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A B S T R A C T  

 
:H� KDYH� H[DPLQHG� WKH� HIIHFW� RI� WKH� HDUO\� ³SURSK\ODFWLF´� HQYLURQPHQWDO� WUDLQLQJ� RQ� FOLQLFDO�

symptoms and presynaptic defects in mice suffering from the experimental autoimmune 

encephalomyelitis (EAE). In trained EAE mice, clinical score was less pronounced than that in 

untrained EAE mice. A gain of weight and a significant improvement of the spontaneous motor 

activity and of curiosity was also observed, suggesting the amelioration of animal wellbeing. 

Impaired glutamate exocytosis and cyclic adenosine monophosphate (cAMP) production in cortical 

terminals of untrained EAE mice were clearly evident at the acute stage of disease (21 ± 1 days post 

immunization, d.p.i.). Differently, the 12 mM KCl-evoked glutamate exocytosis from cortical 

synaptosomes of trained EAE mice was largely comparable to that observed in untrained and 

trained control mice, but significantly higher than that monitored in untrained EAE mice. Similarly, 

the 12 mM KCl-evoked cAMP production in cortical synaptosomes from trained EAE mice 

recovered to the physiological level observed in control mice. Furthermore, MUNC-18 and 

SNAP25 expression, but not Syntaxin-1a and Synaptotagmin 1 levels, were increased in cortical 

synaptosomes from trained EAE mice when compared to untrained EAE mice. Finally, 

inflammatory infiltrates were significantly less evident in the cortex from trained EAE mice when 

FRPSDUHG� WR� XQWUDLQHG� ($(� PLFH�� 7KHVH� REVHUYDWLRQV� GHPRQVWUDWH� WKDW� DQ� HDUO\� ³SURSK\ODFWLF´�

environmental training promotes the recovery of neuronal defects in EAE mice by protecting 

glutamatergic terminals from functional derangements, but also by reducing the inflammatory 

signalling(s) that negatively control glutamate transmission at active synapses. 
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A B S T R A C T  

 
We have examined the effect of the HDUO\� ³SURSK\ODFWLF´� HQYLURQPHQWDO� training on clinical 

symptoms and presynaptic defects in mice suffering from the experimental autoimmune 

encephalomyelitis (EAE). In trained EAE mice, clinical score was less pronounced than that in 

untrained EAE mice. A gain of weight and a significant improvement of the spontaneous motor 

activity and of curiosity was also observed, suggesting the amelioration of animal wellbeing. 

Impaired glutamate exocytosis and cyclic adenosine monophosphate (cAMP) production in cortical 

terminals of untrained EAE mice were clearly evident at the acute stage of disease (21 ± 1 days post 

immunization, d.p.i.). Differently, the 12 mM KCl-evoked glutamate exocytosis from cortical 

synaptosomes of trained EAE mice was largely comparable to that observed in untrained and 

trained control mice, but significantly higher than that monitored in untrained EAE mice. Similarly, 

the 12 mM KCl-evoked cAMP production in cortical synaptosomes from trained EAE mice 

recovered to the physiological level observed in control mice. Furthermore, MUNC-18 and 

SNAP25 expression, but not Syntaxin-1a and Synaptotagmin 1 levels, were increased in cortical 

synaptosomes from trained EAE mice when compared to untrained EAE mice. Finally, 

inflammatory infiltrates were significantly less evident in the cortex from trained EAE mice when 

compared to untrained EAE mice. 7KHVH� REVHUYDWLRQV� GHPRQVWUDWH� WKDW� DQ� HDUO\� ³SURSK\ODFWLF´�

environmental training promotes the recovery of neuronal defects in EAE mice by protecting 

glutamatergic terminals from functional derangements, but also by reducing the inflammatory 

signalling(s) that negatively control glutamate transmission at active synapses. 
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1. Introduction  

(QYLURQPHQWDO�HQULFKPHQW��((��UHIHUV�WR�WKH�DGGLWLRQ�RI�REMHFWV�WR�WKH�DQLPDO¶V�FDJH�WR�LQFUHDVH�

the levels of novelty and complexity. It determines sensory stimulation, it increases cognitive 

activity and spontaneous physical exercise, potentiating synaptic plasticity and permitting to cope 

brain damage (Petrosini et al., 2009). EE is neuroprotective during aging and in a variety of 

neurodegenerative disorders, including epilepsy (Zhang et al., 2015), chronic neuropathic pain 

(Vachon et al., 2013), Alzheimer¶V and 3DUNLQVRQ¶V� GLVHDVHV�� IUDJLOH�;� DQG�'RZQ� V\QGURPHV, as 

well as various forms of brain injury (Nithianantharajah and Hannan, 2006; Hirata et al., 2011). 

Although the beneficial effects of cognitive training in autoimmune demyelinating disease is 

recognised (Luerding et al., 2016; Motl et al., 2016), the impact of EE in mice suffering from 

Experimental Autoimmune Encephalomyelitis [EAE, an animal model used to study the 

pathophysiology of Multiple Sclerosis (MS), Aharoni et al., 2013] is poorly investigated. So far, an 

early EE training was shown to reduce the gravity of clinical score and to increase the mobilization 

of adult neuronal progenitor cells into demyelinating lesions, also favouring the maturation of the 

stem cells from the subventricular zone (SVZ) to oligodendrocytes  (Magalon et al., 2007).  

In recent years, synaptic impairments emerged as prominent pathogenic mechanisms in the 

onset and progression of autoimmune disorders (Centonze et al., 2009; Cid et al., 2011; Di Prisco et 

al., 2013; Mandolesi et al., 2015; Gentile et al., 2016). Taking into account the positive effects of 

EE on neuronal circuits, synaptic strength consolidation and neurogenesis (Grilli et al., 2009; 

Summa et al., 2011; Jurgens and Johsonn, 2012; Williamson et al., 2012; Darna et al., 2015; 

Hosseiny et al., 2015), we asked whether EE could positively impact the synaptic alterations 

observed in EAE mice at the acute stage of disease. The hypothesis is indirectly supported by recent 

observations showing that ³LQ�YLYR´ administration of WKH�³HQYLURQPLPHWLF´�desipramine (Hirata et 

al., 2011; Hannan, 2014) efficiently prevented the presynaptic glutamate defects observed at the 

acute stage of disease in EAE mice (Di Prisco et al., 2014a). To test our hypothesis, we used the 

rodent model of EAE mice. Mice were reared either in an enriched environment (trained mice) or in 
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a standard environment (untrained mice) starting soon after littermate separation and then they were 

immunised to determine the onset of the disease. Appropriately trained or untrained non-immunised 

controls were used to verify the efficacy of the exposure to EE on the course of the neuropathology. 

A clear amelioration of clinical symptoms and behavioural skills was observed in trained EAE mice 

when compared to the untrained EAE animals. This was paralleled by the preservation of 

presynaptic efficiency in cortical glutamatergic nerve terminals. Our results provide the first 

demonstration that the amelioration of clinical symptoms elicited by the ³prophylactic´ training is 

accompanied by an increased resilience toward the onset of cortical synaptic defects in the EAE 

mice. Our preclinical observations elucidate part of the molecular events associated with the 

beneficial effects of ³FRJQLWLYH�WUDLQLQJ´�in demyelinating diseases. 
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2. Materials and Methods 

 

2.1. Animals 

Mice (female, strain C57BL/6J) were obtained from Charles River (Calco, Italy) and were 

housed in the animal facility of the Department of Pharmacy, Section of Pharmacology and 

Toxicology, School of Medical and Pharmaceutical Sciences, University of Genoa (authorization n. 

484 of 2004, June, 8th). EAE mice were killed at 21 ± 1 day post immunization (d.p.i.) by cervical 

dislocation and decapitation to collect the cortices. The experimental procedures were in accordance 

with the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines, with the 

European legislation (Directive 2010/63/EU for animal experiments) and the ARRIVE guidelines, 

and they were approved by the Animal Subjects Review Board of the University of Genoa and by 

the Italian Ministry of Health (DDL 26/2014 and previous legislation; protocol n. 50/2011-B and 

612/2015-PR).  

 

2.2. Environmental enrichment 

The study aimed at investigating the impact of an early environmental training in EAE mice at 

the acute stage of disease. Assuming that environmental training may reinforce the resilience 

capacity to CNS damage, we exposed the animals to an early prophylactic training, in order to 

initiate the mechDQLVP�RI�³FRJQLWLYH�GHIHQVH´�EHIRUH�WKH�RQVHW�RI�WKH�SDWKRORJLFDO�SURFHVVHV��6RRQ�

after the separation of the young puppies from the mother (28 ± 1 day postnatal), female C57JBl 

mice (4 weeks old) were randomly assigned to two different groups: the untrained mice and the 

enriched environmental trained mice. Trained animals were housed in a large cage (36 x 54 x 19 cm 

8 animals per cage) containing a variety of objects such as plastic tunnels, climbing ladders, 

running wheels, toys in wood and plastic suspended from the ceiling, paper, cardboard boxes, and 

nesting material. Objects were changed every 2 days, while the bedding was changed every week. 
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Untrained animals were housed in a standard cage with nest; the bedding was changed every week. 

The animals were kept in the enriched environment until immunization. At 56 ± 1 day postnatal, 

mice belonging to each of the two groups were further subdivided into the following groups: non-

immunised control mice; immunised EAE mice; non-immunised trained mice; trained EAE mice 

and immunization was carried out as described below. Mice were  sacrificed at 77 ± 1 day postnatal 

(i.e. 21 ± 1 d.p.i.) with cervical dislocation followed by decapitation to collect the cortices. 

 

2.3. EAE induction and clinical score 

For EAE induction, mice (female, strain C57BL/6J, 18-20 g, 56 ± 1 days postnatal) exposed 

either to a standard or to an enriched environment were immunised according to a standard protocol 

(Zappia et al., 2005), with minor modifications. Briefly, animals were administered incomplete 

)UHXQG¶V�DGMXYDQW�FRQWDLQLQJ���PJ�PO�Mycobacterium tuberculosis (strain H37Ra) and 200 µg of 

the myelin oligodendrocyte protein 35-55 (MOG)35±55 peptide with subcutaneous injection at two 

sites in the flank and one closer to the base of the tail.  Intraperitoneal administration of 400 ng of 

Pertussis toxin on day 0 and after 48 h followed. Clinical scores (0 = healthy; 1 = limp tail; 2 = 

ataxia and/or paresis of hindlimbs; 3 = paralysis of hindlimbs and/or paresis of forelimbs; 4 = 

tetraparalysis; 5 = moribund or death) were recorded daily. MOG35-55(+) EAE mice were sacrificed 

at 21 ± 1 days post immunization (d.p.i.). Control non immunised mice received the same treatment 

in the absence of the myelin antigen [MOG35-55(-) mice]. All efforts were made to minimise animal 

suffering and to use the minimal number of animals necessary to produce reliable results.  

 

2.4. Behavioural studies  

2.4.1. Light-dark box maze. Animals were placed in the light dark box maze as previously 

described (Di Prisco et al., 2014a; Bonfiglio et al., 2017) and were allowed to explore the box for 10 
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minutes. The total time spent in the lighted compartment (timing in the light) and the number of 

transitions from the lighted to the dark sides were quantified (Haji, et al., 2012). 

2.4.2. Open-field maze.  Mice were placed in the open field and were allowed to explore the area 

freely for 8 min (see for technical details Di Prisco et al., 2014a). The number of times the mouse 

poked its nose into the holes (nose-poke) in the middle of the nine squares composing the floor of 

the field was measured to monitor curiosity. The total number of crossing square was evaluated as 

measure of spontaneous motor activity. Both tests were performed once, at 20 ± 1 d.p.i., to avoid 

adaptive responses. 

  

2.5. Histological analysis  

2.5.1. Luxol Fast Blue (LFB). Twenty-one days after EAE induction, mice were sacrificed and 

brains were extracted. Formalin-fixed paraffin sections (7 Pm) were collected. Following standard 

dewaxing and rehydration, tissue sections were immersed overnight in 0.1% Luxol Fast Blue (LFB) 

solution (Solvent Blue 38, Sigma±Aldrich, St Louis, MO, USA) at 56-60°C. Sections were rinsed in 

deionised water. Differentiation was initiated with immersion in 0.05% aqueous lithium carbonate 

for 15 s followed by differentiation in multiple immersions in fresh 70% ethanol, until grey and 

white matter could be distinguished and nuclei decolorised. After washing in deionised water, 

sections were immersed in 0.8% Periodic Acid (Sigma ±Aldrich, St Louis, MO, USA) for 10 min 

and then rinsed in distillate ZDWHU��6HFWLRQV�ZHUH�LQFXEDWHG�ZLWK�6KLII¶V�5HDJHQW��%LR-optica, Milan, 

Italy) for 20 min and rinsed in distilled water for 15 min. Finally, sections were dehydrated in 50 

and 100% ethanol and coverslipped. They were examined using an Olympus BX40 microscope 

(Olympus, Milan, Italy) and photographed using a digital camera Olympus DP50 (Olympus, Milan, 

Italy). 

2.5.2. Hematoxylin/Eosin (H	E). Twenty-one days after EAE induction, mice were sacrificed and 

brains were extracted. Formalin-fixed paraffin sections (7 Pm) were collected. Following standard 
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dewaxing and rehydration, tissue sections were immersed in eosin solution (Bio-optica, Milan, 

Italy) for 3 min. After 5-6 min running water, sections were immersed in hematoxylin solution 

(Bio-optica, Milan, Italy) for 3 min. After 5-6 min washing in running water, sections were 

dehydrated and coverslipped. They were then examined using an Olympus BX40 microscope 

(Olympus, Milan, Italy) and photographed using a digital camera Olympus DP50 (Olympus, Milan, 

Italy). For the quantitative measurements of inflammatory infiltrates, the sections were  by usingan 

arbitrary scale starting from 1, mild infiltrate, to 10, severe infiltrate. The procedure was carried out 

by an independent researcher who was masked to the experiment. 

 

2.6. Release studies 

Purified synaptosomes were prepared by homogenizing the cortex of mice from the four 

groups (non-immunised control mice; immunised EAE mice; non-immunised trained mice; trained 

EAE mice) in 10 volumes of 0.32 M sucrose, buffered to pH 7.4 with Tris-(hydroxymethyl)-amino 

methane [Tris, final concentration 0.01 M] (Musante et al., 2011) The homogenate was centrifuged 

at 1,000 x g for 5 min and the supernatant was stratified on a discontinuous Percoll gradient (2%, 

6%, 10% and 20% v/v in Tris-buffered sucrose) and centrifuged at 33,500 x g for 5 min. The layer 

between 10% and 20% Percoll (synaptosomal fraction) was collected and washed by centrifugation. 

The synaptosomal pellets were resuspended in a physiological solution with the following 

composition (mM): NaCl, 140; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4, 1.2; NaHCO3, 5; 

HEPES, 10; glucose, 10; pH 7.2-7.4.  

Synaptosomes were incubated for 15 min a 37 °C in a rotary water bath to equilibrate the 

system and identical portions of the synaptosomal suspensions were layered on microporous filters 

at the bottom of parallel chambers in a Superfusion System (Ugo Basile, Comerio, Varese, Italy; 

Summa et al., 2012) and maintained at 37°C. Synaptosomes were transiently (90 sec) exposed, at t 

= 39 min, to high KCl containing medium (12 mM NaCl substituting for an equimolar 

concentration of KCl). Fractions were collected as follows: two 3-min fractions (basal release), one 



11 
 

before (t = 36-39 min) and one after (t = 45-48 min) a 6-min fraction (t = 39-45 min; evoked 

release). Fractions collected were analysed for endogenous glutamate contents (see below). 

Synaptosomal protein contents were determined. The amount of endogenous amino acid from 

synaptosomes in each superfusate fraction was expressed as picomoles per milligram of protein 

(pmol/mg protein). The K+-induced overflow of endogenous glutamate from synaptosomes was 

estimated by subtracting the neurotransmitter content into the first and the third fractions collected 

(basal release, b1 and b3) from that in the 6-min fraction collected during and after the 

depolarization pulse (evoked release, b2).  

 

2.7. Endogenous amino acid determination  

            Collected fractions were analyzed for the endogenous neurotransmitter content. Endogenous 

glutamate was measured by high performance liquid chromatography analysis after precolumn 

derivatization with o-phthalaldehyde and separation on a C18 reverse-phase chromatographic 

column (10×4.6 mm, 3 µm; at 30°C; Chrompack, Middleburg, The Netherlands) coupled with 

fluorimetric detection (excitation wavelength, 350 nm; emission wavelength, 450 nm). Buffers and 

the gradient program were described elsewhere (Luccini et al., 2007). Homoserine was used as 

internal standard. 

 

2.8. Quantification of endogenous synaptosomal cAMP 

Cortical synaptosomes were first pre-incubated in physiological medium for 5 min at 37 °C 

to equilibrate the system, then incubated for 6 min with 12 mM KCl and then lysed with ice cold 

water. Suspensions were centrifuged and supernatants were frozen at -80°C. The endogenous cyclic 

adenosine monophosphate (cAMP) contents were determined by using the Parameter cAMP assay 

(R&D Systems, Minneapolis, MN, USA, Musante et al., 2010). Data were expressed as nmol per 

mg protein. 
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2.9. Western Blot  

The cortical synaptosomal pellets were lysed in 100 µl of lysis buffer solution (LB) 

containing 1% Triton X-100, complete protease inhibitor cocktail solution and the following 

components (mM): (TRIS acetate, 20; sucrose, 0.27; EDTA, 1; EGTA, 1; Na Orthovanadate, 1; 

1D)������1D�3\URSKRVSKDWH�����1D�ȕ-glycerophosphate, 10; DTT, 1). 

Colorimetric Bradford assay was used to determine sample protein concentrations. 

Following resuspension in Laemmli buffer, samples were treated for immunoblotting experiments. 

20 µg of protein were resolved by 10% SDS-polyacrylamide gels and blotted onto PVDF 

membrane. The membranes were blocked for 1 h at room temperature in Tris-buffered saline-

Tween (t-TBS (mM): Tris, 2; NaCl, 150; Tween 20, 0.1%) containing 5% no-fat dried milk. The 

membranes were incubated with specific antibodies for 12 h at 4°C with mild agitation.  

The primary antibodies used for western blot analysis were: rabbit anti-Syntaxin-1a 

(1:2000), rabbit anti-Synapsin 1 (1:1000), mouse anti-Synaptotagmin 1 (1:1000), rabbit anti-

mammalian uncoordinated-18 (MUNC-18) (1:1000), mouse anti-Synaptosomal-associated protein 

25 (SNAP25) (1:2000), mouse anti ȕ-actin (1:10000).  

Membranes were then washed three times with t-TBS and incubated for 1 h at room 

temperature with the appropriate peroxidase-linked secondary antibodies: anti-mouse (1:3000) or 

anti-rabbit (1:3000). After further washing with t-TBS, immunoreactive bands were detected by 

enhanced chemiluminescence (ECL) and visualised onto Hyperfilm. Western blot were quantified 

by densitometric analysis using ImageJ software.  

 
2.10. Calculations and statistical analysis  

Analysis of variance was performed by ANOVA IROORZHG� E\� 'XQQHWW¶V� WHVW� RU� 1HZPDQ�

Keuls multiple-FRPSDULVRQV�WHVW�DV�DSSURSULDWH��GLUHFW�FRPSDULVRQV�ZHUH�SHUIRUPHG�E\�6WXGHQW¶V�t-

test. Data were considered significant for p < 0.05 at least.  
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2.11. Drugs  

Pertussis WR[LQ�DQG� WKH�)UHXQG¶V� LQFRPSOHWH�DGMXYDQW��6ROYHQW�%OXH�����3HULRGLF�$FLG�and 

mouse anti ȕ-actin antibody were acquired from Sigma-Aldrich (San Louis, MO, USA). Myelin 

oligodendrocyte glycoprotein (MOG) was purchased from Espikem (Florence, Italy). 

Mycobacterium tuberculosis (H37Ra) was obtained from DIFCO BACTO Microbiology 

(Lawrence, KA, USA). Rabbit anti-Syntaxin-1a antibody is from Synaptic System, Germany, rabbit 

anti-Synapsin 1 antibody from Assay Biotech, USA, mouse anti-Synaptotagmin 1 antibody from 

Cell Signalling, USA, rabbit anti-MUNC-18 antibody from Cell Signalling, USA, mouse anti-

SNAP25 antibody from Covance, USA. Anti-mouse antibody and anti-rabbit antibody were from 

Amersham Bioscience. Complete protease inhibitor cocktail solution was from Serva, Germany. 

Enhanced chemiluminescence was from WESTAR, Cynagen, Italy and Hyperfilm was from 

Aurogene, Italy. PVDF membranes were from GE Healthcare, Germany. 
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3. Results 

 

3.1. Effects of environmental training on clinical symptoms and body weight in EAE mice 

Clinical symptoms in EAE mice reared in standard environment were evident at 12 d.p.i., 

drastically increased at 15 d.p.i. and reached the maximal value at about 21 d.p.i. Similarly, in EAE 

mice reared in enriched environment, clinical symptoms were observed starting from 12 d.p.i. as 

well, but the maximal gravity was detected at 15 d.p.i.,  was overall less pronounced than in control 

EAE mice, and did not worsen (Fig. 1). The total clinical score amounted to 16.27 ± 0.53 (n  = 16) 

in untrained EAE and to 3.41 ± 0.348 (n = 16, p < 0.05) in trained EAE mice. 

The weight of the mice was monitored at 7, 14, and 21 d.p.i. In general, an increase of the 

body weight was observed in all the animals, with the exception of the untrained EAE mice. In 

these animals, the weight significantly diminished at 14 d.p.i. when compared to 7 d.p.i., and it did 

not significantly recover at 21 d.p.i. (Fig. 2A). The change of body weight for each group of 

animals was expressed as the ratio of the body weight at 14 d.p.i. or at 21 d.p.i. and that at 7 d.p.i. 

(expressed as weight gain and calculated as percentage of change versus the mouse weight at 7 

d.p.i.). The weight gain in untrained and trained control and trained EAE mice was superimposable 

one to each other. Differently, in untrained EAE mice, the weight gain was significantly lower than 

that observed in control untrained mice. In particular, weight gain at 21 d.p.i. differed significantly 

from that observed in control untrained mice. Inasmuch, weight gain at 14 d.p.i. and at 21 d.p.i. in 

trained EAE mice was significantly higher than that observed in untrained EAE mice (Fig, 2B). 

 

3.2. Effects of environmental training on EAE mouse behaviour 

 Behavioural tests were carried out to quantify the effects of the training on the spontaneous 

locomotor activity and to characterise the anxiety-like behaviour in control and EAE mice. 

Spontaneous locomotor activity was quantified in the open field maze as the number of times the 

mouse crossed into an adjacent square (crossing). As already observed (Di Prisco et al., 2014a), the 
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number of crossing was significantly reduced in EAE mice when compared to control untrained 

mice (Fig. 3A). Environmental training did not affect this parameter in control mice, but it 

significantly augmented it in EAE mice. The number of nose pokes into the holes at the bottom of 

the open field indicates curiosity and exploration, two parameters that positively correlate with 

spontaneous locomotor activity, but negatively with anxiety. Nose poke behaviour was unaffected 

by environmental training in control mice, but it was significantly reduced in mice suffering from 

EAE reared in standard environment. Differently, nose poke activity in trained EAE mice was 

comparable to that observed in control trained mice and it did not significantly differ from that 

observed in control untrained mice (Fig. 3B).  

Curiosity was also analysed in the light-dark maze by monitoring the number of transitions 

from the lighted to the dark side of the maze, as well as by quantifying the time spent in the lighted 

compartment (Di Prisco et al., 2014a; Bonfiglio et al., 2017). The environmental training increased, 

although not significantly, the number of transitions performed by control mice (Fig. 3C). This 

parameter was significantly reduced in untrained EAE mice when compared to untrained controls, 

but it recovered in trained EAE mice. The time spent by the mouse in the lighted side of the maze 

was not affected by environmental training in control mice. This parameter was significantly 

reduced in untrained EAE mice when compared to untrained controls. The environmental training 

did not affect significantly this parameter in EAE mice (Fig. 3D). 

 

3.3. Effects of environmental training on demyelination and inflammatory infiltrates in the 

cortex of EAE mice 

 Histological analysis of corpus callosum (CC) and SVZ areas of  untrained control, 

untrained EAE, trained control and trained EAE mice was performed to evaluate myelin distribution 

by LFB staining (Fig. 4A) and inflammatory infiltrate by H	E (Fig. 4B). Twenty-one days after 

EAE induction, the immunization did not reduce myelination neither in the corpus callosum nor in 

the sub ventricular zone. Moreover, the environmental training did not alter myelinated areas 
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compared to control or EAE mice. Conversely, the evaluation of cellular infiltrate by H	E staining 

revealed an increased cellularity (black arrow in the B panels), especially centered on vessels, in 

EAE group. Accordingly to previous results, the infiltrating cells were mostly lymphocyte cells 

(Mangiardi et al., 2011). The trained EAE mice showed a slight decrease in this cellularity in 

comparison with the untrained EAE ones. Data were confirmed by the quantitative evaluation of the 

infiltrate (Fig. 4C) 

 

3.4. Effects of environmental training on the release of endogenous glutamate from cortical 

nerve endings of control and EAE mice 

 Nerve terminals were isolated from the cortex of mice and exposed in superfusion to a mild 

depolarizing stimulus (12 mM KCl solution, NaCl substituting for an equimolar amount of KCl), to 

elicit glutamate exocytosis. As already shown in previous studies (Di Prisco et al., 2014a,b, 2016a), 

the release of endogenous glutamate from nerve terminals isolated from the cortex of untrained 

EAE mice was significantly lower than that observed from nerve terminals isolated from the cortex 

of untrained control mice (Fig. 5). Environmental training failed to modify on its own the 

exocytosis of endogenous glutamate elicited by high KCl from cortical synaptosomes isolated from 

untrained control mice, but it significantly recovered the presynaptic alteration observed in mice 

suffering from EAE. In particular, the 12 mM KCl-evoked glutamate overflow from trained EAE 

mouse cortical synaptosomes was significantly higher than that from untrained EAE mouse cortical 

nerve endings and it was comparable to that observed from both untrained and trained control 

mouse cortical synaptosomes.  

 

3.5. Effects of environmental training on the endogenous production of cAMP in cortical 

nerve endings from control and EAE mice 

The endogenous cAMP production elicited by a mild depolarizing stimulus in synaptosomes 

isolated from the cortex of untrained EAE mice at 21 d.p.i. was significantly reduced when 
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compared to the amount of the second messenger detected in untrained control mice (Fig. 6, see 

also Di Prisco et al., 2013, 2014a). The environmental training failed to modify the second 

messenger production, as the amount of cAMP in cortical synaptosomes isolated from the trained 

control mice was comparable to that observed in synaptosomes from untrained EAE mice. A 

significant increase of the amount of endogenous cAMP, however, was observed in cortical 

synaptosomes from trained EAE mice when compared to untrained EAE mice (Fig. 6). 

Interestingly, the amount of cAMP detected in cortical synaptosomes from trained EAE mice was 

comparable to that observed in cortical synaptosomes isolated from both the untrained and trained 

control mice.  

 

3.6. Effects of environmental training on the SNARE complex in cortical synaptosomes from 

control and EAE mice 

Synaptosomes isolated from the cortex of untrained control, trained control, untrained EAE 

and trained EAE mice were analysed for the expression level of some of the proteins involved in 

vesicular transmitter exocytosis. Syntaxin-1a is a presynaptic plasma membrane protein which 

associates with SNAP25 to form the plasma-membrane component of the Soluble N-methyl 

maleimide sensitive factor attachment protein (SNARE) complex. The environmental training failed 

to modify the Syntaxin-1a expression in cortical synaptosomes isolated from all the four groups of 

animals (Fig. 7A). Furthermore, as the SNAP25 is concerned, Figure 7B shows that significant 

changes in protein expression in cortical synaptosomes from trained control mice did not emerge 

when compared to untrained control mice, nor was this parameter modified in untrained EAE mice. 

Quite interestingly, however, the amount of SNAP25 in cortical synaptosomes isolated from the 

trained EAE mice was significantly increased when compared to trained control and untrained EAE 

mice. 

We then focussed on MUNC-18, a protein that favours transmitter exocytosis by stabilizing 

the synaptic vesicle fusion complex. The expression of MUNC-18 in cortical synaptosomes isolated 
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from trained control mice was significantly reduced when compared to untrained control mice (Fig. 

7C). The figure also shows that the level of MUNC-18 in cortical synaptosomes isolated from the 

untrained EAE mice was significantly lower than that in untrained control mice. Finally, the level of 

expression of MUNC-18 in trained EAE mice was significantly higher than that observed in 

untrained EAE mice, as well as from that observed in cortical synaptosomes from trained control 

mice.  

Figure 7D shows the data obtained when investigating the expression of Synaptotagmin 1. 

The expression of the protein was not significantly modified in the cortical synaptosomal 

preparations from the four different groups of mice. The amount of all the proteins was normalised 

against the actin content in the respective lane. 
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4. Discussion  

 

5HKDELOLWDWLYH� SURJUDPV� DLPHG� DW� UHLQIRUFLQJ� WKH� ³FRJQLWLYH� UHVHUYH´� UHGXFH� IDWLJXH��

influence mood disorders beneficially and ameliorate learning and memory processes in MS 

patients, improving their quality of life (Luerding et al., 2016; Motl et al., 2016). However, although 

the interest in WKH� ³FRJQLWLYH� UHVHUYH´ is growing, there is an unmet need to support their 

effectiveness with preclinical studies aimed at verifying whether genuine recovery of central 

functions or compensatory events account for the beneficial effects.  

The first observation of the present work is that the HDUO\� ³SURSK\ODFWLF´� HQYLURQPHQWDO�

training in EAE mice recovers clinical signs and altered behaviours that typify the course of disease. 

In untrained EAE mice, a constant loss of weight is observed, starting from the early stage of the 

disease that persists and worsens through the course of the pathology. Concomitantly, clinical 

symptoms became evident and, at the acute stage of disease, they are paralleled by impaired motor 

activity, reduced curiosity and increased anxiety-like behaviour (Peruga et al., 2011; Rodrigues  et 

al., 2011; Di Prisco et al., 2014a; Gentile et al., 2016; Bonfiglio et al., 2017). In trained EAE mice, 

the gravity of the clinical score was less pronounced when compared to controls; this is consistent 

with the results first described by Magalon and coll. (2007). Concomitantly, continuous weight gain 

was detected, suggesting a general amelioration of the physical conditions. Finally, a significant 

improvement of the spontaneous motor activity and curiosity (a parameter inversely correlated to 

anxiety) became evident at the acute stage of disease, consistently with animal wellbeing.  

Glutamate is the major excitatory aminoacid in CNS, where it controls the strength and the 

plasticity of chemical synapses. A clear reduction of the glutamate release efficiency occurs in EAE 

animals (Vilcaes et al., 2009; Cid et al., 2011, Di Prisco et al., 2013,2014a,b, 2016a; Bonfiglio et 

al., 2017), which reaches the maximal level at the acute stage of disease, without recovering. The 

central glutamate defects have been proposed to play a main role in the onset of neuropsychiatric 

symptoms, including impaired motor activity (Lindenbach et al., 2016) as well as anxiety-like 
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behaviour (Chiba et al., 2012), both of which participate to determine the clinical condition of the 

animals suffering from EAE. The strict correlation between the efficiency of glutamate exocytosis 

from cortical nerve endings and the onset of clinical symptoms in EAE mice is further strengthened 

by data in literature demonstrating that ³LQ� YLYR´ administration of MS modifying drugs restores 

glutamate release efficiency and reduces the gravity of clinical signs in EAE mice (de Lago et al., 

2012; Rossi et al., 2012; Ruffini et al., 2013; Bonfiglio et al., 2017).  

Similarly to what observed with MS modifying drugs, we here provide the first evidence 

that the ³SURSK\ODFWLF´�cognitive training, which is beneficial to clinical symptoms, also determines 

the restoration of cortical presynaptic glutamatergic defects in trained EAE mice. In particular, our 

results show that glutamate exocytosis from cortical glutamatergic nerve endings of trained EAE                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

mice is largely comparable to that observed in untrained and trained control mice, but significantly 

higher than that observed in untrained EAE mice; this is consistent with the hypothesis that EE had 

largely preserved the cortical presynaptic glutamatergic terminals from the functional derangements 

occurring at the acute stage of disease.  

Two are the most likely events accounting for glutamate defects in EAE mice (Rossi et al., 

2012; Bonfiglio et al., 2017).  

The first one proposes that, in nerve terminals, impairments of intraterminal enzymatic 

pathway(s) pivotal to transmitter exocytosis could determine the reduced release efficiency (Di 

Prisco et al., 2013 and 2014b; Chanaday et al., 2015). As a matter of fact, the reduced glutamate 

exocytosis from cortical  nerve endings of untrained EAE mice is eventually paralleled by the 

alteration of the adenylyl cyclase (AC) / cAMP / protein kinase A (PKA) pathway (Di Prisco et al., 

2013, 2014a and b). This intraterminal enzymatic cascades of events plays a main role to transmitter 

release (Chavis et al., 1998; Grilli et al., 2004), since cAMP controls the expression and the correct 

assembly of the protein of the SNARE complex (Paco et al., 2009), while PKA modulates SNARE 

complex assembly (Chavez-Noriega and Stevens, 1994; Menegon et al., 2006) by:  i) promoting the 

dissociation of synapsin-1A from synaptic vesicles to enhance the rate of exocytosis upon 
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stimulation (Menegon et al., 2006); ii) controlling the phosphorylation of SNAP25, then modulating 

positively the availability and the size of the readily releasable pool (Hirling and Scheller, 1996; 

Park et al., 2014); and iii) determining the participation of Synaptotagmin 1 to the formation of the 

SNARE complex (Maximov et al., 2007). Immunization of mice with the MOG35-55 protein did not 

modify the levels of Syntaxin-1a, SNAP-25 and Synaptotagmin 1, but  significantly reduced the 

MUNC-18 level (when compared to untreated control animals), which might account for reduced 

glutamate release. Interestingly, in trained EAE mice, the depolarization-evoked production of 

endogenous cAMP in cortical nerve terminals mirrors that observed in trained / untrained control 

mice, but it is significantly higher than that observed in untrained EAE mice. Furthermore, when 

looking at the impact of ³cognitive´ training on the expression of the SNARE proteins, we found 

that MUNC-18 and SNAP25 expression was increased in cortical synaptosomes from trained EAE 

mice when compared to untrained EAE mice (which is well in line with the preservation of 

glutamate exocytosis efficiency), whereas Syntaxin-1a and Synaptotagmin 1 levels were 

unmodified in trained and untrained EAE mice. Surprisingly, the expression of MUNC-18 was also 

significantly reduced in trained control mice. Although further investigations are required to 

correctly address this observation, our findings suggest WKDW� WKH� ³SURSK\ODFWLF´� HQYLURQPHQWDO�

training preserves presynaptic nerve terminals from functional derangements, maintaining their 

releasing activity, despite disease progression.  

The second cascade of events which has been proposed to account for glutamatergic defects 

deals with the impact of soluble pro-inflammatory factors on glutamate exocytosis from nerve 

terminals (Musante et al., 2008; Centonze et al., 2009; Di Prisco et al., 2012, 2016b).  This 

possibility deserves attention, since  environmental training can ameliorate the function of the 

immune system within the brain (Williamson et al., 2012), attenuating central neuroinflammation 

(Jurgens and Johnson, 2012) and promoting myelination (Pusic et al., 2016b). 

Inflammation in EAE mouse cortex emerges late in the course of disease, after its acute 

stage (at about 40 d.p.i., Mangiardi et al., 2011; Magalon et al., 2007), and it preferentially develops 
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in the cortical neuronal layers and nearby the CC, as indeed observed in our study in untrained EAE 

mice. Differently, demyelination is less evident and, in our case, it is not observed in cortical slices 

from untrained EAE animals at 21 ± 1 d.p.i. Interestingly, inflammatory infiltrates are significantly 

diminuished in cortical slices from trained EAE mice, consistently with a reduction of the 

endogenous levels of pro-inflammatory agents in this region. Although further studies are required 

to better address this aspect, our results confirm the existence of a pathological cross-talk between 

the immune system and the CNS, also suggesting that this interaction could be selectively targeted 

by the EE.  

All these observations suggest that an early ³SURSK\ODFWLF´�environmental training promotes 

the recovery of neuronal defects by protecting glutamatergic nerve endings from functional 

enzymatic derangements, but also by reducing the inflammatory signalling that negatively controls 

synaptic activity.  

Before drawing any conclusions, however, some results from this study require a brief 

comment. Controversial observations are present in literature concerning the impact of EE on 

synaptic events in healthy animals (Petrosini et al., 2009; Arai and Feig, 2011). In particular, at the 

presynaptic level, significant changes were reported in the expression and the functions of 

presynaptic receptors undergoing constitutive trafficking, but not in transmitter(s) exocytosis 

elicited by mild depolarizing stimuli (Grilli et al., 2009; Musante et al., 2001). In the present work, 

we could not observe clear modifications of the physical parameters (weight), the behavioural 

performances (spontaneous motor activity and curiosity) and the presynaptic functional events 

[glutamate release (see also Summa et al., 2011), cAMP production, SNARE proteins expression 

(with the exception of MUNC-18)] in healthy, control trained mice when compared to untrained 

animals, despite the active ³cognitiYH�UHVHUYH´�(i.e. that based on the efficiency of neuronal circuits) 

has been reinforced. This is consistent with the fact that, although EE is expected to improve 

learning and memory-associated cellular mechanisms, its effect(s) has been in general evidentiated 

as reversal of synaptic defects and /or rescue of symptoms associated to ongoing neuropathological 
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conditions, as indeed here observed in EAE mice (Grilli et al., 2009; Petrosini et al., 2009; Musante 

et al., 2011; Buschler and Manahan-Vaughan, 2017), 

To conclude, we demonstrated that the HDUO\� ³SURSK\ODFWLF´� HQYLURQPHQWDO� WUDLQLQJ�

efficiently protects EAE mice from ongoing synaptic derangements occurring at the acute stage of 

disease, ameliorating their quality of life. Our data could VXSSRUW�WKH�XVH�RI�³FRJQLWLYH�WUDLQLQJ´�DV�

add-on therapy for the cure of MS in humans.   
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Legends to the Figures 

 

Fig. 1. Effects of environmental training on EAE mice clinical score. Animal score in untrained 

(grey circle) and trained (grey triangle) EAE mice was monitored daily. Clinical score is expressed 

as average (mean ± SEM) of data from 16 untreated and 16 treated EAE mice. * p < 0.05 vs the 

clinical score at 1 d.p.i. in untrained EAE mice; ** p < 0.01 vs the clinical score at 1 d.p.i. in 

untrained EAE mice; # p < 0.05 vs the clinical score at 1 d.p.i. in trained EAE mice; § p < 0.05 vs the 

respective daily clinical score in untrained EAE mice.  

 

Fig. 2. Effects of environmental training on the body weight of control and of EAE mice. (A) : 

effect of environmental training on the weight of untrained (white bar) control mice, of trained 

(white cross-hatched bar) control mice, of untrained (grey bar) EAE mice and of trained (grey 

cross-hatched bar) EAE mice. The weight was monitored at 7, 14 and 21 d.p.i. Animal weight is 

expressed as average (mean ± SEM) of data from 16 untrained control mice, from 16 trained control 

mice, from 16 untrained EAE mice and from 16 trained EAE mice. ** p < 0.01 vs the weight of 

untrained control mice at 14 d.p.i.; °°° p < 0.001 vs the weight of untrained control mice at 21 d.p.i.; 

^ p < 0.05 vs the weight of untrained EAE mice at 14 d.p.i.; § p < 0.05 vs the weight of untrained 

EAE mice at 21 d.p.i.  (B): weight gain at 14 and 21 d.p.i. in the animals belonging to the following 

groups: (white circle) control mice, (white triangle) trained control mice, (grey cicle) untrained 

EAE mice, (grey triangle) trained EAE mice. The weight gain is calculated as percentage of the 

weight of the animal at 7 d.p.i.. The results are expressed as average (mean ± SEM) of data from 16 

mice for each group. +++ p < 0.001 vs weight gain in untrained control mice at 21 d.p.i.; ° p < 0.05 vs 

the weight gain of trained EAE mice at 14 d.p.i.; §§ p < 0.01 vs the weight gain of trained EAE mice 

at 21 d.p.i.. 
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Fig. 3. Effects of environmental training on the spontaneous motor activity and the curiosity in 

control and EAE mice. (A): spontaneous locomotor activity was quantified as number of times a 

mouse crossed into an adjacent square in the open field. (B): in the same experimental paradigm 

curiosity was quantified as number of nose-poke. (C): Explorative behaviour was quantified as 

number of transitions (n° transitions) in the light dark box as well as total time spent into the lighted 

compartment of the light dark box (time in the light, D). White bar: control untrained mice; white 

cross-hatched bar: control trained mice; grey bar: untrained EAE mice; grey cross-hatched bar: 

trained EAE mice. The results are expressed as average (mean ± SEM) of data from 10 mice for 

each group of animals. * p < 0.05 vs control untrained mice; ** p < 0.01 vs control untrained mice;  # 

p < 0.05 vs untrained EAE mice; ## p < 0.01 vs untrained EAE mice. 

 

Fig. 4. Effects of environmental training on demyelination and inflammation in the cortex of 

untrained control (control), trained control (control EE), untrained EAE (EAE) and trained EAE 

(EAE EE) mice at the acute stage of disease. (A): Luxol Fast Blue (LFB) stained myelin in blue. 

Representative images of corpus callosum and SVZ areas of each group are shown. (B) 

Hematoxylin and Eosin (H&E) stains cells and tissue components. Representative images of corpus 

callosum and SVZ areas of each group are shown. (C): quantitative evaluation of inflammatory 

infiltrates in the corpus callosum and SVZ areas of untrained control (control, white bar), trained 

control (control EE, white cross-hatched bar), untrained EAE (EAE, grey bar) and trained EAE 

(EAE EE, grey cross-hatched bar) mice. * p < 0.05 vs untrained control mice; # p  < 0.05 vs 

untrained EAE mice. Scale Bar: 100 ȝP� 

 

Fig. 5. Effect of environmental training on the depolarization-evoked exocytosis of endogenous 

glutamate from nerve terminals isolated from the cortex of control and EAE mice. Untrained (white 

bar) control mice, trained (white cross-hatched bar) control mice, untrained (grey bar) EAE mice 

and trained (grey cross-hatched bar) EAE mice were sacrificed at 21 ± 1 d.p.i.  and  cortical 
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synaptosomes were isolated to monitor the exocytosis of endogenous glutamate elicited by a mild 

(12 mM KCl) depolarizing stimulus. Results are expressed as KCl-evoked overflow; data are 

expressed as pmoles / mg protein and represent the mean ± SEM of eight experiments run in 

triplicate (three superfusion chambers for each experimental condition). * p < 0.05 vs control 

untrained mice; # p < 0.05 vs EAE untrained mice. 

 

Fig. 6. Effect of environmental training on the depolarization-evoked production of cAMP in nerve 

terminals isolated from the cortex of control and EAE mice. Untrained (white bar) control mice, 

trained (white cross-hatched bar) control mice, untrained (grey bar) EAE mice and trained (grey 

cross-hatched bar) EAE mice were sacrificed at 21 ± 1 d.p.i.  and  cortical synaptosomes were 

prepared to quantify the 12 mM K+-evoked production of the second messenger. Results are 

expressed as KCl-evoked cAMP production; data are expressed as pmoles / mg protein and 

represent the mean ± SEM of six experiments run in triplicate (three determinations for each 

experimental condition). * p < 0.05 versus control untrained mice; # p < 0.05 versus EAE untrained 

mice. 

 

Fig. 7.  Effect of environmental training on the expression of cytosolic proteins involved in the 

transmitter exocytosis in cortical isolated nerve terminals from untrained control (control, white 

bar), trained control (control EE, white cross-hatched bar), untrained EAE (EAE, grey bar) and 

trained EAE (EAE EE, grey cross-hatched bar) mice. Mice were sacrificed at 21 ± 1 d.p.i.  and  

cortical synaptosomes were isolated to quantify the levels of Syntaxin-1a  (A), of SNAP-25 (B), of 

Munc-18 (C) and of Synaptotagmin 1(D). The mass of the proteins is expressed in kDa. The 

amount of these proteins was quantified with densitometric analysis and it was normalised to the 

content in the synaptosomal lysates of actin .The figure shows blots for each of the abovementioned 

proteins that are representative of 5 to 6 analysis carried out in different days with different 

synaptosomal lysates. Results are expressed as fold of increase with respect to the protein 
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expression in the cortical synaptosomes from untrained control mice. Protein weight is expressed in 

kDa. * p < 0.05 at least versus untrained control mice; ** p < 0.01 at least versus untrained control 

mice; # p < 0.05 at least versus untrained EAE mice;  § p < 0.01 at least versus trained control mice. 

 

 



Figure 1
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491110&guid=fd6ed9b5-1cd8-46eb-8488-2844acb630f0&scheme=1


Figure 2
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491111&guid=065499ab-f21c-46d9-834f-49fba9b96f16&scheme=1


Figure 3
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491112&guid=0c74eac4-1b72-4af3-a84a-a6b23ad4dc6f&scheme=1


Figure 4
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491113&guid=35842a9d-294f-48e5-9e4d-26fc6443fe2c&scheme=1


Figure 5
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491114&guid=13e5a356-cc2a-4206-ab2c-ef32ecfb737c&scheme=1


Figure 6
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491115&guid=5dd448b0-c461-43bc-81a7-32a4817865b1&scheme=1


Figure 7
Click here to download high resolution image

http://ees.elsevier.com/neuropharm/download.aspx?id=491118&guid=1e54cfb8-0317-472e-b83d-b7e81806a336&scheme=1

