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A B S T R A C T

Background and objectives: Magnetic resonance imaging (MRI) and neurohistopathology are important correlates 
for evaluation of disease progression in multiple sclerosis (MS). Here we used experimental autoimmune 
encephalomyelitis (EAE) as an animal model of MS to determine the correlation between clinical EAE severity, 
MRI and histopathological parameters.
Methods: N = 11 female C57BL/6J mice were immunized with human myelin oligodendrocyte glycoprotein 
1–125, while N = 9 remained non-immunized. Mice were scanned longitudinally over a period of 13 weeks using 
a 11.7 Tesla (T) Bruker BioSpec® preclinical MRI instrument, and regional volume changes of the lumbar spinal 
cord were analyzed using Voxel-Guided Morphometry (VGM). Following the final in vivo T1-weighted MRI scan, 
the lumbar spinal cord of each mouse was subjected to an ex vivo MRI scan using T1-, T2*- and diffusion tensor 
imaging (DTI)-weighted sequences. Tissue sections were then stained for immune cell infiltration, demyelination, 
astrogliosis, and axonal damage using hematoxylin-eosin staining and immunohistochemistry.
Results: While in vivo MRI VGM detected an overall increase in volume over time, no differences were observed 
between EAE animals and controls. Ex vivo MRI showed a generalized atrophy of the spinal cord, which was 
pronounced in the anterolateral tract. The most striking correlation was observed between EAE score, white 
matter atrophy in ex vivo T1-weighted scans and histological parameters.
Discussion: The data demonstrate that ex vivo MRI is a valuable tool to assess white matter atrophy in EAE, which 
was shown to be directly linked to the severity of EAE and spinal cord histopathology.

1. Introduction

Multiple sclerosis (MS) is a chronic neuroinflammatory demyelin
ating disease of the central nervous system (CNS) and the most frequent 
cause of irreversible neurological disability and premature retirement in 
young adults [1]. The clinical presentation of the disease is heteroge
nous with patients developing a multitude of symptoms in an unpre
dictable fashion [2]. The most common course of the disease, i.e., 
relapsing-remitting MS (RRMS), is characterized by acute episodes of 
neurological dysfunction (relapses) followed by phases of partial or 
complete recovery (remission) [3]. After about 10–20 years, most pa
tients with RRMS ultimately develop secondary progressive MS (SPMS) 

[4], which is characterized by continuous worsening of symptoms over 
time. About 10–20 % of patients present with primary progressive MS 
(PPMS), which is defined by a gradual disease progression from the time 
of onset [5].

The pathological hallmarks of MS are the presence of demyelinating 
lesions in the white matter of the CNS in addition to gray matter atrophy 
[6]. The extent of demyelination and axonal loss shows interindividual 
variability and also differs between lesions of the same patient [6]. 
Inflammation within and around lesions however is seen in all stages of 
MS [7] and involves, as suggested by neuropathology and genetic 
studies, cellular components and secreted factors of both the adaptive 
and innate immune systems [8], including T cells, B cells and myeloid 
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cells.
Overall, the unpredictability of disease development, progression 

and lesion pathology between patient subgroups and even between in
dividual patients within each MS subgroup makes the diagnosis of the 
disease difficult, especially at early stages [9]. The diagnosis of MS 
currently requires the fulfilment of the revised McDonald criteria [10] 
that combine clinical, laboratory and imaging parameters, the latter 
being mainly based on magnetic resonance imaging (MRI) [11]. The 
standardized MRI protocol for the initial assessment of MS combines 
sagittal T1- and T2-weighted sequences before and after the use of 
gadolinium-based contrast agents [12]. MRI-based lesion dissemination 
in space (DIS) and time (DIT) then justifies the diagnosis of MS [13].

MRI imaging is a powerful non-invasive method to detect properties 
of CNS tissue. As such, several MRI protocols are in use to monitor tissue 
changes that accompany the development of demyelinating lesions 
during the course of MS. On the one hand, three-dimensional T1- 
weighted brain scans of patients provide sufficient anatomical detail to 
robustly detect lesion dynamics [14]. Use of voxel-guided morphometry 
(VGM), a software that specializes in automated computing of 
displacement and volume changes in MRI scans, allows for the evalua
tion of lesion and atrophy progression over time [15].

On the other hand, diffusion tensor imaging (DTI) is suitable for 
quantifying demyelination and axonal loss in MS, showing a decrease in 
fractional anisotropy (FA-values) in inflammatory lesions [16]. T2*- 
weighted sequences are used for quantifying iron deposition [17], and 
recent studies have highlighted the clinically relevant association be
tween abnormal brain iron accumulation and clinical dysfunction in MS 
patients [18]. Indeed, the accumulation of iron indicates the presence of 
paramagnetic rim lesions (PRL), which are associated with a greater risk 
of relapse activity as well as disease progression independent of relapse 
activity (PIRA) [19,20].

Nevertheless, despite the advances in medical imaging as a non- 
invasive tool to reflect pathological changes in patients with MS [13], 
inconsistent MRI acquisition protocols between different clinical centers 
[21] and different levels of experience of the consulting (neuro)radiol
ogist may lead to misdiagnosis of the disease [22] or hamper the correct 
interpretation of progressive MS [23]. Integrating histopathological 
parameters with neuroimaging data would help to overcome the limi
tations of relying only on MRI. However, lesion biopsies from patients 
with MS are rarely acquired [24]. Furthermore, the available tissue 
samples underlie a bias since most are from older patients and hence 
predominantly include chronic lesions [25] or only represent a small 
part of a lesion [24]. Hence, the use of animal models can be useful not 
only to expand our understanding of the pathology and evolution of CNS 
lesions but also to study their association with MRI parameters. The 
direct comparison of MRI with tissue pathology can help to validate the 
accuracy of the imaging technique [26] and to draw conclusions about 
the underlying tissue pathology from non-invasive neuroradiological 
imaging, therefore representing a bridge between neuroradiology and 
-pathology [27].

In this study, on the one hand, we aimed to monitor morphometric 
changes in T1-weighted in vivo MRI scans of immunized mice using 
VGM. Our focus was on the lumbar spinal cord, because this CNS region 
is prominently histopathologically affected in the human myelin oligo
dendrocyte glycoprotein (hMOG)1–125 model and mainly responsible for 
the clinical deficits that are reflected by the EAE score [28]. Moreover, 
we analyzed differences in T1-, T2*- and diffusion-weighted ex vivo MRI 
scans comparing EAE mice and controls. Finally, we set out to determine 
correlations between clinical EAE, MRI and histopathological 
parameters.

2. Materials and methods

2.1. Induction of EAE and standard protocol approvals

N = 20 female 8-week-old wild-type (WT) C57BL/6J (B6) mice 

(Charles River, Sulzfeld, Germany) were kept under specific pathogen- 
free conditions at the animal facility of the Deutsches Zentrum für 
Neurodegenerative Erkrankungen (DZNE) in Bonn, with a 12 h light/ 
dark cycle and free access to standard rodent diet (Ssniff rat/mouse 
maintenance). All experiments were approved by the Landesamt für 
Natur-, Umwelt-, und Verbraucherschutz Nordrhein-Westfalen (LANUV) 
under the file number 81–02.04.2022.A122 and performed according to 
the criteria of the German Animal Welfare Law. They also complied with 
the 3R principles, the “Principles of Laboratory Animal Care” (NIH 
publication no. 86–23, revised 1985), and the ARRIVE guidelines for 
reporting animal research [29].

N = 11 mice were immunized at the age of eleven weeks with 
hMOG1–125 (Hooke Laboratories, Lawrence, MA, USA) in complete 
Freund’s adjuvant (CFA containing 0.5 mg/mL MOG1–125 and 2–5 mg/ 
mL Mycobacterium tuberculosis). A volume of 100 μL was injected in both 
sides of the flank, resulting in a total dose of 100 μg MOG1–125 being 
injected per mouse. Additionally, 110 ng of pertussis toxin (Hooke 
Laboratories) diluted in 100 μL sterile phosphate-buffered saline (PBS, 
Thermo Fisher, Waltham, MA, USA) was applied intraperitoneally on 
the day of immunization and 24 h later. Clinical signs of EAE were 
monitored daily and mice were scored using the following scale: 0 – no 
symptoms; 1 – partial or complete paralysis of the tail; 2 – complete 
paralysis of the tail and weakness of the hind limbs; 3 – complete pa
ralysis of the tail and hind limbs; 4 – quadriplegia; 5 – moribund. A 
control group of N = 9 mice remained non-immunized.

2.2. In vivo MRI acquisition

MRI acquisition was conducted at the animal facility of the DZNE 
using the 11.7 Tesla (T) Bruker Biospec (R) Small Animal MRI (Ettlin
gen, Germany) equipped with a planar receive-only surface loop coil 
with an inner diameter of 15 mm. For in vivo acquisitions, mice were 
scanned six days prior to immunization in order to obtain a baseline MRI 
for later comparison. We chose the following time points for MRI scans 
post immunization following the disease course of hMOG1–125-induced 
EAE [28]: 9 days (preclinical EAE), 14 days (peak of EAE), 23 days 
(subacute EAE), 30 days (disease plateau) and 87 days (chronic EAE). 
Control animals were scanned at baseline and 78 days later (Fig. 1A). A 
10-day difference between EAE and control animals was tolerated for 
the last time point, which was due to technical issues with the MRI 
scanner. Anesthesia was applied using 2 % isoflurane (Iso-vet®, 1000 
mg/g, Bad Oldesloe, Germany) for the entire duration of each scan 
(approximately one hour per scan). The lumbar spinal cord was located 
externally through palpation of the lumbar lordosis and the fourth 
lumbar vertebral body was identified using the three-plane MRI local
izer on Bruker’s Paravision software (ParaVision® 7), counting two 
levels up from the pelvic bone [30]. For in vivo MRI scans, 3D isotropic 
T1-FLASH scans were acquired with a repetition time (TR) of 50 milli
seconds (ms), an echo time (TE) of 2.5 ms and a resolution of 0.13 mm ×
0.13 mm × 0.13 mm.

2.3. Perfusion and tissue dissection

Within 24 h after the last in vivo MRI scan, mice were transcardially 
perfused using 4 % paraformaldehyde (PFA, Carl Roth, Karlsruhe, Ger
many). After dissection of the lumbar spinal cord, tissue samples were 
post-fixed overnight in 4 % PFA, and rinsed the next day in 0.1 M 
phosphate buffer (pH 7.4). The spinal cord segments were then 
embedded in 1 % agarose gel in 10 mL syringes for ex vivo MRI scans. 
Vertebra L4 used for orientation in in vivo scans could not be precisely 
located for ex vivo tissue dissection. Hence, a larger section of the lumbar 
spinal cord was harvested to include the spinal cord segment adjacent to 
the lumbar vertebra 4. We refer to this spinal cord segment as vL4 for 
“vertebra L4”, but note that this segment lies caudally to the actual 
lumbar spinal cord segment L4 from which the roots of the L4 spinal 
nerves originate.
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2.4. Ex vivo MRI acquisition

Ex vivo MRI scans were acquired using Bruker BioSpec® CryoProbe™ 
for enhanced image quality. The sequences acquired were (a) 3D T1- 
FLASH with TR = 30 ms, TE = 3.6 ms and a resolution of 0.075 mm 
× 0.075 mm × 0.1 mm and (b) 3D isotropic T2* with TR = 30 ms, TE =
10 ms and a resolution of 0.1 mm × 0.1 mm × 0.1 mm. DTI was per
formed by acquiring echo-planar imaging (EPI) with 96 diffusion- 
weighted directions and a resolution of 0.1095 mm × 0.1099 mm ×
0.5 mm. A different T1-weighted sequence was chosen for ex vivo scans 
compared to in vivo scans to acquire high resolution ex-vivo images using 
CryoProbe.

2.5. MRI analysis

VGM software (VGMorph GmbH, Mülheim an der Ruhr, Germany) 
was used for longitudinal analysis of in vivo T1-weighted 3D images. In 
our study, volumes were manually segmented in the axial plane using 
the pelvic bone and vertebral discs adjacent to vL4 as orientation points. 
Volume changes relative to the corresponding segmented baseline MRI 
volume were calculated in VGM on a per voxel basis. Heatmaps were 
generated from VGM data to illustrate local volume changes. For ex vivo 
T1 scans, five slices were selected from each tissue sample, two being 
located at opposite ends of the spinal cord segment, and three separating 
the longitudinal quartiles of the specimen. Since demyelinating lesions 
were shown to primarly affect the anterolateral white matter tract (ALT) 
in hMOG1–125-induced EAE [31], we chose to focus on this region for the 
analysis of volume changes. ALT volume changes were assessed as a 
ratio of the manually segmented ALT area and the entire spinal cord area 
(ALT/SC ratio) and compared between EAE mice and controls. Ex vivo 
T2* images were analyzed similarly except that we used ITKsnap version 
3.8.0 [32] to determine and compare intensity means for the ALT. ALT 
intensity means of each section were normalized to the adjacent ventral 
horn gray matter intensity means (ALT/VHGM ratio) to account for MRI 
gray value variations caused by differences in hardware status and 
acquisition time. Ex vivo DTI scan volumes were aligned using rigid body 
transformation [33], followed by FA map generation using DSI-Studio 
[34]. The ALT was manually segmented from five slices per animal 

and FA values were collected and compared between the two cohorts. 
T1-weighted ex vivo scans were analyzed in VGM by performing a group 
comparison between EAE mice and controls to assess focal atrophy in 
specific regions of the spinal cord. VGM determines the local volume 
differences between two scans by means of a rigid and a non-linear 
registration. First, each individual EAE mouse was compared to every 
control mouse, resulting in a set of maps of volume changes for each EAE 
mouse. These EAE mouse maps were then compared to a common 
reference to ensure equal spatial orientation. Mean, standard deviation 
and t-statistics on a per-voxel basis were calculated from the set of 
registered maps. Multiple-voxel testing was corrected by controlling the 
false discovery rate at Q = 0.1 using a Benjamini-Hochberg procedure 
[35] resulting in a threshold of P = 0.0079 (corresponding to -log10(P =
2.10) for statistically significant volume changes).

All scans were viewed, segmented and analyzed based on their in
tensity means and volumes using the VGM software as well as the open 
source software applications MRIcron version 1.0.20190902 [36] and 
ITKsnap version 3.8.0 [32].

2.6. Paraffin embedding

After the completion of ex vivo MRI scans, the spinal cord tissue was 
manually removed from the agarose. Samples were subsequently 
dehydrated in an ascending series of ethanol before being immersed in 
xylene and paraffin using the Tissue-Tek VIP 5 Jr. (Umkirch, Germany, 
Vacuum Infiltration Processor Sakura). For paraffin embedding, the 
Histocore Arcadia H (Leica, Nussloch, Germany) paraffin embedding 
station was used. The entire sample was cut into 10 μm-thin transverse 
sections using a HistoCore Multicut semi-automated microtome (Leica). 
Three consecutive sections were mounted onto a single Superfrost® 
(Thermo Scientific, Karlsruhe, Germany) slide. The serial collection of 
all sections was ensured throughout the entire process to maintain 
sequential arrangement as in the original sample. Every fifth consecutive 
slide was used for hematoxylin/eosin (HE) staining or immunohisto
chemistry, such that slides 1, 6, 11, 16, etc. were used for HE staining, 
while the remaining ones were used for immunohistochemistry (IHC) 
using different markers.

Fig. 1. Study design and EAE induction. 
(A) Overview of the experimental setup. For the in vivo study protocol, the baseline MRI scan was acquired on average 6 days before immunization of mice with 
hMOG1–125. Immunized animals (N = 11) were scanned on days 9, 14, 23, 30 and 87 post-immunization. Controls (N = 9) received no immunization and were 
subjected to only a single endpoint MRI scan 78 days after the baseline scan. After endpoint in vivo MRI acquisition, mice were perfusion fixed and the spinal cords 
were harvested for ex vivo MRI scans and histology. (B) Mean clinical EAE scores and weight of immunized animals over the course of the study. Error bars indicate 
standard errors of the mean. Longitudinal MRI time points are indicated in red. EAE, experimental autoimmune encephalomyelitis; hMOG, human myelin oligo
dendrocyte glycoprotein; MRI, magnetic resonance imaging. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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2.7. HE staining and IHC

HE (Mayer’s hemalum, Roth, Karlsruhe, Germany; eosin, Merck, 
Darmstadt, Germany) staining was performed using a standard protocol 
[37]. Stained sections were mounted using DPX mountant (Sigma- 
Aldrich, Taufkirchen, Germany) and coverslipped. IHC was performed 
as previously described by our group [38]. The following double stain
ing was performed:

(a) Slides 2, 7, 12, 17, etc. were stained for myelin basic protein 
(MBP) and CD3;

(b) Slides 3, 8, 13, 18, etc. were stained for glial fibrillary acidic 
protein (GFAP) and ionized calcium binding adaptor molecule 1 (IBA1);

(c) Slides 4, 9, 14, 19, etc. were used for double staining of neuro
filament protein H and amyloid precursor protein (APP). Primary anti
bodies were diluted and incubated in 0.5 % milk powder in tris-buffered 
saline containing 0.05 % Tween 20 (TBS-T) either overnight at 4 ◦C or 
for 3 h at room temperature (RT). All corresponding secondary anti
bodies were diluted at 1:200 in 0.5 % milk powder in TBS-T and incu
bated at room temperature for 1 h. All sections were counterstained with 
Hoechst 33258 (Merck) and mounted using ROTI® Mount Aqua (Roth). 
Details on all primary and secondary antibodies used in this study are 
shown in Table 1. Secondary-only control staining served as a negative 
control on each slide. Tile scans covering each spinal cord section were 
acquired using a DMi8 Thunder imager (Leica, Wetzlar, Germany) mi
croscope equipped with the HC PL IRAPO (20×/0,75 W) objective and 
LAS X software (Leica Application Suite X 3.8.2.27713).

2.8. Histological and immunohistochemical analysis

ImageJ software [39] was used for the analysis of all images. Only 
artifact-free sections were processed. Five HE sections corresponding to 
the five ex vivo T1 MRI scans were selected. ALT white matter and spinal 
cord total area were manually segmented to calculate the ALT/SC ratio 
for each of the five selected slices. IHC images were compiled to a 
hyperstack in ImageJ and the spinal cord total area was manually 
segmented for each section. Subsequently, upper and lower thresholds 
were set for the channels to select the stained areas with the following 
pixel intensity values: GFAP: 1,500-10,000; IBA1: 300–10,000; MBP: 
5,500-20,000; CD3: 200–400; SMI-32: 6,000-20,000; APP: 800–1,500. 

The thresholded areas relative to the spinal cord total area were then 
calculated for every channel in each section.

2.9. Statistical analysis

For each parameter analyzed on MRI scans, or on sections stained 
either with HE or IHC, a mean value was calculated for every mouse. 
Each data point in Figs. 3–5 corresponds to this mean value for each 
respective animal. Statistical analysis was performed using GraphPad 
Prism (version 9.5.1, Dotmatics., Boston, MA, USA). All group com
parisons were perfomed using the Mann-Whitney U test. Spearman’s 
correlation coefficient R was calculated for the correlation analyses. The 
level of significance was set at 5 %.

2.10. Data availability

Data not provided in the article because of space limitations may be 
shared at the request of any qualified investigator for purposes of 
replicating procedures and results.

3. Results

3.1. Immunization with hMOG1–125 induces severe EAE in B6 mice

Clinical EAE scores and weight are shown in Fig. 1B and the main 
clinical parameters are summarized in Table 2. EAE onset was on day 
11.36 ± 0.2 after immunization and the disease reached a peak on day 
12.64 ± 0.24 with a mean score of 2.91 ± 0.09, which was accompanied 
by weight loss. Subsequently, a short period of remission was observed, 
before mice experienced an EAE relapse, which plateaued around day 45 
with a mean clinical score of 2.0 ± 0.12.

3.2. In vivo MRI VGM analysis shows no significant total volume change 
in the spinal cord of EAE mice

All (N = 11) mice developed EAE after immunization, however im
ages of only N = 6 animals could be used for in vivo analyses due to low 
quality of the MRI scans of the other N = 5 mice. Representative axial 
slices of in vivo T1 MRI scans are shown in Fig. 2A. Heatmaps were 
derived for each mouse to illustrate longitudinal local volume changes 
(Fig. 2B). Interestingly, EAE mice and non-immunized controls showed 
an increase in spinal cord volume over time (Fig. 2C). The calculated 
volume changes between the final (MRI 5) and the baseline MRI (MRI 0) 
did not differ between EAE and control mice (P = 0.47). Similarly, when 
comparing volume changes for the final MRI scans relative to the cor
responding baseline MRI, there was no statistically significant difference 
between the two groups (P = 0.25).

3.3. EAE mice differ from non-immunized controls in T1- and T2*- 
weighted ex vivo MRI scans

In ex vivo T1-weighted scans, EAE mice displayed a smaller ALT/SC 
area compared to the controls (P < 0.001) as shown in Fig. 3A. Absolute 
values for the ALT (P < 0.001) and the entire spinal cord (P = 0.013) 
were also significantly reduced in EAE mice compared to controls, 
suggesting a global reduction in volume (Fig. 3A).

Table 1 
Antibodies used for immunohistochemistry.

Primary 
antibody

Dilution Company (# 
Order number)

Secondary 
antibody

Company

Anti-CD3 
(rabbit 
monoclonal)

1:200 Abcam 
(#ab16669)

Cy™3- 
conjugated 
donkey 
anti-rabbit 
IgG

Jackson 
ImmunoResearch 
(#711–165-152)

Anti-IBA1 
(rabbit 
polyclonal)

1:500
FUJIFILM 
Wako 
(#019–19,741)

Anti-APP 
(rabbit 
polyclonal)

1:250 Abcam 
(#ab2072)

Anti-SMI-32 
(mouse 
monoclonal)

1:500
Calbiochem 
(#NE-1023)

Cy™2- 
conjugated 
donkey 
anti-mouse 
IgG

Jackson 
ImmunoResearch 
(#715–225-150)Anti-MBP 

(mouse 
monoclonal)

1:800
BioLegend 
(#808401)

Anti-GFAP 
(chicken 
polyclonal)

1:500
Abcam 
(#ab4674)

Cy™2- 
conjugated 
donkey 
anti- 
chicken IgY

Jackson 
ImmunoResearch 
(#703–225-155)

APP, amyloid precursor protein; CD3, cluster of differentiation 3; GFAP, glial 
fibrillary acidic protein; IBA1, ionized calcium binding adaptor molecule 1; 
MBP, myelin basic protein; SMI-32, anti-neurofilament H non-phosphorylated 
monoclonal antibody.

Table 2 
Clinical EAE parameters.

Parameter Mean ± Standard Error of the Mean

Day of Onset 11.36 ± 0.20
Mean EAE Score 1.99 ± 0.12
Maximum EAE Score 2.91 ± 0.09
Final EAE Score 2.27 ± 0.14

EAE, experimental autoimmune encephalomyelitis.
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Fig. 3B displays the resulting VGM heatmaps of regional volume 
changes of immunized animals compared to controls. The heatmap of 
volume changes displays the ALT in dark blue, again indicating a local 
volume reduction of the ALT. The map of statistical significance in 
Fig. 3B shows color-coded areas with a statistically significant change in 
volume in red color.

In ex vivo T2*-weighted images, the ALT/VHGM intensity ratio was 
higher in EAE mice compared to controls (P = 0.02; Fig. 3A). FA maps 
were generated from diffusion-weighted MRI images using DSI-Studio. 
Intensity means were not different between EAE mice and controls (P 
= 0.24).

3.4. Histopathology demonstrates inflammation, demyelination and 
astrogliosis in the spinal cord of EAE mice

The ALT/SC area ratio was reduced in EAE mice compared to non- 
immunized controls (P < 0.001; Fig. 4), consistent with the ex vivo T1 
MRI results (Fig. 3A). EAE mice displayed larger GFAP-stained areas 
compared to controls (P < 0.001), likely a sign of active astrogliosis 
(Fig. 4). Similarly, IBA1-stained areas were larger in EAE mice compared 
to controls, indicating microglial cells or infiltrating macrophages 

populating the spinal cord of EAE mice (P < 0.001; Fig. 4). Furthermore, 
reduced MBP-stained areas indicated demyelination in EAE mice 
compared to controls (P = 0.002; Fig. 4). Demyelination was also 
accompanied by a larger CD3-stained area in the EAE cohort compared 
to controls (P = 0.006) indicating CD3+ T cell infiltration into the spinal 
cord of the diseased animals. Neurofilament dephosphorylation [40] 
and APP accumulation [41] are both associated with axonal degenera
tion. We quantified SMI-32 staining, a marker for non-phosphorylated 
neurofilament H, and APP staining and did not observe significant dif
ferences between hMOG1–125-immunized mice and non-immunized 
controls (P = 0.82 for SMI-32 and P = 0.66 for APP; Fig. 4).

3.5. MRI outcome parameters correlate with clinical scores and 
immunohistochemical markers in hMOG1–125-induced EAE

The goal of this study was to identify correlations between clinical 
EAE, MRI, and EAE histopathological parameters, as summarized in the 
correlation matrix in Fig. 5. Our data show that the reduction of the ALT 
white matter in EAE mice as determined by T1-weighted ex vivo MRI 
scans correlated with the ALT/SC area in HE-stained sections (RS = 0.77, 
P < 0.001). Clinical EAE scores also correlated with the extent of ALT 

Fig. 2. In vivo MRI VGM analysis shows no significant total volume change in the spinal cord of EAE mice. 
(A) Representative in vivo T1 scan at the level of lumbar vertebral body 4, axial view (TR = 50 ms; TE = 2.5 ms; resolution of 0.13 mm × 0.13 mm × 0.13 mm). (B) 
Center row shows sagittal views of raw MRI scans of a representative individual EAE mouse. Red overlays indicate manual segmentation of the spinal cord segment 
vL4, using lumbar body L4 and adjacent vertebral discs as landmarks (indicated by arrowheads in image “MRI 5”). Note that the segmented spinal cord section 
adjacent to the vertebral body 4 does not correspond to the lumbar spinal cord segment L4. Top row: Heatmaps of local volume changes at each time point relative to 
the baseline scan. Top right shows local volume changes relative to the baseline scan in a control animal. Bottom row: Heatmaps of local volume changes relative to 
the preceding scan. (C) Mean volume changes of EAE mice (N = 6) and non-immunized controls (N = 9) relative to the baseline scans, corresponding to the procedure 
illustrated in panel B, top row. Ctrl, control; EAE, experimental autoimmune encephalomyelitis; MRI, magnetic resonance imaging; TE, echo time; TR, repetition 
time; vL4, lumbar spinal cord segment adjacent to vertebra L4; VGM, Voxel-Guided Morphometry. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)
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white matter loss, as determined either by T1-weighted ex vivo MRI (RS 
= − 0.84; P < 0.001) or HE staining (RS = − 0.75; P < 0.001). Thus, 
clinically relevant differences in ALT white matter reduction could be 
measured by ex vivo T1-weighted MRI in EAE-induced mice.

Statistically significant inverse correlations were observed between 
most histopathological markers and the ex vivo T1-weighted MRI-based 
ALT/SC area (GFAP: RS = − 0.74, P < 0.001; IBA1: RS = − 0.69, P <
0.001; CD3: RS = − 0.69, P < 0.001). Clinical EAE scores positively 
correlated with the histopathological markers GFAP (RS = 0.87, P <
0.001), IBA1 (RS = 0.84, P < 0.001) and CD3 (RS = 0.66, P = 0.001), and 
showed an inverse correlation with MBP (RS = − 0.63, P = 0.003).

T2*-weighted ALT intensities inversely correlated with the ALT/SC 
area measured either on ex vivo T1 scans (RS = − 0.58, P = 0.007), or in 
HE-stained sections (RS = − 0.6, P = 0.005), showing that a reduced ALT 
area is associated with higher intensity means in T2*-weighted MRI. 
Furthermore, increased intensity means on T2*-weighted MRI scans 

positively correlated with higher EAE scores (RS = 0.6, P = 0.005) and 
histopathological markers (GFAP: RS = 0.53, P = 0.016; CD3: RS = 0.51, 
P = 0.02). This suggests that increased T2*-weighted ALT intensity 
means are associated with ALT white matter loss and higher clinical EAE 
scores.

Finally, histopathological parameters were mutually correlated, with 
the strongest correlation between GFAP and IBA1 (RS = 0.88, P <
0.001). Only MBP correlated inversely with the other histopathological 
markers.

4. Discussion

Using MRI as a read-out parameter, we set out to investigate whether 
longitudinally measured volume changes in the spinal cord of EAE mice 
were associated with clinical disease severity and well-established his
topathological markers, where an increase or decrease in volume could 

Fig. 3. EAE mice differ from non-immunized controls in T1- and T2*-weighted ex vivo MRI scans. 
(A) Representative ex vivo MRI scans of the lumbar spinal cord, axial view, for EAE mice (N = 11) and non-immunized controls (N = 9). T1: TR = 30 ms, TE = 3.6 ms; 
resolution 0.075 mm × 0.075 mm × 0.1 mm; ALT Quantification: area fraction of the ALT relative to the spinal cord cross-sectional area; SC and ALT areas: absolute 
SC (black dots) and ALT areas in mm2 (gray dots). T2*: TR = 30 ms, TE = 10 ms, resolution 0.1 mm × 0.1 mm × 0.1 mm, quantified as intensity mean of the ALT 
relative to the intensity mean of adjacent gray matter. DTI: echo-planar imaging (EPI) with 96 diffusion-weighted directions, resolution 0.1095 mm × 0.1099 mm ×
0.5 mm, quantified as mean FA value of ALT. * P < 0.05; *** P ≤ 0.005. (B) VGM analysis of ex vivo T1 scans as a group comparison between EAE mice (N = 11) and 
non-immunized controls (N = 9). Left: Illustration of stacked axial MRI slices for 3D sample reconstruction. Local relative volume changes were axially projected for 
comparison between EAE mice and controls in VGM group analysis. Axially projected group differences are presented as heatmaps of relative local changes (middle), 
and local statistical significance (right). Significantly different areas are indicated by red color, with a cut-off for statistical significance at P < 0.0079 (or -log10(P) >
2.10). ALT, anterolateral tract; Ctrl, control; EAE, experimental autoimmune encephalomyelitis; DTI, diffusion tensor imaging; EPI, echo-planar imaging; FA, 
functional anisotropy; MRI, magnetic resonance imaging; SC, spinal cord; TR, repetition time; TE, echo time; VGM, Voxel-Guided Morphometry. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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indicate inflammation or tissue atrophy, respectively. We used VGM as a 
method which allows tracking of regional volume changes over the 
whole tissue on a voxel-by-voxel basis between multiple time points 
[14].

The data presented here demonstrate a steady increase in the overall 
spinal cord volume irrespective of the group (EAE mice vs. controls), 
possibly due to body growth and/or spinal cord maturation over the 
course of our longitudinal study as indicated by the increase in body 
weight (Fig. 1B). Yet, the change in body sizes may have also introduced 
a segmentation bias for the spinal cord volume, as the analyzed spinal 
cord segment was defined relative to the adjacent vL4. Unlike ex vivo T1 
MRI scans, segmentation of in vivo MRI scans showed no differences in 
the relative volume changes of the spinal cord between the EAE cohort 
and the controls (Fig. 2C). Nevertheless, the strength of using VGM lies 
in its ability to identify anatomically localized volume changes in tissues 
of interest over the course of a longitudinal study [14]. We hypothesized 
that VGM could detect localized tissue expansion in the EAE cohort, as a 
possible result of edema and immune cell infiltration. However, given 
the limited resolution of in vivo T1 scans (0.13 mm × 0.13 mm × 0.13 
mm), visual identification of inflammatory lesions was not feasible, even 
with VGM.

Atrophy as a pathological parameter has been investigated in pa
tients [42] as well as in the animal model of MS, where studies have 
revealed that there is a reduction in volume of white matter tracts such 
as in the corpus callosum in MOG35–55-induced EAE [43]. Our results 
confirm these observations made by other groups in that they indicate a 
global reduction in volume of the lumbar spinal cord. A more detailed 
analysis of the ALT/SC ratio on ex vivo T1 MRI scans revealed a signif
icant reduction of the anterolateral white matter in EAE mice compared 

to controls, which was consistent with the reduction of the ALT/SC ratio 
as measured in HE-stained sections (Figs. 3–5). These data underline the 
suitability of T1-weighted MRI scans to represent anatomical correlates 
of pathology [44].

Furthermore, the ALT white matter of EAE mice showed significantly 
increased intensities on T2*-weighted ex vivo MRI scans compared to 
controls (Fig. 3A). T2*-weighted MRI can be used to quantify iron 
deposition in a given organ [45], where iron deposits present as hypo
intense dots or rings [17]. However, our ex vivo MRI scans showed no 
detectable MRI hypointensities in the hMOG1–125-immunized cohort, 
but instead T2* hyperintensity. This unexpected finding possibly results 
from demyelination and axonal loss [46]. Indeed, higher T2* intensity 
means were associated with larger SMI-32-stained areas in sections of 
the lumbar spinal cord (RS = 0.75, P < 0.001).

No statistically significant differences were observed for APP and 
SMI-32 when comparing EAE mice and controls. Previous studies in MS 
patients have shown that both markers can mainly be detected in acute 
CNS lesions and that their presence decreases with further progress of 
the disease [47,48]. This could explain why we hardly observed APP- 
and/or SMI-32-positive axons in our mice.

Our data also indicate that higher EAE clinical scores were related to 
smaller ALT/SC areas on ex vivo T1 scans and in HE-stained sections. 
Furthermore, the final score was associated with most of the histo
pathological parameters that were tested, notably GFAP, IBA1, MBP and 
CD3, indicating astrogliosis, microglial activation/macrophage infiltra
tion, demyelination and T cell infiltration, respectively. Thus, the 
severity of EAE was reflected not only in the ex vivo T1 and T2* scans but 
also in the overall histopathology.

Taken together, our study demonstrates that MRI measurements of 

Fig. 4. Histopathology demonstrates inflammation, demyelination and astrogliosis in the spinal cord of EAE mice. 
Analysis of histopathological parameters in EAE mice (N = 11) compared to non-immunized controls (N = 9), showing representative 10 μm-thin spinal cord cross 
sections. HE: The black outline illustrates the manually segmented ALT which was quantified as ALT area relative to the area of entire spinal cord section (ALT/SC 
area). Immunohistochemistry: Representative images show GFAP/IBA1, MBP/CD3 and SMI-32/APP double staining, quantified as thresholded stained area relative 
to the area of entire spinal cord. ** P ≤ 0.01; *** P ≤ 0.005. ALT, anterolateral tract; APP, amyloid precursor protein; CD3, cluster of differentiation 3; Ctrl, control; 
EAE, experimental autoimmune encephalomyelitis; GFAP, glial fibrillary acidic protein; HE, hematoxylin eosin; IBA1, ionized calcium binding adaptor molecule 1; 
MBP, myelin basic protein; SC, spinal cord; SMI-32, anti-neurofilament H non-phosphorylated monoclonal antibody.
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anatomical changes in the spinal cord can be correlated with clinical 
disease and histopathological parameters in an animal model of MS. 
Moreover, we show that volume changes caused by EAE-induced pa
thology can be monitored by VGM. In our study, sub-millimeter histo
logical changes in the spinal cord of EAE mice were detectable on ex vivo 
MRI scans of isolated spinal cord specimens. However, due to limitations 
of MRI scan time and resolution, in vivo MRI scans showed only a trend 
towards a lumbar spinal cord volume reduction in EAE mice compared 
to controls, without reaching statistical significance (Fig. 2). Improving 
the spatial resolution of MRI scans, for example by decreasing voxel sizes 
within a specified region of interest or increasing the scan time, would 
not only allow to monitor lesion development and progression over time 
in EAE, but also pave the way for successful CNS lesion classification, 
which is currently only possible by post mortem histological analysis.
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