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Abstract

Multiple sclerosis (MS) is an autoimmune degenerative disease targeting white mat-

ter in the central nervous system. The most common animal model that mimics MS

is experimental autoimmune encephalomyelitis (EAE) and it plays a crucial role in

pharmacological research, from the identification of a therapeutic target to the

in vivo validation of efficacy. Magnetic resonance imaging (MRI) is largely used to

detect MS lesions, and resting-state functional MRI (rsfMRI) to investigate alter-

ations in the brain functional connectivity (FC). MRI was mainly used in EAE studies

to detect lesions in the spinal cord and brain. The current longitudinal MRI study

aims to validate rsfMRI as a biomarker of the disease progression in the myelin oli-

godendrocyte glycoprotein 35–55 induced EAE animal model of MS. MR images

were acquired 14, 25, and 50 days postimmunization. Seed-based analysis was used

to investigate the whole-brain FC with some predefined areas, such as the thalamic

regions, cerebellum, motor and somatosensory cortex. When compared with the

control group, the EAE group exhibited a slightly altered FC and a decreasing trend

in the total number of activated voxels along the disease progression. The most

interesting result regards the whole-brain FC with the cerebellum. A hyper-

connectivity behavior was found at an early phase and a significant reduced connec-

tivity at a late phase. Moreover, we found a negative correlation between the total
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number of activated voxels during the late phase and the cumulative disease index.

The results obtained provide a clinically relevant experimental platform that may be

pivotal for the elucidation of the key mechanisms of accumulation of irreversible dis-

ability, as well as the development of innovative therapies for MS. Moreover, the

negative correlation between the disease severity and the size of the activated area

suggests a possible research pathway to follow for the resolution of the clinico-

radiological paradox.

K E YWORD S

experimental autoimmune encephalomyelitis, functional connectivity, multiple sclerosis, resting-
state fMRI

1 | INTRODUCTION

Multiple sclerosis (MS) is an autoimmune neurodegenerative disease targeting white matter (WM) in the central nervous system (CNS). In MS, the

immune cells attack the protective sheath of nerve fibers in the CNS, leading to demyelination and axonal damage.1 As such, remyelination, reso-

lution of inflammation, and functional neuronal reorganization are key factors that may contribute to functional recovery.2

Magnetic resonance imaging (MRI) is essential in diagnosing MS, highlighting demyelinating lesions, CNS inflammation, edema, and axonal

damage.3

However, the discrepancy between the severity of clinical symptoms experienced by MS patients and the extent of radiological lesions

observed in imaging studies has been reported, laying the foundation for the so-called clinico-radiological paradox.4 Some patients may exhibit

only mild or moderate symptoms despite having many lesions visible on MRI, while others may have severe symptoms despite few or no visible

lesions on MRI. Several factors may contribute to the clinico-radiological paradox in MS. One possible explanation is that not all lesions seen on

MRI are functionally relevant or active. Some lesions may be old and inactive, while others may be in areas of the brain that are not crucial for

cognitive or motor function. Additionally, some patients may exhibit compensatory mechanisms or functional reorganization that help to mitigate

the effects of lesions in critical areas.4 Such discrepancy has pushed toward functional MRI (fMRI) studies that allow investigating the functional

changes in brain activity and elucidating possible brain plasticity.5,6 Since the early 2000s, fMRI studies have demonstrated a reorganization of

the cortical areas recruitment during motor, sensory, and cognitive tasks in MS patients.5,6 However, factors such as subjective ability in executing

tasks, age, gender, different stage of CNS inflammation, and the potential effect of treatments can lead to deceptive interpretation of the task-

based fMRI studies in humans.

The analysis of brain functional connectivity (FC) at rest is a possible approach to overcome some of these limitations. Resting-state fMRI

(rsfMRI) is a relevant imaging tool that allows to evaluate regional functional interactions within the brain among different brain regions that are

spatially distinct. These regions of well-organized brain activity are known as resting-state networks (RSNs).7,8 Relevant FC alterations have been

reported in MS.9,10 Specifically, increased FC at an early stage of the disease has been found in MS patients and interpreted as adaptive brain

reorganization, although such an adaptive phenomenon may be present in the early stage of the disease and lost during advanced stages.11,12 The

rsfMRI approach can be a useful tool with which to classify the disease state in MS patients, with the ultimate aim of identifying new biomarkers

to establish prognosis and monitor treatment efficacy.13,14

Experimental models of MS play a crucial role in pharmacological research, from the identification of a therapeutic target to the in vivo

validation of efficacy. Experimental autoimmune encephalomyelitis (EAE) is the most common animal model of MS, and can be induced in dif-

ferent animal species, including rodents. Myelin oligodendrocyte glycoprotein 35-55 (MOG35–55) is a potent encephalitogenic peptide in

C57Bl/6 (H-2b) mice, and immunization with this peptide leads to chronic progressive disease.15,16 Our group has previously demonstrated

that functional reorganization of the cerebral cortex in response to somatosensory stimulation occurs in an experimental model of MS in

rats.17 Despite the recognized relevance of fMRI studies in humans,14 this approach has not been deeply investigated in the EAE model. In

the current rsfMRI study we report a longitudinal investigation of FC alterations in the MOG35–55-induced EAE model of MS. The greatest

advantage of rsfMRI is its translational potential; in fact, no stimulus is applied to animals, providing suitable conditions for the analysis of FC

using methods analogous to those used in humans. To the best of our knowledge, this is the first rsfMRI investigation of the EAE animal

model of MS.

This study aims to validate rsfMRI as a biomarker of the disease progression in the EAE animal model of MS. The results obtained can provide

a clinically relevant experimental platform that may be pivotal for the elucidation of key mechanisms of accumulation of irreversible disability and

the development/testing of innovative therapies for MS.
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2 | MATERIALS AND METHODS

2.1 | Animals and EAE induction

Chronic EAE was induced as previously reported.18 Briefly, a total of 50 8–10-week-old C57Bl/6 female mice were purchased from Envigo RMS

Srl (San Pietro al Natisone, Italy). A group of 27 mice (the EAE group) were immunized by subcutaneous administration with 150 μg of MOG35–55

peptide in complete Freund's adjuvant (Becton Dickinson) containing 0.8 mg/mL heat-killed Mycobacterium tuberculosis (Becton Dickinson). The

mice were also injected intravenously with pertussis toxin (1040 ng; List Biological Laboratories) on the day of immunization and after 48 h. A

control (CTR) group of 19 mice received complete Freund's adjuvant and pertussis toxin, but no MOG35–55 peptide. Four mice were used in pre-

liminary MRI experiments to set up the acquisition protocol. The mice were housed in pathogen-free, climate-controlled facilities and were pro-

vided with food and water according to current European Community laws. All mouse experiments were carried out in accordance with

experimental guidelines approved by the University of Verona committee on animal research (Centro Interdipartimentale di Servizio alla Ricerca

Sperimentale) and by the Italian Ministry of Health. Protocol numbers 33588, 30969, and 96/2023-PR were used for the in vivo studies in this

manuscript.

2.1.1 | EAE clinical score

For clinical signs of the disease, the EAE mice were examined up to 50 days postimmunization (dpi), and the neurological deficits were graded

according to a standard 0–5 scale: 0 = healthy; 1 = limp tail (onset of the disease); 2 = ataxia and/or paresis of hind limbs; 3 = paraplegia;

4 = paraplegia with forelimb weakness or paralysis; and 5 = moribund or dead animal.18 Moreover, to quantify the overall disease severity at the

end of the experiment, the cumulative disease index (CDI) was determined by calculating the area under the clinical score curve over time for each

animal.17

2.2 | Preparation for MRI and rsfMRI

For rsfMRI, mice were anesthetized according to a previously published work.19 Initially, to ensure proper positioning of the mice in the scanner,

they were anesthetized with 2% isoflurane (Isoflurane-Vet, Merial, Italy) in a mixture of O2/N2 30/70. Once the mice were correctly positioned,

isoflurane anesthesia was slowly discontinued, and a subcutaneous injection of 0.3 mg/kg of medetomidine (Domitor, Pfizer Animal Health,

Germany) was administered. Five minutes before the rsfMRI acquisition, the isoflurane level was reduced to 0.4% and maintained at this level dur-

ing the acquisition of rsfMRI data. For all mice, rsfMRI scans were acquired approximately 25 min after anesthesia induction. For the remaining

part of the imaging procedure, isoflurane was newly increased (0.5%–1%). After the imaging procedures, the medetomidine effect was

counteracted with the injection of 0.1 mg/kg atipamezole (Antisedan, Pfizer Animal Health, Germany). The anesthesia procedure was maintained

consistently across all acquisitions, in accordance with the experimental procedure.19 The MRI acquisition protocol, described below, lasted

approximately 50 min. The respiratory rate, body temperature, and ECG rate were continuously monitored using a PC-SAM Small Animal Monitor,

and the blood pCO2 level was additionally monitored using a TCM4 Transcutaneous Blood Gas Analyzer (Radiometer). During the imaging session,

these parameters remained within a physiological range, guaranteeing the sedation of each animal and the reproducibility of this protocol. Specifi-

cally, the mean value of body temperature across all subjects and time points was 36.4 ± 0.01�C, while the mean value of pCO2 was 66.2

± 1.1 mmHg, and the mean respiratory rate was 95.2 ± 1.5 breaths/min (values reported as mean ± SEM). Mice outside these ranges were dis-

carded. A total of six mice were discarded.

2.3 | MRI acquisition

Images were acquired using a Bruker Biospec tomograph (Bruker, Ettlingen, Germany) operating at 7 T and a cross-coil configuration. A 7.0-cm

internal diameter, bird cage volume coil was used for transmission and a helmet-shaped surface coil specific for the mouse brain was used as

receiver. The scanner was operated using Paravision, version 6.0.1 (Bruker). The MRI acquisitions were performed in the following order: localizer

acquisition, rsfMRI, diffusion tensor imaging (DTI), and T2-weighted anatomical scans.

RsfMRI was performed with a single shot echo planar imaging (EPI) sequence with the following parameters: TR = 1200 ms, TE = 11 ms,

MTX = 80 � 80, number of slices = 24, slice thickness = 0.5 mm, FOV = 20 � 20 mm2, 300 volumes, and total acquisition time = 6 min. A sin-

gle EPI sequence with reversed phase-encode blips was also acquired for the correction of susceptibility-induced distortions.
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DT images were acquired with an EPI sequence with the following parameters: TR = 1200 ms, TE = 24.5 ms, MTX = 192 � 192, number of

slices = 24, slice thickness = 0.5 mm, FOV = 20 � 20 mm2, EPI segments = 2, 30 diffusion directions at b = 1000 s/mm2 and three b0 images,

and total acquisition time = 33 min 36 s. A set of b0 images with reversed phase-encode blips were also acquired for correction of susceptibility-

induced distortions.

T2-weighted anatomical images were acquired with a rapid acquisition with relaxation enhancement (RARE) sequence with the following

parameters: TR = 5960 ms, TEeff = 39 ms, MTX = 256 � 256, number of slices = 48, slice thickness = 0.25 mm, FOV = 20 � 20 mm2, RARE

factor = 8, NEX = 4, and total acquisition time = 9 min 32 s.

2.4 | MR image processing

All MR images were converted to NIFTI file format, and the voxel size was scaled with a 10x factor to be compliant for subsequent processing.

Structural T2-weighted images were analyzed with FMRIB Software Library (FSL),20 similar to our previous work.21,22 Briefly, total brain tis-

sue, gray matter (GM), WM, cerebellar cortex, striatum, and intraventricular cerebrospinal fluid (CSF) were segmented to obtain their volumes.

DTI data were denoised with MRtrix323 and corrected for susceptibility-induced distortions with topup24 (part of FSL) using the reversed

phase-encode blips images. Eddy current-induced distortions and subject movements were corrected with eddy25 (part of FSL). DT images were

then fitted with the diffusion tensor model with dtifit (part of FSL) to obtain fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity

(AD), and radial diffusivity (RD).

RsfMRI data were first corrected for susceptibility-induced distortions with topup using the reversed phase-encode blips images. The

preprocessing was then carried out similarly to our previous work.26,27 Briefly, the preprocessing was run with the MELODIC tool of FSL and con-

sisted of motion correction, slice timing correction, and spatial smoothing with a full width at half maximum of 5.0 mm. Functional data were then

analyzed with independent component analysis (ICA) and the resulting components were manually labeled as true signal or noise in 14 subjects

(seven CTR and seven EAE) randomly chosen in our dataset-artifact signals,28,29 to identify the RSNs in the functional data and to regress out the

noise from the full dataset (84 MRI acquisitions). FIX was run with the �m option to additionally clean up the motion confounds.

2.5 | Data analysis

The Allen mouse Brain Atlas (ABA; https://mouse.brain-map.org/) was nonlinearly registered to T2-weighted images then mapped onto rsfMR

and DT images with a second linear registration step to obtain a parcellation of the brains in each subject space. The parcellation consisted of

49 regions of both WM and GM.

Whole-brain, cerebellar cortex, striatum, and total intraventricular CSF volumes were calculated for each subject at each time point according

to T2-weighted images segmentation and ABA parcellation.

The mean values of the FA, MD, AD, and RD parameters were calculated for each subject at each time point in the WM and GM regions

according to ABA parcellation.

2.5.1 | Analysis of rsfMRI data

Independent component analysis

To estimate FC, a group ICA was performed in the preprocessed and normalized dataset using GIFT v. 3.0b (Group ICA of fMRI toolbox: https://

trendscenter.org/software/), working in MATLAB (version 2022a; MathWorks). The analysis was performed multiple times with varying numbers

of independent components (ICs) (i.e., 15, 20, 25, 30, 35, and 40). Ultimately, the number of ICs was set to 40 because it preserved the spatial

information while maintaining the integrity of fMRI signals in identifiable neuroanatomical systems.30 Group ICA was carried out using the

Infomax algorithm, with no autofill of data reduction values, variance normalization as data preprocessing type, a brain mask to remove nonbrain

signal, and GICA as the back reconstruction method. All the other parameters were set as default. The spatial ICs maps were scaled to Z-scores

with a threshold of jZj more than 1.7 (corresponding to uncorrected p < 0.05, two-tail test).31 ICs were overlaid onto the mouse ABA to aid struc-

tural identification and were named according to the regions they overlapped with. Finally, the ICs maps were visually inspected, and a component

classification was performed based on a defined set of rules.32 A component was considered acceptable if: (i) it was characterized with bilateral

organization or, at least, unilateral with a corresponding separate contralateral component; (ii) a low number of large clusters localized in the GM

and continued across slices; and (iii) very low or absent overlap with WM, CSF, blood vessels, and brain boundaries. Consequently, components

characterized with a large number of small noncontiguous clusters, high overlapping with one or more of WM, CSF, blood vessels, and brain

boundaries, were classified as noise components and discarded.32,33 The set of spatial maps from the group-average analysis was used to generate
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subject-specific versions of the spatial maps and associated time series, using dual regression (part of FSL).34 First, for each subject, the group-

average set of spatial maps was regressed (as spatial regressor in a multiple regression) into the subject's 4D space–time dataset. This resulted in

a set of subject-specific time series, one per group-level spatial map. Next, those time series were regressed (as temporal regressors in a multiple

regression) into the same 4D dataset, resulting in a set of subject-specific spatial maps, one per group-level spatial map. Finally, FC group differ-

ences were tested using FSL's randomize permutation-testing tool with 10,000 permutations.34,35

Seed-based analysis

The ICA-based cleaning functional data were used as the input for the seed-based analysis (SBA).36 Data processing was conducted using

FSL/FEAT.37–39 Seed regions were selected based on anatomical structures belonging to networks of interest observed in the ICA maps. Five

bilateral seeds of 27 voxels placed with a spherical pattern were manually traced on coronal sections in the primary motor cortex (M1), primary

somatosensory barrel field cortex (S1BF), cerebellum (CBM), medial dorsal thalamus (MDTh), and lateral dorsal thalamus (LDTh), using the mouse

ABA as template (see Figure S1). To generate an individual whole-brain correlation map,38 the average time series were extracted from each seed

and correlated with the time series of all voxels in the brain. Group-level analyses37,39 were performed for each seed region using a mixed effects

FLAME 1 model and a two-groups unpaired t-test. Z statistic maps of clusters, for both individual and group analyses, were defined by a Z thresh-

old of more than 3.1 and a corrected cluster P threshold = 0.05 using Gaussian Random Field theory.40

2.6 | Statistical analysis

To detect differences between the CTR and EAE groups in DTI and volumetric data, the statistical analysis was carried out in MATLAB (version

2022a; MathWorks) with a mixed-effects model approach to cope with repeated measurements and random missing data because of experimen-

tal limitations. Statistical analysis was corrected for multiple comparisons with the Bonferroni method.

Statistical analysis of rsfMRI data was performed with OriginPro, Version 2022 (OriginLab Corporation, Northampton, MA, USA).

The mean z-stat value from the subject whole-brain correlation map was used to define the FC value. The Kruskal–Wallis test was employed

to assess statistical differences in longitudinal FC values within both the CTR and EAE groups. Bonferroni's adjustment was applied to compensate

for multiple comparisons. The Mann–Whitney–Wilcoxon test was used for group comparisons, that is, to test differences between the CTR and

EAE groups at each time point, with the null hypothesis being median1 = median2.

The correlation between CDI and all MRI-derived parameters (FA, MD, RD, AD, total number of activated voxels, and z-stat value) was

assessed using Pearson's correlation coefficient (r). Moreover, the same procedure was applied to investigate the correlation between the rsfMRI

and DTI parameters.

For all the statistical analyses conducted, a p value below 0.05 was regarded as statistically significant. Values reported are expressed as mean

± SEM.

3 | RESULTS

3.1 | EAE development

EAE disease development is shown in Figure 1A. In most mice, the first episode of tail weakness occurred between 9 and 16 dpi. The peak of EAE

clinical severity was considered as the time point at which mice exhibited paraplegia and it was reached at 22–25 dpi. An incomplete remission of

clinical disabilities persisted up to 50 dpi during the chronic phase of disease. Thus, the EAE deficits persisted during the disease, showing how-

ever a minor severity during the late chronic phase. Overall, the EAE score was in line with our previously reported data.18

3.2 | Morphological imaging

Whole-brain, CBM, striatum, and intraventricular CSF volumes analysis, based on T2-weighted images (representative EAE mouse brain in

Figure 1B), did not reveal statistically significant differences between groups at any time point. Additionally, the time evolution of the analyzed

volumes did not differ between the CTR and EAE mice. The average volumes of the whole-brain, CBM, striatum, and intraventricular CSF struc-

tures of both CTR and EAE mice are reported in Figure 1C,D,E,F, respectively. Moreover, comparative brain volumetry of GM and WM did not

show any statistically significant difference between groups at any time point.
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F IGURE 1 Clinical score recorded along with EAE course and cerebral volumes. (A) Time course of clinical score in control (CTR) and EAE
groups up to 50 days postimmunization (dpi). The black arrows indicate the day upon which all the mice underwent MR acquisition.
(B) Representative T2-weighted MR images of an EAE mouse. (C) Quantification of whole-brain, (D) Cerebellar cortex, (E) Striatum, and
(F) Intraventricular CSF volumes of CTR and EAE mice determined at different time points. All data are represented as mean ± SEM. No
statistically significant difference was identified between the groups. CSF, cerebrospinal fluid; EAE, experimental autoimmune encephalomyelitis.

6 of 15 BONTEMPI ET AL.
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3.3 | Diffusion tensor imaging

The analysis of DTI-derived metrics revealed that MD and RD in WM regions, namely, brainstem (medulla and pons), corpus callosum, and

corticospinal tract, showed a time trend that was significantly different (p < 0.05) in CTR versus EAE mice. Specifically, the MD and RD values of

WM regions showed a positive trend over time in EAE mice (1.50*10�6 mm2/s * day�1, Figure 2B on the right, and 1.45*10�6 mm2/s * day�1,

Figure 2C on the right, respectively), while in CTR mice the trend was not significantly different from zero (Figure 2B and Figure 2C, both on the

F IGURE 2 DTI results. (A) Representative MD maps of three axial slices. (B) Time evolution of MD in WM regions of the CTR group on the
left and the EAE group on the right. (C) Time evolution of RD in WM regions of the CTR group on the left and the EAE group on the right. CTR,
control; dpi, days postimmunization; DTI, diffusion tensor imaging; EAE, experimental autoimmune encephalomyelitis; MD, mean diffusivity; RD,
radial diffusivity; WM, white matter.
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left). Groupwise differences became significant (p < 0.05) at the third time point, that is, 50 dpi, when MD and RD in EAE mice was higher than in

CTR mice (7.02*10�4 vs. 6.59*10�4 mm2/s and 5.60*10�4 vs. 5.18*10�4 mm2/s, respectively). No group differences were found in either FA or

in AD. As far as GM is concerned, no group differences were found in all parameters. No correlation was observed between DTI parameters

and CDI.

3.4 | Resting-state functional MRI

3.4.1 | Independent components analysis

Group ICA was performed using 40 components. After visual inspection, following the rules for ICA classification previously reported in the ICA

paragraph of the Materials and Methods section, 10 components were classified as being of non-blood oxygen level-dependent (BOLD) artifactual

origin and the remaining 30 components as signal-component. When compared with known neuroanatomical regions, most of the signal-

components showed a strongly symmetric interhemispheric connectivity, comparable with the functional networks reported in previous rsfMRI

studies of mouse brain.31–33 Bilateral components that overlapped onto cortical and subcortical areas were found in several regions, including the

M1, somatosensory cortex (SS), auditory cortex (Au), retrosplenial cortex (RSC), visual cortex (VIS), olfactory bulb (OB), CBM, inferior colliculus

(IC), amygdala, and medial septal nuclei (Figure 3). It should be noted that RSC and VIS are involved in the default mode network (DMN), a net-

work identified in the rest condition.41 The components that properly matched the hippocampus (HP), caudate putamen (Cpu), and entorhinal area

(En) were split up in two or more components (see Figure S2). These networks were consistently identified in both the CTR and EAE groups. No

statistically significant difference was detected between groups at each time point.

3.4.2 | Seed-based analysis

Because we had prior knowledge regarding which regions may be affected, based on human and murine studies, we applied SBA. As specified in

the Materials and Methods section, seeds were placed in regions known to be involved in human MS or in the EAE model,17 like the motor cortex,

SS, cerebellum, and thalamus. The group-level maps showed that both the CTR and EAE groups exhibited interhemispheric and intrahemispheric

connectivity. The FC was estimated as the mean z-stat value calculated from individual whole-brain correlation maps. Figure 4 reports the results

obtained by placing the seeds in the CBM. In Figure 4A, the 3D reconstruction of activated voxels is reported at different time points for the CTR

and EAE groups. The brain areas correlated with the seeds for the CTR group at all time points were identified in the anterior cingulate cortex

(ACC), M1, the secondary motor cortex (M2), SS, posterior parietal association area, VIS, dorsal striatum, and RSC. Interestingly, all these regions

were also highlighted in the EAE group at 14 and 25 dpi, with a diffuse involvement of the whole cortical area and the CBM, mainly at the onset

of the disease. At 50 dpi, the EAE group revealed that correlation with the seeds was weakly maintained only with the M1 and VIS. Visually, the

maps in Figure 4A show that the number of activated voxels tends to remain constant over time in the CTR group, while a decreasing trend can

be observed in the EAE group. Quantitative values obtained from such group-level maps are reported in Figure 4B. In Figure 4C, the quantitative

data obtained from the activation maps are reported by calculating the mean z-stat value. The z-stat value was significantly different in the EAE

group between 14 and 50 dpi. Although a decreasing trend could be visually observed in the CTR group, no statistically significant difference was

found in this group over time. Moreover, it is interesting to note that at 14 dpi the number of activated voxels is much higher in the EAE group

(Figure 4B), while the mean z-stat value is lower (Figure 4C). Finally, there was a statistically significant correlation between the number of acti-

vated voxels and CDI (r = �0.70, p = 0.007) at 50 dpi (Figure 4D).

Figure 5 summarizes the results obtained by placing the seeds in other brain regions: the M1 (A), S1BF (B), and LDTh (C). Each panel shows

the 3D reconstruction of activated voxels and the relative mean z-stat value. Panel (A) of Figure 5 reports the results obtained by placing the

seeds in the M1. In the CTR group, the BOLD fMRI signal of the motor cortex is highly correlated with S1BF, dorsal striatum, Au, RSC, VIS, and

CBM. These correlations were maintained at 25 and 50 dpi. The same areas were also identified in the EAE group at 14 dpi, with reduced involve-

ment of VIS and SS compared with the CTR group. Qualitatively, it is noticeable that there is a decreasing trend in the number of activated voxels

in the EAE group along the disease progression, with reduced involvement of CBM and VIS, especially at 50 dpi. Quantitative data show that the

FC, measured from z-stat values, was statistically significantly lower for the EAE than for the CTR group at 14 dpi (p < 0.05). No other statistically

significant differences were detected between the groups.

Panel (B) of Figure 5 is similar to panel (A), but refers to seeds in the S1BF. In the CTR group, we observed a strong correlation with the other

area of SS, for example, the upper limb (S1UL) and lower limb (S1LL), supplementary somatosensory area (SMA), M2, RSC, VIS, and ventral

Au. These regions were also identified in the EAE group at 14 dpi. Qualitatively, it was appreciable a decreasing trend in the number of activated

voxels in the EAE group over the course of the disease progression. No statistically significant differences in mean z-stat values were found

between the CTR and EAE groups at any time point.
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F IGURE 3 Legend on next page.
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Panel (C) of Figure 5 shows the seed-based connectivity between the LDTh and the whole brain. At 14 dpi, in the EAE group, the brain areas

correlated with the LDTh were hippocampal commissure, hypothalamus, HP, orbital area, ACC, and S1BF. At 25 and 50 dpi, the number of corre-

lated areas decreased, and the LDTh region was only correlated with the hippocampal commissure and HP, as observed in the CTR group at all

time points. Along the disease progression, the FC significantly decreased between 14 and 50 dpi. These findings resemble results reported in

human MS, as we will discuss in more detail in the Discussion section. Similar findings were observed in the case of seeds placed in the MDTh

(see Figure S3).

In the three cases presented in Figure 5, no statistically significant differences were found in the z-stat values for the CTR group over time.

Moreover, at 50 dpi, no correlation was observed between the rsfMRI-derived parameters and CDI in the EAE group.

Finally, no correlation was observed between the number of activated voxels and DTI parameters, at all time points.

F IGURE 3 Spatial maps of bilateral functional connectivity resulting from 40 components group ICA (GIFT) of rsfMRI. The spatial color-coded
z-maps of the components are overlaid on the Allen mouse Brain Atlas (ABA). According to the mouse ABA parcellation, the resting-state
networks were found in the cortex, cerebellum, basal ganglia, and limbic system. (A) Primary somatosensory cortex (S1), mouth; (B) Auditory
cortex (Au); (C) Primary somatosensory cortex, upper limb (S1UP); (D) Primary motor cortex (M1); (E) Retrosplenial cortex (RSC) and visual cortex
(VIS); (F) Ventral hippocampus (HP); (G) Amygdala; (H) Medial septal nuclei; (I) Midbrain, motor related; (J) Olfactory bulb (OB); (K) Cerebellar
cortex, inferior colliculus (IC); (L) Medulla, motor related. All the components are shown in radiological convention. ICA, independent component
analysis; rsfMRI, resting-state functional MRI.

F IGURE 4 Seed-based analysis performed with seeds in the cerebellum. (A) Group-level maps of functional connectivity obtained from the
analysis at 14, 25, and 50 days postimmunization (dpi) in both control (CTR) and EAE groups. The spatial color-coded z-maps are overlaid on the
Allen mouse Brain Atlas. (B) Number of activated voxels related to panel (A). (C) Average functional connectivity value obtained from z-stats maps
of each subject at 14, 25, and 50 dpi. **p < 0.01. (D) Correlation between the number of activated voxels at 50 dpi and the corresponding
cumulative disease index (CDI) calculated for each subject at 50 dpi. Total number of acquisitions: CTR = 41, EAE = 43. EAE, experimental
autoimmune encephalomyelitis.
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4 | DISCUSSION

EAE is a widely used experimental model of autoimmune inflammatory disease of the CNS, and, despite having some limitations, it mimics several

aspects of human MS. In particular, the clinical signs of the EAE model, such as motor weakness, ataxia, and spasticity, resemble those observed

in MS patients. Additionally, the pathological features of EAE, including inflammation, demyelination, and axonal damage, mirror those seen in

human MS.16 Moreover, because of the incomplete resolution of inflammation and demyelination after the disease peak, the MOG35–55-induced

EAE model used in this study represents a suitable tool for the study of chronic inflammatory demyelination, resembling the one experienced by

MS patients. Indeed, past investigation conducted exploiting this experimental model has contributed to a deeper understanding of the MS-

associated pathological processes and also to the development of drugs currently used to treat patients.42–45 The EAE mouse model is mainly

used to study structural damage and could provide a way to investigate the mechanisms that lead to inflammatory processes, demyelination, and

F IGURE 5 Seed-based analysis performed with seeds in the motor cortex, somatosensory cortex, and lateral dorsal thalamus. (A) On the left:
group-level maps of functional connectivity obtained by placing seeds in the motor cortex from the analysis at 14, 25, and 50 days
postimmunization (dpi) in both control (CTR) and EAE groups. The spatial color-coded z-maps are overlaid on the Allen mouse Brain Atlas. On the
right: average functional connectivity value obtained from z-stats maps of each subject at 14, 25, and 50 dpi. *p < 0.05. (B) On the left: group-
level maps of functional connectivity obtained by placing seeds in the somatosensory cortex. On the right: average functional connectivity value
obtained from z-stats maps of each subject. (C) On the left: group-level maps of functional connectivity obtained by placing seeds in the lateral
thalamus. On the right: average functional connectivity value obtained from z-stats maps of each subject. **p < 0.01. Total number of

acquisitions: CTR = 41, EAE = 43. EAE, experimental autoimmune encephalomyelitis.
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axonal lesions in human MS.16 This allows researchers to study the mechanisms contributing to the development of MS symptoms and gain new

insights into its pathological processes, favoring the identification of new treatment strategies. The EAE model has been shown to reflect the

polygenic and multifactorial nature of MS in humans,46 and a genome-wide study on an EAE model using a similar induction protocol with

MOG35–55 peptide in adjuvant supplemented with Mycobacterium tuberculosis identified linkages on 18 chromosomes harboring loci controlling

EAE, thus highlighting the genetic underpinnings of this model.47

MRI is a powerful imaging tool largely used in human MS to detect lesions in the CNS.3 Despite the recognized relevance of fMRI studies in

humans,14 this approach has not been deeply investigated in the EAE model.

To the best of our knowledge, this study is the first to explore rsfMRI to define innovative biomarkers of the EAE disease progression. In this

longitudinal MRI study, performed at three time points (14, 25, and 50 dpi), we focused on the effect the EAE model had on the brain and its func-

tional organization.

Resting-state data were analyzed with two approaches, namely, ICA, to investigate RSNs, and SBA, to investigate whole-brain FC with some

predefined brain areas (the M1, S1BF, CBM, and thalamic regions). While the first approach did not reveal group differences in RSNs, the SBA rev-

ealed that the FC of the EAE group exhibited slight alterations compared with the CTR group. Specifically, whatever the area under investigation

is, a decreasing trend in the total number of activated voxels was observed in the EAE group as the disease progressed.

The main outcome focused on the whole-brain FC with the cerebellar area. The SBA in the CTR group revealed that the CBM was function-

ally connected with the motor area, ACC, RSC, dorsal striatum, SS, and VIS at rest. Interestingly, at the onset of the disease, EAE mice showed

increased and more distributed brain activation of the whole cortical area and the CBM, but with lower strength compared with the CTR group.

This suggests an initial compensatory mechanism where the brain recruits wider brain regions to limit the functional effects of the pathology.

However, during the late chronic phase, the FC between the CBM and the whole brain significantly decreased, possibly indicating that the cumu-

lative damage impairs the CBM's ability to maintain such FC. Indeed, a negative correlation was found between the number of activated voxels

and CDI calculated for each subject at 50 dpi. Consequently, because a higher CDI value translates to higher disease severity, we found that the

higher the disease severity, the lower the total number of connected voxels. These results suggest alterations in the CBM that modify its FC with

the whole brain and are correlated with the disease severity. It is well known that the main effect provoked by this EAE mouse model is the demy-

elination in the WM of the spinal cord, which leads to gradual loss of motor function and the manifestation of clinical disability. Moreover, another

important outcome of this EAE model is inflammation of meninges and perivascular inflammatory cuffing in the cerebellum and hindbrain WM.48

Recently, widespread reduction of neuron, myelin, and axonal density in the cerebellum with long-term disease was reported in MOG35–55 EAE-

induced mice (66 days after induction).49

The whole-brain FC with the seeds placed in the M1, S1, and the thalamic regions showed only marginal alterations between the EAE and

the CTR groups. In the thalamus, there was an initial increase in the number of activated voxels compared with the CTR group, and the FC

showed a significant decreasing trend as the disease progressed. EAE also induced a decrease in the correlation between the M1 and whole brain

during the early phase of the pathology.

It is well known that, in the human brain, the damage caused by MS lesions can lead to a functional rearrangement to adapt to the new condi-

tion. An abnormal FC was found in several fMRI and rsfMRI studies conducted on patients affected by MS.14 These studies reported a mixed pat-

tern of increased and decreased seed-based FC. In MS, the cerebellum is one major site of disease pathology, leading not only to motor disability

and balance deficit, but also to cognitive dysfunction.50 Several rsfMRI studies, conducted in humans to examine the FC between different cere-

bellar areas and the entire brain, showed that this connectivity was altered.51–54 Our study showed an altered connectivity between the cerebel-

lum and the whole brain, characterized by an initial hyperconnectivity that was waning as the disease progressed. The early hyperconnectivity

was also found in some humans studies, and it was interpreted as a need to recruit new regions to compensate for the deficit.51,55 It has been

reported that functional changes in the human brain may result from structural changes not only in the cerebellum, WM, or GM, but also in the

deep GM, especially in the thalamic regions.56 In fact, the thalamus plays an important role in cognitive functions, which are impaired in human

MS. For this reason, several studies have focused their attention on the investigation of FC alteration for the thalamus57,58 and its subregions.59,60

Compared with healthy subjects, the findings of these studies indicated abnormality in the FC of the thalamus with the whole brain, resulting in

cognitive dysfunctions that affect patients with MS. Therefore, considering the role played by the thalamus within the brain network of humans

MS, we decided to inspect the FC between the thalamus and whole brain in the EAE animal model of MS. The EAE group showed both an initial

increase in FC and recruitment of brain regions that were not involved in the CTR group, and this behavior resembles what was observed in the

human studies cited above.57–60 Comprehensively, our rsfMRI findings suggest that the whole-brain seed-based FC of the EAE group increases at

the onset of the disease, followed by a progressive decrease. This early hyperconnectivity behavior is consistent with observations in MS patients,

where increased connectivity at disease onset may be related to an early compensatory mechanism that subsequently fails with the progression

of brain injury.11

While rsfMRI enables studying the functional architecture of the brain, DTI allows highlighting microstructural damage in the brains of

patients affected by MS.61 DTI was also largely applied in the EAE mouse model, specifically to detect the demyelination and the axonal damage

of WM spinal cord and optic nerve.62–64 Our DTI analysis focused on the brain and revealed that MD and RD values of WM regions, such as the

brainstem, corpus callosum, and corticospinal tract, increased as the disease progressed. An increase in the RD parameter was reported in the
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studies mentioned above,62–64 and was histologically associated with the loss of myelin membrane integrity. MD measures overall water motion,

and the increase of this parameter is a common finding in human MS. In particular, an increase of MD was related to the disruption of the myelin

sheath and axonal loss, resulting in increased water motion.65

Lastly, the volumetric analysis found no statistically significant differences in the whole-brain, cerebellar cortex, striatum, and intraventricular

CSF volumes. This finding is different compared with some studies reported in the literature. For example, Smith et al. reported that MRI brain

volumetry performed in a similar EAE model revealed a significant decrease in the aforementioned volumes.66 However, it must be considered

that different protocols for EAE induction may lead to different outcomes. For example, the peak of EAE in the current study comes at around

25 dpi, while in the study conducted by Smith et al. the peak occurs at around 14 dpi. Moreover, Smith et al. observed EAE mice until 126 dpi and

the differences tended to be more pronounced at the last time points, while in the current study the mice were only observed up to 50 dpi. Con-

sidering all of this, it is possible that our model is progressing more slowly and that we are observing an earlier phase of the disease, as opposed

to the observations made by Smith et al.66 Of course, this would represent a limitation of our protocol, but one which could be addressed in fur-

ther studies by extending the observation period. Other studies revealed subtle differences in whole-brain volume reduction along the disease

progression in the EAE mouse model.67,68 However, those studies focused on high-resolution morphological imaging, adopting high field imager

and high SNR cryogenic probes prioritizing spatial resolution. In our study, the main goal was to characterize the EAE mouse model from a micro-

structural and functional perspective, dedicating most of the imaging time to rsfMRI and DTI, thus reducing the time available for morphological

imaging.

In conclusion, rsfMRI could be an innovative biomarker of the EAE mouse model of MS. In this mice group, we identified alterations in FC

between the whole brain and the cerebellar and thalamic regions. Specifically, the FC between the cerebellum and whole brain exhibited a more

widespread activation during the early stage of the disease, which gradually decreased as the disease progressed. These alterations could be

exploited to test the efficacy of innovative treatments aimed at restoring normal FC in the diseased brain. Additionally, we found that the disease

severity negatively correlates with the size of the activated area, thus suggesting a possible research pathway to follow for the resolution of the

so-called clinico-radiological paradox.
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