults and patients with mild cognitive impairment. This study 

found that both groups improved on the trained, but also untrained working memory tasks (Vermeij 

et al., 2016). Furthermore, training with a computer program that contains different visuospatial 

working memory tasks improved cognitive function in patients with dysfunctional working memory 

after brain injury (Åkerlund et al., 2013).  

The effect of cognitive training on cognition has also been examined in MS patients in a meta-analysis 

by Lampit et al. (2019) which analyzed twenty randomized controlled trials. In this meta-analysis, it 

was proven that cognitive training is valuable for cognitive performance as they found a significant 

positive effect on attention and processing speed, executive functions, verbal memory, and 

visuospatial memory. The overall effect of the randomized controlled trials was also significant and 

positive. However, there were no long-term effects of cognitive training on the cognition of MS 

patients as the outcomes from longitudinal follow-ups revealed a small and nonsignificant effect size 

on overall cognition. The duration of the short- and long-term effects are not mentioned in the article. 

A possible mechanism that could contribute to the cognitive enhancement following working memory 

training is increased cortical dopamine D1 receptors signaling. Multiple articles show that these D1 

receptors are involved in cognition. For example, administering a D1 agonist in aged rhesus monkeys 

enhances working memory performance (Castner & Goldman-Rakic, 2004). Furthermore, fourteen 

hours of cognitive training over 5 weeks caused prefrontal and parietal binding potential to decrease 

and a larger decrease in D1 binding potential is associated with a larger improvement in working 

memory. Cognitive training might increase working memory by recruiting D1 receptors from the 

interior of the cell to the plasma membrane by the activation N-methyl-D-asparate receptors (McNab 

et al., 2009). Another possible mechanism through which cognitive training can enhance cognition is 

the neurotoxic 3-hydroxykynurenine (3-HK) which is the neuroactive metabolite of Kynurenic Acid. The 

kynurenine pathway is a major route of tryptophan metabolism which could be involved in the 



cognitive enhancing effect of cognitive training (Gulaj et al., 2010). A 

study found that cognitive training of older adults significantly 

decreased the neurotoxic 3-hydroxykynurenine (3-HK) (Figure 16) 

(Küster et al., 2017). Additionally, Platzer et al. (2017) showed that a 

higher ratio of 3-HK to kynurenic acid is associated with a worse 

cognitive performance in mice with bipolar disorder. As cognitive 

training can decrease 3-HK levels, and because lower 3-HK levels are 

associated with better cognitive functioning, decreased 3-HK levels 

could underly the positive effect of cognitive training on cognition.  

Cognitive enhancement and myelination 
A beneficial effect of cognitive training on myelination can also be found. 

One study showed that spatial learning increases oligodendrogenesis 

and de novo myelination in adult mice in areas that have been previously 

associated with spatial information (Figure 17) (Steadman et al., 2020). 

This oligodendrogenesis is regulated by 

neuronal activity and these new 

oligodendrocytes preferentially myelinate 

active neurons (Geraghty et al., 2019; Mitew 

et al., 2018). This suggests that cognitive 

training causes myelination in active neurons. Furthermore, more neuronal 

activity causes more myelination, cognitive training could do the same. 

Additionally, it was found that, in the prefrontal cortex, fear learning 

activates oligodendrocytes to start myelinating and that neuronal activity 

instructs the formation of new myelin (Pan et al., 2020).  

Neuronal activity is able to induce 

myelination because of adenosine 

signaling through its receptors at 

oligodendrocyte progenitor cells 

(OPCs). Adenosine is the active axon-

glial signaling molecule in the CNS 

that inhibits OPC proliferation, 

stimulates differentiation, and 

promotes the formation of myelin (Figure 18) (Stevens et al., 

2002). This is supported by the fact that an adenosine A1 

receptor agonist protects myelin and induces remyelination 

(Asghari et al., 2013). Overall, cognitive training can promote 

myelination of activated neurons because of adenosine release.  

Figure 17. The number of 

myelinated axons increased 

in the corpus 

callosum/cingulum after 

spatial learning (Steadman et 

al., 2020) 

Figure 18. The number of MBP 

oligodendrocytes with multiple parallel 

processes in adenosine-treated cultures 

increased significantly as compared with 

controls (Taken from Stevens et al., 2002) 

Figure 16. Pre to post changes in irisin, 3-

HK and BDNF serum levels of older adults 

who received cognitive training, physical 

training or no training (Taken from 

Küster et al., 2017) 



Cognitive enhancement and the immune system 
Lastly, there is a connection between cognitive training and the immune system. Cognitive training 

increases neuronal activity which is induces beneficial neuroimmune interactions that helps promote 

homeostasis of the nervous system (Kipnis et al., 2004). For example, with learning, long-term 

potentiation (LTP) is induced which causes the up-regulation of IL-1β. This is a proinflammatory 

cytokine but is also necessary for the learning potentiation (Schneider et al., 1998). The same was 

shown in patients with MS as a study showed that the amplitude of the LTP shows a positive correlation 

with the concentration of IL-1β (Figure 19) (Mori et al., 2014). Additionally, similar results were found 

for IL-1α, which is very robustly up-regulated during LTP protocols (Ross et al., 2003). Next to this, TNF 

signaling through the TNFR1 receptor can module synaptic strength by influencing AMPA receptor 

expression (Dummer et al., 2002).  

The release of these cytokines IL-1α an IL-1β is necessary for proper cognitive performance, but an 

excess of these cytokines is also associated with memory deficits and decreased synaptic strength 

(Matsumoto et al., 2004; Ikegaya et al., 2003). Overall, this means that cognitive training causes an 

increase in specific pro-inflammatory cytokines which is necessary for proper learning but might be 

harmful for MS patients as it might exacerbate inflammatory lesions. This would be disadvantageous 

for MS patients as the severity inflammatory lesions correlates with physical disability and cognitive 

impairment (Rinaldi et al., 2010). All in all, cognitive training may increase cognitive performance, 

possibly by increasing specific inflammatory cytokines that induce LTP. The effect of cognitive training 

beyond this necessary release of different pro-inflammatory cytokines for learning has not been 

studied and therefore cannot be described in this chapter.  

In summary, cognitive training is beneficial for cognitive performance and myelination, but its effect 

on inflammation is questionable. Cognitive training might have cognitive enhancing effects through 

activation of the dopamine D1 receptor or by increasing 3-hydroxykynurenine through the release of 

IFN-α. Myelination is improved by cognitive training by increasing neuronal activity.  

 

 

  

Figure 19. IL-1b levels in the CSF of 17 MS subjects 

and the MEP amplitude changes show that LTP-like 

changes in MS patients correlate with IL-1b (Taken 

from Mori et al., 2014))  



Environmental enrichment in MS patients 
As discussed before, the three different components of environmental enrichment (cognitive training, 

physical exercise, and social enrichment) all have benefits for MS patients. Most studies that were 

previously mentioned, studied the effect of the different components separately. However, what is 

the effect of the components combined and what underlying mechanisms can explain these effects?  

Can EE benefit MS patients? 
Although most studies look at the effect of the individual components of EE, there are a few studies 

that investigated physical exercise and cognitive training together. The combination of these 

enrichment components proved beneficial effect for cognition and motor functioning in MS patients 

was found. For example, one study found that a combination of exercise and cognitive rehabilitation 

can improve motor and cognitive symptoms in MS patients (Jimenez-Morales et al., 2017). Another 

study showed that cognitive and neuromotor training improves motor functioning and cognition in MS 

patients (Barbarulo et al. 2018). This shows that the combination of motor and cognitive training can 

be very beneficial for cognition and motor skills of MS patients. There are no studies that assess the 

combined effect of social interaction with either cognitive training or physical activity in MS patients.  

Although, so far, no studies have been performed investigating the effect of all EE components on MS 

patients, there is one study that looked at the effect of EE on an animal model for MS. The study of 

Silva et al. (2020) looked at the effect of EE on different pathophysiological features of MS such as 

expression of IL-1β, cognitive impairment, anxiety-like symptoms, neuroinflammation, demyelination 

and neurodegeneration in an animal model for MS. The animals were socially enriched by group 

housing, cognitively enriched by exposure to novel stimulation and experiential learning (toys and 

tunnels), and physically enriched by voluntary exercise (access to a running wheel). The results showed 

that EE was very beneficial for inflammation, cognition, neurodegeneration, and myelination. In short, 

the researchers found an attenuated inflammatory response to the pro-inflammatory agent IL-1β with 

animals in the EE group. Neuroinflammation was reduced as EE caused the inflammatory cortical 

lesions that develop during MS to go towards a less inflammatory infiltrate. This was concluded as they 

observed decreased microglial activation and decreased astroglia activation in the lesions. 

Demyelination was also decreased in the EE group eighter by improving remyelination or decreasing 

demyelination. This was concluded as the intensity of MAG and MBP was increased in the EE group 

compared to control. Next, cognitive deficits were improved as time spent at a novel object in the 

novel object recognition test increased and the discrimination index was also improved.  

How EE can benefit MS patients 
The same article of Silva et al. (2010) also investigated possible mechanisms involved in the beneficial 

effect of EE on cognition, inflammation and myelination. As explained before, they exposed an adult 

rat animal model for MS to physical exercise and cognitive and social stimulation. They propose 

different molecular pathways through which a beneficial effect on cognition, inflammation and 

myelination can be achieved.  

Inflammation  
First of all, Silva et al (2010) investigated if EE had an effect on inflammation. They did this by measuring 

serum pro- and anti-inflammatory molecules in the cortex. First of all, they found diminished 

expression of the pro-inflammatory cytokines IL-1β, TNF-α and IL-6 in the EE group. Additionally, anti-

inflammatory molecules were more highly expressed in the EE group compared to the control group 

as the EE group had an enhanced expression of TGF-β and BDNF. Furthermore, there was an increased 

expression of Arginase-1, which is a marker for the M2 phenotype of alternatively activated 

macrophages. The M2 phenotype of macrophages is characterized by the increased production of anti-



inflammatory cytokines (Pusic et al., 2014b). This further shows the anti-inflammatory effect of EE. 

Silva et al (2010) concluded that the increase of anti-inflammatory cytokines combined with the 

decreased expression of pro-inflammatory cytokines is possibly the underlying mechanism of the anti-

inflammatory effect of EE.  

do Prado et al. (2016) has also tried to examine the effects of 

environmental enrichment in rats who suffered from early 

life stress by maternal separation. These early life stress 

animals suffered from cognitive disfunction, and this paper 

found that EE could prevent this cognitive dysfunction. 

Animals that were maternally separated had higher pro-

inflammatory cytokine levels. When the animals were 

exposed to both maternal separation and EE, this increase of 

pro-inflammatory cytokines was not present. This was seen 

in for example TNFα (Figure 20). From this, they concluded 

that EE was able to prevent cognitive deficits through 

protection against inflammatory processes.  

Another study that proves the connection between EE and inflammatory activity is the study of Xiao 

et al. (2019). They exposed mice to an enriched environment and studied thymus and thymocyte 

development. They studied the thymus specifically because it is the primary organ for maturation of 

lymphocytes into functional T cells (Fink, 2013). They found that EE induced an increased proportion 

of CD8+ cytotoxic T lymphocytes and reduced the CD4:CD8 ratio. This further suggests that EE can have 

an immunomodulatory effect.  

Overall, these three studies provide evidence that environmental enrichment can be beneficial for MS 

patients as it can prevent high levels of pro-inflammatory cytokines, promotes the production of anti-

inflammatory cytokines and has a general immunomodulatory effect on the thymus.  

Cognition  
Next, BDNF is a proposed mechanism through which EE could influence cognition. The study of Joushi 

et al. (2021) investigated if and how environmental enrichment could influence cognitive ability of rats 

who went through early life stress because of maternal separation. 

They housed the animals in larger groups, gave them accessibility to a 

running wheel or climbing ladder and gave them toys for cognitive 

stimulation. This study found that early life EE can overcome cognitive 

defects induced by maternal separation as it enhanced LTP-induction 

impairment and BDNF levels (Figure 21). This provides evidence that EE 

can enhance cognition by increasing BDNF levels.  

The same connection between EE and cognition and increased BDNF 

levels was observed in a study by Guilarte et al. (2003). This study 

investigated the effect of environmental enrichment on animals that 

were exposed to lead (Pb2+) as it was found that exposure to lead in 

children caused long-term cognitive deficits. Here, EE reversed spatial 

learning deficits and increased levels of BDNF.  

The theory that increased BNDF levels underlies the beneficial effect of 

EE on cognition is further supported by the study of do Prado et al 

(2016). As previously explained, this study investigated the effect of EE 

Figure 21. Effect of MS on the brain-derived 

neurotrophic factor (BDNF) protein levels in 

plasma (ng/ml) in animals that were either 

control or MS and with or without EE (Taken 

from Joushi et al., 2021) 

Figure 20. TNF-α levels after maternal 

separation in male rats with or without EE 

(Taken from do Prado et al., 2016) 



on animals who experienced early life stress by maternal separation. They concluded that the 

protective effect of EE against cognitive dysfunction was due to protection against inflammatory 

processes.  

Overall, EE could benefit cognition by increasing BDNF levels, but an anti-inflammatory effect could 

also underly the beneficial influences of EE on cognition.  

Myelination 
Lastly, a mechanism through which EE can impact myelination can be found by looking at two studies 

that investigated EE serum exomes. Exomes are naturally occurring nanovesicles that contain mRNA, 

miRNA, and proteins. They play important roles in cell function, disease, and immunomodulation 

(Kooijmans et al., 2012). The study of Pusic et al. (2016) applied EE serum exomes to hippocampus 

cultures or administered exomes nasally to naïve rats and investigated CNS myelination. They showed 

that these EE serum exosomes significantly reduces oxidative stress and increases myelin content, 

oligodendrocyte precursor (OPC) levels and neural stem cell levels. Furthermore, several miRNA 

species that are involved in the regulation of inflammatory responses were detected in EE exomes. 

Pusic et al. (2016) further observed that rat EE exomes were enriched in miR-219, which is essential 

for oligodendrocyte progenitor cell differentiation into myelinating cells. Additionally, miR-219 inhibits 

inflammation and oxidative stress (Zhu et al., 2019). Because of this, Pusic et al. (2019) suspected that 

EE can increase myelination by modifying immune function.  

The study by Pusic & Kraig (2014) also investigated EE serum exomes and found similar results as Pusic 

et al. (2016). Pusic & Kraig (2016) showed that EE serum-derived exomes had a promyelinating effect 

and that the exomes were enriched in miR-219. Moreover, they transfected the exomes with an miR-

219 inhibitor which prevented the increase in myelin basic protein (MBP) that is normally observed in 

animals that have been exposed to EE. As MBP is essential for myelin formation, the effect of miR-219 

on this protein could be a possible mechanism (Gupta et al., 2005). This result suggests that EE can be 

beneficial for myelination because of high miR-219 levels. Since the subject of environmental 

enrichment and the effect on MS is not very widely studied, more research is needed to further explore 

the mechanism behind the effect of EE on myelination.  

In summary, in an animal model for MS, a beneficial effect of EE was found for myelination, cognition 

and inflammation. EE is anti-inflammatory by decreasing pro-inflammatory cytokine levels and 

increasing anti-inflammatory cytokine levels. The anti-inflammatory effect of EE could also be the 

mechanism behind the beneficial effect on myelination. The cognitive enhancing effect of EE could be 

caused by increased BDNF levels or protection against inflammation.  

 

 

 

  



Discussion 
In conclusion, environmental enrichment is beneficial for MS patients as it increases myelination, 

decreases inflammation, and improves cognition primarily by decreasing inflammation and increasing 

BDNF levels. This is concluded as the three components of EE (social interaction, physical exercise and 

cognitive) can separately and combined (as EE) produce these beneficial effects for MS patients. EE is 

beneficial for MS patients through anti-inflammatory pathways as both social interaction and physical 

exercise are able to decrease pro-inflammatory cytokine levels. Additionally, the same is found when 

looking at EE (when the animals are exposed to all three components). This improved immune 

functioning due to EE is beneficial for myelination, cognition and inflammation and could therefore 

help MS patients. The same is true for BDNF. Both social interaction and physical exercise increase 

BDNF levels. Furthermore, when social interaction, physical exercise and cognitive training are 

combined as EE, higher BDNF levels are found. The elevated BDNF levels can, partly, be the mechanism 

through which EE could be beneficial for MS patients.  

The anti-inflammatory effect of EE can be seen by investigating the effect of the components of EE 

separately and together. EE improves cognition, inflammation, and cognition by anti-inflammatory 

pathways. Physical activity improves inflammation and social interaction improves myelination and 

inflammation by decreasing pro-inflammatory cytokine levels. Only cognitive training does not 

decrease inflammation. It increases pro-inflammatory cytokines. This could be potentially harmful for 

MS patients. However, a higher level of pro-inflammatory cytokines has also been proven to be 

necessary for proper long-term memory. Cognitive training has not been found to negatively affect 

inflammatory lesions in MS patients and therefore the effect of cognitive training on inflammation 

might not be substantial enough to be harmful for MS patients. More research should be done to 

investigate if cognitive training can negatively influence inflammation in MS.  

Most studies presented in this essay show that EE could help MS patients as it improved myelination, 

cognition, and decreased inflammation by elevating BDNF levels and decreasing the levels of pro-

inflammatory cytokines. However, as concluded before, cognitive therapy is more weakly connected 

to these anti-inflammatory and BDNF pathways. This gives the impression that cognitive training might 

not provide a big contribution to the beneficial effects of EE. Additionally, one study studied the effect 

of physical exercise, cognitive training and physical exercise and cognitive training combined on the 

memory of healthy young adults. They found and both the exercise and combined training group had 

a similar effect on memory performance, hinting that cognitive training might not contribute as much 

to the cognitive improvements as physical exercise (Heisz et al., 2017). A reason for this could be that 

cognitive training only benefits individuals with cognitive impairments because a meta-analysis has 

found that cognitive training can provide positive effects on cognition for healthy individuals, but 

cognitively impaired individuals did not experience the same beneficial effects (Karr et al., 2014). No 

studies have compared the effect of the EE components separately and if and how they contribute to 

a positive effect on MS patients. This should be focused on in future research to further elucidate how 

different components of EE can contribute to MS patients.  

One of the main limiting factors in this essay is the limited research about the specific effect of 

environmental enrichment on MS patients. Although environmental enrichment is getting more 

attention because of its therapeutic potential for different disorder such as Alzheimer’s disease and 

Parkinson’s disease, only one research paper has investigated its effects on an animal model for MS. 

Moreover, no research has been performed investigating the effect of social enrichment on 

pathophysiological features associated with MS. This further emphasizes the lack of knowledge. More 

research about how EE can help MS patients can also help point in new pathways where treatment 

can be used to help MS patients.  



Another limiting factor in this essay is that most research used to explore the effect of EE on cognition, 

myelination and inflammation have been performed on rodents. Because of this, the results of these 

studies are not completely translatable to humans. Furthermore, many of the studies that have been 

used investigated diseases or disorders that are not translatable to MS. For example, several papers 

investigated rodents that experiences an ischemic stroke. More research has to be performed on 

specific MS animal models or on MS patients to draw further conclusions on the beneficial effect of 

EE. 

A third limiting factor of this essay is that there is a lack of research about social enrichment. Because 

of this, the effect of social enrichment on, for example, myelination, had to be inferred from the effect 

of social isolation. Because of this, it is not completely certain if the social enrichment would have the 

opposite effect from social isolation. Additional research about the effect of social enrichment on 

cognition, inflammation and myelination is needed to resolve this.  

The implications of this essay are that more information about possible treatment strategies can help 

MS patients who are faced with many debilitating symptoms. Understanding how EE can improve the 

trajectory and life of MS patients contributes to the knowledge about the main underlying pathways 

that can be targeted for treatment. Although it is already well known that MS is a disease that involves 

the immune system, the results of this essay further prove the importance of this system in MS. 

Furthermore, understanding that EE is able to decrease inflammation strengthens its possibility to 

become an additional treatment strategy for MS.  
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