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Abstract 

Investigation of the brain´s biomechanical properties provides information on its function 

in physiological conditions and during disease. Adult neurogenesis in the rodent hippo-

campus ensures homeostasis and repair. This unique function is tightly controlled by 

chemical cues and has been related to mechanical properties ex vivo, while little is known 

about in vivo tissue mechanics of the subgranular zone (SGZ), the hippocampal neuro-

genic niche. Next to the importance of biomechanics in physiological processes, tissue 

mechanics are altered in neuroinflammatory diseases, such as multiple sclerosis (MS). 

Inflammatory changes in brain mechanics are influenced by different factors including 

immune cell infiltration, the extracellular matrix (ECM) and sex. However, the specific 

neuroinflammation-mediated tissue alterations underlying changes in mechanical integ-

rity remain elusive. Tissue mechanics, measured as stiffness and fluidity, can be as-

sessed in vivo by magnetic resonance elastography (MRE) and ex vivo using microin-

dentation methods such as atomic force microscopy (AFM). 

 This thesis comprises three studies investigating (i) the in vivo biomechanical prop-

erties of the SGZ, a zone of neurogenesis in the rodent brain and exploring (ii) biome-

chanical changes during different neuroinflammatory processes, (iii) taking sex into ac-

count. More specifically, it was investigated if in vivo MRE, despite its much lower spatial 

resolution, shows similar spatial mechanical properties in the SGZ as ex vivo AFM meas-

urements. Further, the experimental autoimmune encephalomyelitis model, a MS animal 

model, was used to investigate changes in biomechanics in areas of widespread inflam-

mation and a leaky blood-brain barrier identified with a gadolinium-based contrast agent 

as well as in areas of focal inflammation visualized by accumulation of europium-doped 

particles. Finally, biomechanical sex differences in neuroinflammation were investigated 

by MRE and correlated with sex-specific properties of the ECM.  

 Collectively, these studies yielded the following results (i) the SGZ has softer me-

chanical properties in vivo compared to surrounding tissue, which is confirmed by ex vivo 

findings, (ii) during neuroinflammation, alterations in brain tissue mechanics are most pro-

nounced in areas with severe focal inflammation, and (iii) in health and neuroinflamma-

tion, sex differences in cortical stiffness are associated with sex dimorphism in ECM pro-

tein expression. 

These findings suggest that brain tissue mechanics are important for physiological 

processes such as neurogenesis, influenced by sex and are markedly affected in focal 
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inflammation. Macroscopic mechanical properties, resolved by MRE, are sensitive to 

these micromechanical structures and their pathological alterations. Hence, MRE is a 

promising imaging tool for investigation of physiological processes such as neurogenesis 

and for non-invasive clinical assessment of different pathological aspects of neuroinflam-

mation.
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Zusammenfassung 

Die Untersuchung der biomechanischen Eigenschaften des Gehirns gibt Aufschluss über 

physiologische Funktionen und Krankheitsentstehung. Die physiologische adulte Neuro-

genese gewährleistet Homöostase und Regeneration im Maushippocampus. Ex vivo 

wurde die Neurogenese mit spezifischen biomechanischen Eigenschaften assoziiert, in 

vivo ist jedoch wenig über die Gewebemechanik der subgranulären Zone (SGZ), der hip-

pocampalen neurogenen Nische, bekannt. Neben physiologischen Prozessen beeinflus-

sen neuroinflammatorische Erkrankungen wie die Multiples Sklerose (MS) die Gewebe-

mechanik. Entzündungsbedingte Veränderungen der Hirnmechanik werden von ver-

schiedenen Faktoren beeinflusst, darunter Immunzellinfiltration, die extrazelluläre Matrix 

(EZM) und das Geschlecht. Unklar ist jedoch, welche spezifischen Gewebeveränderun-

gen zur veränderten mechanischen Integrität führen. Die Gewebemechanik, genauer 

Steifigkeit und Fluidität, kann in vivo mittels Magnetresonanz-Elastographie (MRE) und 

ex vivo mit Mikroindentationsmethoden wie der Rasterkraftmikroskopie (AFM) gemessen 

werden. 

 Diese Arbeit umfasst drei Studien, in denen die in vivo biomechanischen Eigen-

schaften des Maushirns (i) in der SGZ, und (ii) die Veränderungen der Gewebemechanik 

während spezifischen neuroinflammatorischen Prozessen unter (iii) Einbezug des Ge-

schlechts, untersucht wurden. Es wurde verglichen, ob die in vivo MRE, mit einer gröbe-

ren Auflösung, ähnliche räumliche mechanische Eigenschaften in der SGZ zeigt, wie ex 

vivo AFM-Messungen. Anhand des experimentellen autoimmun-Enzephalomyelitis 

(EAE)-Modells, einem MS-Mausmodell, wurden gewebsmechanische Veränderungen in 

Bereichen mit disseminierter Entzündung (visualisiert durch Gadolinium-basiertes Kon-

trastmittel) sowie in Bereichen mit fokalen Entzündungen (markiert durch Anreicherung 

von Europium-dotierten Partikeln) untersucht. Außerdem wurden Geschlechtsunter-

schiede in der Hirnmechanik im EAE Model mit geschlechtsspezifischen Eigenschaften 

der EZM korreliert. 

 Die vorliegenden Studien zeigen: (i) weiche mechanische in vivo und ex vivo Ei-

genschaften der SGZ im Vergleich zum umliegenden Gewebe; (ii) gewebsmechanische 

Veränderungen sind in Bereichen mit fokaler Neuroinflammation am stärksten ausge-

prägt und (iii) im gesunden und inflammatorischen Zustand sind Geschlechtsunter-

schiede in der kortikalen Steifigkeit mit Geschlechtsunterschieden in der EZM-Proteinen 

Expression assoziiert. 
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Die Ergebnisse legen nahe, dass die Hirnmechanik für physiologische Prozesse, 

wie die Neurogenese, wichtig ist, vom Geschlecht beeinflusst und bei fokalen Entzündun-

gen stark verändert wird. Makroskopische mechanische Eigenschaften, aufgelöst durch 

die MRE, sind empfindlich für mikromechanischen Strukturen und ihre pathologischen 

Veränderungen. Daher ist die MRE ein vielversprechendes bildgebendes Instrument für 

die Untersuchung physiologischer Prozesse und für die nicht-invasive klinische Bewer-

tung verschiedener pathologischer Aspekte der Neuroinflammation. 
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1. Introduction 

The study of the biomechanical properties of the brain provides important information for 

understanding physiological brain function and the development of neurological diseases 

(1, 2). In tissue mechanics, there are physical properties that characterize the deformation 

behavior of materials when exposed to force. Biological soft tissue is characterized by 

viscoelastic behavior when deformed, meaning that it simultaneously exhibits the me-

chanical properties of an elastic solid and a viscous fluid (1). Elastography techniques 

such as in vivo magnetic resonance elastography (MRE) or ex vivo microindentation 

methods, including atomic force microscopy (AFM), are used to measure the mechanical 

properties of soft tissues. MRE uses externally generated harmonic vibrations to transmit 

shear waves into the tissue of interest (3). Phase-contrast imaging detects wave displace-

ment, from which viscoelastic properties such as stiffness, deduced from the shear wave 

speed (c), and fluidity derived from the phase angle of the complex shear modulus (ϕ), 

can be determined (1). Recent developments in multifrequency MRE with tomoelas-

tography postprocessing (4) for preclinical applications allow higher resolution and imag-

ing of multiple slices. This development makes it possible to study individual brain regions 

with more anatomical detail (5). However, whereas in vivo MRE relies on coarser scales 

ranging from millimeters in humans (6) to submillimeters in the preclinical setting (4), ex 

vivo AFM can measure mechanical properties of biological soft tissues with a spatial res-

olution on the order of a few micrometers (7). AFM determines the local elastic properties 

of soft matter biological samples by moving a tip over the surface of the sample and 

simultaneously measuring the interaction force between the surface and the tip (8). 

 Both physiological processes in the brain such as aging (5) and abnormal altera-

tions like disease-related changes in neurogenesis, investigated in a model of murine 

Parkinson´s disease (9, 10), lead to changes in brain mechanical properties detectable 

by in vivo MRE. Adult neurogenesis is the formation of new neurons from progenitor cells, 

which in rodents, takes places in different brain regions such as the subgranluar zone 

(SGZ) of the dentate gyrus (DG), a hippocampal subregion (11, 12). The formation of new 

neurons is strictly regulated by chemical and physical cues (13), whereas the former, e.g., 

fibroblast or epidermal growth factors (14, 15), have been extensively studied, the later 

remain poorly understood (16). Ex vivo AFM studies provide already regional stiffness 

maps of the rodent hippocampus (7, 17, 18); however, neither in vivo MRE nor ex vivo 
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AFM has so far been used to investigate the SGZ, the neurogenic nice of the of the murine 

hippocampus.  

Besides physiological processes, pathologies alter the viscoelastic properties of 

the brain. Neuroinflammatory diseases such as multiple sclerosis (MS) and its mouse 

model - the experimental autoimmune encephalomyelitis (EAE) - modify brain mechanics 

by reducing stiffness throughout large brain areas (19-24). MS is a chronic autoimmune 

demyelinating disease affecting 2.8 million people worldwide, with women being twice as 

likely as men to develop MS (25). Central in the pathology is the entry of myelin-reactive 

immune cells into the central nervous system (CNS), via the blood-brain barrier (BBB) 

and the blood-cerebrospinal fluid barrier (26), resulting in neuroinflammation, demye-

lination and neurodegeneration (27). These inflammatory processes lead to gliosis, which 

along with the subsequent formation of multifocal demyelination, contributes to brain sof-

tening as neuroinflammation (21), demyelination (28), microglia/macrophage activation 

(22) and extra cellular matrix (ECM) remodeling (24) have been shown to correlate with 

the observed softening. Another influencing factor appears to be sex, as brains of female 

MS patients exhibit a stronger reduction in viscoelasticity in response to inflammation 

compared to age-matched male patients (19, 20, 23). Additionally, estrogen influences 

the production of matrix metalloproteinases (29, 30), suggesting that the decomposition 

of ECM components might also be affected by sex. However, it remains to be determined 

how and to which degree neuroinflammatory processes such as focal inflammation and 

BBB leakage contribute to changes in mechanical properties and how viscoelasticity and 

ECM composition differs between sexes in health and during neuroinflammation. 

In this thesis in vivo MRE was used to investigate the viscoelastic properties of the 

murine brain in correlation with physiological neurogenesis, sex-specific differences, and 

inflammation. To this end, three studies were conducted: (i) The aim of study I was to use 

in vivo MRE and ex vivo AFM to correlate the viscoelastic properties of the SGZ, the 

neurogenic niche in the mouse hippocampus, with the degree of neurogenesis in order 

to develop an in vivo biomechanical marker for neurogenic activity. Both in vivo MRE 

measurements and ex vivo AFM measurements were performed in the SGZ to test 

whether the lower spatial resolution of MRE reveals a similar mechanical signature of the 

SGZ as AFM measurements. (ii) The objective of study II was to determine the sensitivity 

of MRE to different neuroinflammatory processes such as focal inflammation and BBB 

leakage. In this context, the adoptive transfer EAE model, was used, and MRE measure-
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ments were performed in conjunction with magnetic resonance imaging (MRI) with ad-

ministration of a gadolinium-based contrast agent (GBCA) and very small superparamag-

netic iron oxide particles (VSOPs); the former contrast agent visualizes BBB leakage and 

disseminated inflammation, the latter local inflammatory processes with marked immune 

cell infiltration. (iii) Study III focused on the quantification of sex differences in viscoelas-

ticity in healthy and inflamed brain tissue and possible association with ECM alterations. 

In this study, MRE and ECM gene expression analysis were performed in EAE mice and 

age-matched female and male control mice. Overall, the studies presented here advance 

our understanding of the biophysical properties of brain tissue under healthy conditions 

and during inflammation and contribute to the development of cerebral MRE as a useful 

noninvasive imaging marker for preclinical and clinical research.
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2. Methods 

2.1  Animals and experimental set-up  

All animal experiments were carried out in accordance with directive 2010/63/EU of the 

European Parliament and of the Council of 22th September 2010 and national and insti-

tutional guidelines for the care and use of laboratory animals and were approved by the 

local Animal Ethics Committee (31-33). Mice were housed under standard conditions with 

a 12:12 hours light-dark-cycle and ad libitum access to food and water.  

2.1.1 Study I: Investigation of in vivo and ex vivo mechanical properties of the murine 

SGZ 

As described in (33), for in vivo MRE measurements a total of 10 C57BL/6J mice (male, 

9 to 10 weeks old, Charles River Laboratories, Germany, registration number 0301/15) 

were investigated. One MRE scan in the Bregma areas -2.84 mm to 0.23 mm was per-

formed. For ex vivo AFM experiments 6 Tg(Nes-EGFP)33Enik/J mice (male, 7 to 9 weeks 

old, Leipzig University, Germany, registration number T12/20), expressing the green flu-

orescence protein (GFP) under the nestin promoter were sacrificed (more detail descrip-

tion in section 2.7). The GFP signal was used for anatomical reference to identify the 

SGZ.  

2.1.2 Study II: Examination of the contribution of neuroinflammatory processes such as 

BBB leakage and focal inflammation to changes in mechanical properties 

For in vivo MRE and MRI experiments adoptive transfer EAE was induced in 21 SJL mice 

(female, 9-12 weeks, Janvier, SAS, France, registration number G106/19) by the transfer 

of myelin proteolipid protein (PLP)-reactive lymphocytes. SJL mice were used as the an-

imal strain of choice to induce EAE (active and adoptive transfer), as they display a high 

disease susceptibility after induction. PLP-reactive lymphocytes were obtained from 22 

donor mice, which were actively immunized as previously described (31, 34) using 200 

mg of the myelin peptide PLP139-151 emulsified with 200 ml complete Freund´s adjuvant 

(Thermo Fischer Scientific, United States) and 800 mg Mycobacterium tuberculosis 

H37Ra (Difico, United States). As described in (31), on days 0 and 2 postimmunization 

(p.i.), 250 ng pertussis toxin (List Biological Laboratories, United States) was injected 

intraperitoneally. Donor animals were sacrificed on day 10 p.i., axillary and inguinal lymph 
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nodes were collected and cells cultured as described (35). Cells were harvested after 4 

days in culture with RPMI 1640 medium (supplemented with 2 mM L-glutamine, 100 

units/ml penicillin, 100 mg/ml streptomycin and 10 % fetal bovine serum) (Gibco, Thermo 

Fischer Scientific) containing 12.5 mg/ml PLP. Into each of the 21 recipient mice 30 million 

cells were intraperitoneally injected. After immunization, recipient mice were monitored 

daily for signs of disease, which were scored as follows: “0-no sign, 0.5-tail paresis, 1-tail 

paresis and/or plegia and righting reflex weakness; 2-hind limb paresis; 3-paraplegia; 4-

paraplegia with forelimb weakness or paralysis; 5-moribund or dead animal” (31). To 

comply with animal welfare guidelines, all mice with a score greater than 3 or with atypical 

signs of EAE were euthanized and removed from the study (31).  

MRE was performed prior to EAE induction (baseline) and after EAE signs were 

established (animals showed at least partial hind limb paresis, score 1.75, for details on 

MRE investigations see section 2.2). When EAE signs were present, MRE was followed 

by pre-contrast MRI with a T1-weighted imaging, a T2-weighted sequence to acquire an 

anatomical image, and a pre-contrast T2-weighted sequence (for details on imaging pa-

rameters see section 2.4.2). Next, GBCA (0.2 mmol/kg, Magnevist, Bayer-Schering AG, 

Germany) was injected via the tail vein, and post-contrast T1-weighted images were ac-

quired. After the scans, 0.2 mmol/kg europium-doped VSOPs (Eu-VSOPs) (batch 

RH030812 Eu-R; c(Fe) = 0.134 mol/L, produced and provided by the Experimental Radi-

ology working group of the Department of Radiology, Charité - Universitätsmedizin Berlin 

(36)) were intravenously administered into the tail vein, and 24 hours later, a T2-weighted 

sequence was acquired to visualize particle accumulation. No contrast agents were in-

jected at baseline scans. For each animal, the EAE MRE scan was compared to the cor-

responding baseline scan, while post-contrast imaging was compared to the pre-contrast 

image to determine contrast agent accumulation. A detailed visualization of the experi-

mental timeline can be found in (31). After in vivo scans animals were sacrificed and 

tissue was processed for ex vivo analysis, for detailed description see section 2.8.1.  

2.1.3 Study III: Exploration of regional mechanical sex differences in health and neuroin-

flammation and the association with sexual dimorphism in ECM protein expression 

In total 33 male and 37 female SJL mice (10 to 15 weeks old, Janvier, SAS, France, 

registration number G106/19) were divided into four experimental groups, consisting of 

male healthy (n = 14), male EAE (n = 19), female healthy (n = 14) and female EAE (n = 

23). The SJL strain was also selected for this study because it exhibits sex differences in 
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disease incidence and severity and, with the higher likelihood of disease in female mice, 

reflects well the sex ratio of MS in humans (37). Active EAE was induced as described in 

2.1.2. Disease signs of mice were monitored and scored as aforementioned and animals 

with a score higher than 3 were euthanized and removed from the study (32).  

EAE mice (female/male) underwent MRE based on their individual score (at least 

a score 1.75) and aged-matched healthy control mice (female/male) were scanned on 

the same experimental day. Immediately after MRE scans, animals were sacrificed and 

tissue was processed for ex vivo gene expression analysis (for detailed description see 

section 2.8.2). The experimental set-up is also described in (32).  

2.2 MRE investigations 

All in vivo MRE measurements (and MRI measurements, section 2.4, for experiments of 

(31-33)), were performed at a 7 Tesla MRI scanner (BioSpec, Bruker, Ettlingen, Ger-

many) running with ParaVision 6.1 software. A 20-mm diameter 1H-RF quadrature vol-

ume coil (RAPID Biomedical, Würzburg, Germany) was used for image acquisition. Dur-

ing acquisition mice were placed on a custom-build animal holder (Figure 1A). Through 

an anesthesia mask a constant flow of 1.5 – 2 % isoflurane in 70 % N2O and 30 % O2 

was administered. A pressure sensitive pad (Small Animal Instruments Inc., Stony Brook, 

NY, United States) was placed on the thorax for respiration monitoring. Body temperature 

was measured continuously with a rectal probe and kept constant by circulating water 

through heating pads embedded into the animal holder. 

Shear waves were induced in the mouse brain using a custom-made driver system 

with a nonmagnetic piezoceramic actuator that generated vibrations (4). Via a transducer 

rod connected to a head cradle, these vibrations were transmitted into the skull of the 

animal. Multifrequency MRE was performed using 5 frequencies (1000, 1100, 1200, 

1300, and 1400 Hz) and resulting tissue deflection were obtained by MRI motion encod-

ing gradients yielding images of the deflection caused due to vibration (Figure 1B). In all 

three studies 7 coronal slices with a 0.18 mm × 0.18 mm in-plane resolution with a slice 

thickness of 0.8 mm were acquired. Further imaging parameters were echo time (TE) = 

53 ms, repetition time (TR) = 4 ms, field of view (FOV) = 16.2 mm × 10.8 mm, matrix size 

= 90 × 60 and acquisition time (TA) = 9 min (31-33). Image acquisition and analysis were 

performed only in Bregma areas -2.84 mm to 0.23 mm to reduce scan time and to be 

consistent with previous studies using tomoelastography (4, 5, 38).  
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Figure 1 In vivo MRE set up, wave images and parameter maps. A) 7-Tesla small animal scanner, 
alongside with customized animal holder. Integrated into the animal holder are an anesthesia 
mask, a transducer rot that transmits the waves into the animal`s skull, and a nonmagnetic pie-
zoceramic actuator for wave generation. B) Representative wave images, showing propagation 
of shear waves through the mouse brain after k-MDEV inversion (1 slice, 1 component, 5 fre-
quencies, and no directional filters applied) C) Representative images of the MRE parameter 
maps c and φ, averaged over individual mice after registration to standard mouse brain atlas, 
Magnetic resonance elastography (MRE). Figure and figure caption adapted from (33)  

2.3 MRE post-processing 

Post-processing of the wave images, yield from MRE measurements, was performed with 

MATLAB R2019b (MathWorks, USA). To recover the shear wave speed, (c in m/s) as a 

representative marker of stiffness, tomoelastography post-processing was used (39) (Fig-

ure 1C). In short, the real and imaginary part of the complex-valued MRI signal was 

smoothed, 2D-unwarping of MRI phase signal was performed followed by selection of 

harmonic frequencies via Fourier transformation and high-pass directional filtering in 

space. Next, wave numbers for all plane waves and frequencies are reconstructed and 

averaged by amplitude-weighting (39). In addition, the direct Laplace-based inversion 

technique, the multifrequency dual elasto-visco (MDEV) inversion (1), was used to obtain 

the phase angle of the complex shear modulus (φ in rad, Figure 1C), which is a measure 

for the solid-fluid behavior of soft tissue. To compare the Young´s modulus (E in Pa) 

obtained from ex vivo AFM measurements to the in vivo MRE results (performed in (33)), 

the parameters c and φ were first converted into the magnitude of the complex shear 

modulus (|G*| in Pa).  

|G∗| =
cଶρ(1 + cosϕ)

2
, 
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assuming material density ρ = 1000 kg/m³. Second, the in vivo Young´s modulus is cal-

culated as EMRE = 3·|G*|. 

2.4 MRI measurements 

2.4.1 Anatomical reference imaging for studying the SGZ 

For anatomical orientation, 13 coronal slices were acquired using a standard T2-weighted 

2D rapid acquisition with relaxation enhancement (RARE) MRI sequence. Imaging pa-

rameters were: 0.078 mm × 0.078 mm in-plane resolution, 0.8 mm slice thickness, TE = 

33 ms, TR = 2500 ms, 20 mm × 20 mm FOV, 265 × 265 matrix size, RARE factor = 2, 

number of averages = 2, bandwidth = 34722 Hz, and TA = 2:45 min (33). 

2.4.2 Eu-VSOP particle visualization, GBCA imaging and anatomical reference imaging  

A T2-weighted 2D-RARE sequence with 32 contiguous coronal slices with a TR = 3.500 

ms, TE = 33 ms, echo spacing = 11 ms, RARE factor = 8, 4 averages, slice thickness of 

0.5 mm, FOV = 18 mm × 18 mm, matrix size = 180 x 180, in-plane resolution 0.1 mm x 

0.1 mm, bandwidth = 34722 Hz, and TA = 5:08 min was acquired for anatomical location 

(31).  

For GBCA visualization a T1-weighted RARE sequence with the same geometry 

as the T2-weighted scan, with following parameters was performed; TR = 800 ms, TE = 

6.5 ms, echo spacing = 6.5 ms, RARE factor = 2, 6 averages, bandwidth = 75000 Hz and 

TA = 7:12 min (31).  

 Eu-VSOP accumulation was visualized using a T2-weighted FLASH sequence 

with the same geometry as the T2-weighted scan for anatomical location and TR = 400 

ms, TE = 2.5 ms, flip angle = 30 degrees, 3 averages, bandwidth = 29762 Hz and TA = 

2:24 min (31). 

2.5 Atlas registration of MRI images and MRE parameter maps 

To combine and compare data from individual mouse brains, MRE and MRI images of 

study I and II were registered to the standard Allen Mouse Brain Atlas using the ANTx, a 

customized MATLAB toolbox (latest version available under https://github.com/Char-

iteExpMri/antx2) as described in (31, 33).  

For the investigation of brain mechanics in the presence of contrast agents, before 

MRE image registration, the T2-weighted RARE, T2-weigthed FLASH pre- and post-Eu-
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VSOP administration and pre- and postcontrast T1-weighted RARE were transferred into 

Allen mouse brain atlas space (standard space), using ELASTIX (https://elastix.lumc.nl/, 

(40)). Thereafter, affine non-linear b-spline transformation was used to re-slice and co-

register the pre- and postcontrast T2-weighted FLASH and pre- and postcontrast T1-

weighted RARE images to the T2-weighted 2D-RARE images (31).  

MRE image registration to the brain atlas was performed equally for the investiga-

tion of DG subzones, including the SGZ, and the investigation of the viscoelastic proper-

ties in the presence of contrast agents. In short, the individual MRE parameter maps, c 

and φ, and the corresponding MR-magnitude images were 3D-co-registred and 2D-slice-

wise registered to the T2-weighted 2D-RARE images. Next, MRE images were trans-

formed into Allen mouse brain atlas space as described for the MRI images. The 7 MRE 

slices were interpolated to 215 slices of the reference atlas, generating approximately 58 

corresponding MRE slices. More details can be found in (31, 33). 

2.6 Mask generation for MRE parameter maps 

2.6.1 DG and DG subzones masks  

Using ANTx, the standard space mask of the DG was obtained. Using MATLAB R2019b 

(MathWorks Inc., Natick, MA, USA), the DG mask was 2D-eroded by one, two and three 

pixels (pixel size 70 µm × 70 µm) from the outer boarder towards the subgranular zone 

(SGZ) to evaluate DG subzones. The standardized DG mask and the eroded masks were 

superimposed on MRE parameter maps and mean values in the Bregma areas -2.49 mm 

to -2.07 mm, matching ex vivo AFM measurements (see section 2.7), were obtained (33). 

2.6.2 Eu-VSOP particle accumulation and GBCA-enhanced area masks 

As described in (31), masks depicting Eu-VSOP accumulation and Gd-enhancement 

were manually drawn on registered post-contrast T2-weighted and T1-weighted images 

using the ANALYZE 10 program (Biomedical Imaging Resources Mayo Clinic, USA). 

Next, all masks were registered to the Allen mouse brain atlas using ELASTIX. After reg-

istration, Eu-VSOP masks were dilated by two pixels using MATLAB to reduce effects of 

single-pixel artifacts, as the MRE resolution is 0.18 mm × 0.18 mm and the areas particle 

accumulation show as focal hypointense regions. Further, areas with Gd-enhancement 

were excluded from Eu-VSOP masks and vice versa to generate masks corresponding 

solely to either one of the two contrast agents. Additionally, for each mouse a ventricle 
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mask was manually drawn on the registered MRE magnitude image to exclude the ven-

tricles from the analysis as mechanical wave propagation is not ensured in liquid-filled 

spaces. Masks were overlaid on MRE parameter maps in the Bregma areas -2.84 to 0.23 

mm and mean values were obtained (31).  

2.6.3 Manually drawn regional brain masks  

Individual masks of the whole coronal midbrain, the cerebral cortex, hippocampus, and 

thalamic area were manually drawn on one comparable slice based on anatomical struc-

ture on the unregistered MRE images using MATLAB, to compare sexual dimorphism in 

healthy and EAE mice. Mean values were obtained by overlaying the mask on the MRE 

parameter maps. Examples of the masks and unregistered MRE images can be found in 

(32). 

2.7 AFM measurements 

The AFM is used to measure local elastic properties of biological soft matter samples 

(41), by moving a tip across the surface of the sample and simultaneously measuring the 

interaction force between the surface and the tip. The tip is attached to a soft cantilever, 

which´s deflection is recoded by a laser beam (8). Analysis of these force-distance-curves 

are used to determine the local elastic modulus applying a modified Hertz model (42).  

As described in (33), for ex vivo AFM measurements, mice were sacrificed with an 

overdose of isoflurane (CP-Pharma, Burgdorf, Germany) and directly bled transcardially 

and then perfused with PBS. After dissection, brains were placed into artificial cerebral 

spinal fluid (aCSF) and cut into 350 µm thick coronal slices in the Bregma areas -2.49 

mm to -2.07 mm using a vibratome (Leica VT 1200, Leica Biosystems, Wetzlar, Ger-

many). Next, slices were placed into 24-well plates containing aCSF and indentation 

measurements in the DG were performed using the AFM (Nanowizard4 with 300 μm hy-

brid stage, JPK, Germany. The tissue samples were fixed to a glass slide with surgical 

glue (Histoacryl, B. Braun, Germany) and placed into aCSF supplemented with synthetic 

air containing 5 % CO2 during measurements. Onto the tip of commercially available can-

tilevers (0.2 N/m, CONT, Nanoworld, Swiss) a small polystyrene bead (~ 6 μm diameter) 

was glued. A profile of 10 - 15 side-by-side 100 × 100 μm maps with a pixel resolution of 

5 – 10 μm (100 - 225 pixels) for each slice was placed over the DG encompassing the 
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SGZ. The SGZ was visualized by the fluorescence of nestin-expressing cells. This fluo-

rescent signal was used as anatomical marker to place the measurement profiles.  

For each measurement point, local fluorescent intensity and Young´s modulus 

were recorded. Force curves were recorded at a z-velocity of 20 μm/s, with a nominal 

value of 2 nN corresponding to a penetration depth of about 2 μm. To determine the zone 

of GFP-expressing cells, a relative fluorescence intensity threshold was applied to auto-

matically select all pixels within the AFM map that matched the full width at half maximum 

peak intensity in the GFP images. In areas with high fluorescence signal, the elasticity 

values were compared with the elasticity values of areas with low fluorescence signal 

intensity. For positional analysis, the map with the highest fluorescence intensity was se-

lected as the central map, and the average values were calculated for each map in the 

profile. A total of 15 measurements were performed and data was analyzed using Data 

Processing Software (JPK BioAFM - Bruker Nano GmbH, Germany) (33). 

2.8 Ex vivo tissue analysis  

2.8.1 Imaging mass cytometry (IMC) 

IMC was used to visualize Eu-VSOPs accumulation in inflamed brain areas and the sur-

rounding tissue. IMC generally involves the use of antibodies labeled with metal isotopes 

bound to the targets of interest in the tissue. The tissue is ablated, and the presence of 

the metal isotopes is detected by time-of-flight based identification, which results in a 

detailed spatial representation of the targets in the tissue of interest (43). For IMC meas-

urements in (31), EAE mice were sacrificed with an overdose of ketamine (Ketamin 100 

mg/ml CP-Pharma, Burgdorf, Germany) /xylazine (Xylavet 20 mg/ml, CP-Pharma, Ger-

many) immediately after the last MRI scan, followed by transcardial perfusion with 4 % 

paraformaldehyde (Carl RothR, Germany). As control, one healthy mouse (SJL, female, 

10 weeks) without Eu-VSOP injection was sacrificed. After perfusion, prior to paraffin em-

bedding (ROTI®Plast, Germany) brains were placed in 4% paraformaldehyde for 24 hours 

at 4 °C. Samples were cut in sequential 4 mm thick slices using a microtome (pfm Rotary 

3000 Compact, Germany) comprising areas of Eu-VSOP accumulation, identified by MRI. 

Next, slices were heated at 60 °C for 1 hour and deparaffinized using m-xylene (Sigma-

Aldrich, Germany). Thereafter, sections were re-hydrated in descending ethanol series 

(Carl RothR, Germany), and processed according to IMC staining protocol for formalin-

fixed paraffin-embedded tissue sections (PN 400322 A3, Fluidigm, United States). All 
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antibodies used, shown in table 1 (upper panel), were tagged with a metal isotope using 

the Maxpar labeling kit according to the manufacturer´s instructions (Fluidigm, United 

States). IMC was conducted with a CyTOF2/upgraded to Helios specifications coupled to 

a Hyperion Tissue Imager (Fluidigm), using CyTOF software version 7.0. Dry slices were 

placed into the imaging module and regions of interest were selected for each sample, 

which were previously identified on a preview. For each specimen optimal laser power 

was set to ensure complete ablation of the sample and laser ablation was performed at 

200 Hz and a resolution of 1 mm. For visualization, threshold correction was performed 

followed by the use of despeckle and sharpen tools and a Gaussian blur filter (kernel with, 

0.50 pixels) using ImageJ software (ImageJ 1.48v, United States) (31). 

2.8.2 Gene expression analysis  

Quantitative real time polymerase chain reaction (RT-PCR) was performed to assess the 

expression of ECM protein genes, in the cortex and hippocampus, to study sexual dimor-

phism in healthy and EAE mice, as described in (32). For this reason, a subgroup of mice 

(female EAE = 6, male EAE = 7, female naive = 6, male naive = 6), were sacrificed after 

MRE measurements as described in section 2.8.1 and brains were extracted. Next, the 

two hemispheres of the brains were separated and from one hemisphere the hippocam-

pus and cortex were dissected, freeze-dried in liquid nitrogen and stored at -80 °C. For 

quantitative RT-PCR, using the Quick-RNA-MiniPrep Kit (Zymo Research, USA), RNA 

was extracted from the cortex and hippocampus and cDNA synthesis was performed with 

the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA). 

Measurements using TaqMan® probes (Thermo Fisher Scientific, USA, detailed infor-

mation in table 1, lower panel) for the genes Lama4, Lama5, Col4a1, Col1a1, and Fn1 

were performed with the QuantStudio 6 Flex Real-Time PCR system (Thermo Fisher Sci-

entific, USA) (32). Hprt1 served as the endogenous reference (44, 45). 
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Table 1: Antibodies used for IMC, gene symbols and corresponding primers for TaqMan® assays 

used for quantitative RT-PCR 

Antibody Clone  Manufacture  Istope tag Dilution  

Anti-NeuN 1B7 Biologend 165Ho 1:400 

Anti-GFAP EPR1034 Abcam 169Tm 1:800 

Anti-Iba-1 EPR16589 Abcam 144Nd 1:800 

Anti-CD31 D8V9E Cell Signaling 
Technology 

164Dy 1:800 

Anti-CD45 D3F8Q Abcam 166Er 1:400 

Anti-histone 
H3 

D1H2 Fluidigm  176Yb 1:4000 

Gene symbol Gene name Amplicon length  TaqMan® Assay ID 

Lama 4 Laminin, alpha 4 81 Mm01193660_m1 

Lama 5 Laminin, alpha 5 64 Mm01222029_m1 

Col1a1 Collagen, type 1, alpha 1  89 Mm00801666_g1 

Col4a1 Collagen, type IV, alpha 1  74 Mm01210125_m1 

Fn1 Fibronectin 1  58 Mm01256744_m1 

Hprt1 hypoxanthine guanine phos-
phoribosyl transferase 

131 Mm03024075_m1 

Imaging mass cytometry (IMC), real time polymerase chain reaction (RT-PCR), adapted from (31, 32) 

2.9 Statistical analyses  

All statistical analyses were performed using GraphPad Prism 9.0 (GraphPad software, 

USA) and statistical significance was defined as p ≤ 0.05. Normality of the data was tested 

using the D´Agostino & Pearson test. An unpaired t-test was used to evaluate the sexual 

dimorphism in viscoelastic properties of healthy mouse brains. An unpaired t-test with 

Welch correction was performed to assess sex differences in gene expression of ECM 

components in healthy mice. A paired t-test was used to compare the ex vivo elastic 

difference of low and high fluorescence signal in the DG and the percentage change on 

stiffness in regions with Eu-VSOP accumulation to stiffness changes in regions with no 

particle accumulation. The Wilcoxon matched-pairs signed rank test was used to assess 

the percentage change in GBCA-enhanced regions vs. non-enhanced regions. One-way 

repeated measures ANOVA with multiple comparisons (Tukey´s multiple comparisons 

test) was used for analyzing the in vivo MRE data in the DG and the eroded masks to-

wards the SGZ. To study the differences in viscoelasticity ex vivo from peak of the fluo-
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rescence signal a mixed model was used. Additionally, the gene expression of ECM pro-

teins was evaluated with a one-way repeated measures ANOVA with multiple compari-

sons. A two-way ANOVA with Fisher´s LSD post-hoc comparison was performed to study 

brain regional sex-specific viscoelastic properties in healthy conditions and EAE. Values 

are reported as mean ± standard deviation (SD). Data is visualized as means ± SD. 
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3. Results 

3.1 Study I: Investigation of in vivo and ex vivo mechanical properties of the murine 

subgranular zone 

To assess the microscopic mechanical properties of the hippocampal subregions the 

MRE DG mask was eroded by 1, 2 and 3 pixels; towards the SGZ. Figure 2 on the top 

displays representative high-resolution maps of c and φ and the derived Young´s modulus 

EMRE, each obtained by averaging individual maps after image registration to the standard 

mouse brain atlas. Overlaid are representations of the original DG and the eroded masks. 

All parameters, c, φ, and derived Young´s modulus EMRE, are significantly reduced to-

wards the SGZ as shown in the relative changes in Figure 2A (relative change of c 1 pixel 

eroded (- 0.81 ± 0.86 %) vs. 2 pixels eroded (- 2.34 ± 1.69 %) ***p = 0.0010, 1 pixel 

eroded vs. 3 pixels eroded (- 3.41 ± 1.90 %) ***p = 0.0001, 2 pixels eroded vs. 3 pixels 

eroded ***p = 0.0005; relative change of φ 1 pixel eroded (- 2.06 ± 1.82 %) vs. 2 pixels 

eroded (- 5.00 ± 4.19 %) *p = 0.0108 , 1 pixel eroded vs. 3 pixels eroded (- 7.00 ± 6.62 

%)  *p = 0.0270, 2 pixels eroded vs. 3 pixels eroded not significant p = 0.0784; relative 

change of EMRE 1 pixel eroded (- 1.06 ± 1.66 %) vs. 2 pixels (- 3.33 ± 3.10 %) eroded **p 

= 0.0029, 1 pixel eroded vs. 3 pixels eroded (- 5.00 ± 3.39 %) ***p = 0.0004, 2 pixels 

eroded vs. 3 pixels eroded **p = 0.0046). Absolute means with SD and corresponding p-

values for all three parameters can be found in table 2. For ex vivo AFM measurements, 

GFP fluorescence signal was used as anatomical guidance to position measurement pro-

files on the SGZ (shown in Figure 2B left) and used to quantify neurogenic activity. Meas-

urements revealed that areas with high fluorescence signal, covering the SGZ, are sig-

nificantly softer compared to areas of low GFP signal intensity (Young´s modulus E area 

with low fluorescent signal 128 ± 72 Pa vs. area with high fluorescent signal78 ± 39 Pa, 

p = 0.0004, Figure 2B right).  
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Figure 2 In vivo MRE measurements and ex vivo AFM measurements in the DG encompassing 
the SGZ. A) On the top from right to left, representative MRE parameter maps, c, φ, and derived 
Young´s modulus EMRE, with schematic masks of the original DG and erosion. On the bottom all 
three parameters c, φ, and derived Young´s modulus EMRE, show a significant relative decrease 
when the DG mask is eroded by 1 (purple), 2 (blue) and 3 (green) pixels towards the SGZ. Left, 
the relative change of c (1 pixel eroded vs. 2 pixels eroded **p = 0.0001, 1 pixel eroded vs. 3 
pixels eroded ***p = 0.0001, 2 pixels eroded vs. 3 pixels eroded ***p = 0.0005). In the middle, the 
relative change of φ (1 pixel eroded vs. 2 pixels eroded *p = 0.0108, 1 pixel eroded vs. 3 pixels 
eroded *p= 0.0270, 2 pixels eroded vs. 3 pixels eroded p = 0.0784). On the right, the relative 
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change of Young´s modulus EMRE (1 pixel eroded vs. 2 pixels eroded **p = 0.0029, 1 pixel eroded 
vs. 3 pixels eroded ***p = 0.0004, 2 pixels eroded vs. 3 pixels eroded **p = 0.0046). n = 10, 
repeated-measures ANOVA. B) On the left, representative measurement profile of ex vivo AFM 
measurement overlaid on the high fluorescence region with anatomical labels. On the right, areas 
with high fluorescence signal intensity, indicating the SGZ, exhibit softer mechanical properties 
than areas with low fluorescent signal, ***p = 0.0004. n = 15, paired t-test, magnetic resonance 
elastography (MRE), atomic force microscopy (AFM), dentate gyrus (DG), subgranular zone 
(SGZ). Figure and figure legend adapted from (33) 
 

Additionally, with increasing distance from peak fluorescence, marking the SGZ, Young´s 

modulus E significantly increases, as shown in Figure 3A (means ± SD in table 2; signif-

icances are given in Figure 3A). In vivo MRE measurements as well indicate a significant 

increase in the Young´s modulus EMRE away from the SGZ (0 µm (original mask) 27.7 ± 

3.1 Pa, 70 µm (1 pixel erosion) 27.4 ± 3.2 Pa, 140 µm (2 pixels erosion) 26.8 ± 3.3 Pa, 

210 µm (3 pixels erosion) 26.3 ± 3.3 Pa, significances are given in Figure 3B). All results 

can be also found in (33). 

 

 

 

Figure 3 Comparison of ex vivo AFM and in vivo MRE in the DG. A) E increases with greater 
distance from peak of the fluorescence signal (marked as 0), 0 µm vs. 100 µm **p = 0.0025; 0 
µm vs. 200 µm ****p<0.0001; 0 µm vs. 300 µm **p = 0.0069, 0 - 200 µm n=15, 300 µm n = 10, 
400 µm n = 5, mixed model. B) In vivo MRE reveals similar results when the DG mask is eroded: 
original mask (0 µm) vs. 2 pixel eroded mask (140 µm), *p = 0.0309, eroded original mask (0 µm) 
vs. 3 pixels eroded mask (210 µm), **p =0.0043; 1 pixel eroded (70 µm) vs. 2 pixel eroded mask 
(140 µm), **p = 0.0051; 1 pixel eroded (70 µm) vs. 3 pixel eroded mask (210 µm), ***p = 0.0005; 
2 pixel eroded (140 µm) vs. 3 pixel eroded mask (210 µm), **p = 0.0069), n = 10, repeated-
measures ANOVA, atomic force microscopy (AFM), magnetic resonance elastography (MRE), 
dentate gyrus (DG). Figure legend adapted and figure taken from (33) 
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Table 2: In vivo MRE and ex vivo AFM data 

MRE 

c (in m/s)  p-value 

Brain region Mean ± SD DG 2 pixels eroded DG 3 pixels eroded 

DG 1 pixel eroded 3.21 ± 0.14 0.0010 0.0001 

DG 2 pixels eroded 3.16 ± 0.16  0.0003 

DG 3 pixels eroded 3.12 ± 0.17   

φ (in rad)  p-value 

Brain region Mean ± SD DG 2 pixels eroded DG 3 pixels eroded 

DG 1 pixel eroded 0.69 ± 0.13 0.0071 0.0164 

DG 2 pixels eroded 0.66 ± 0.12  0.0487 

DG 3 pixels eroded 0.65 ± 0.12   

EMRE (in kPa)  p-value 

Brain region Mean ± SD DG 2 pixels eroded DG 3 pixels eroded 

DG 1 pixel eroded 27.39 ± 3.16 0.0029 0.0003 

DG 2 pixels eroded 26.76 ± 3.25  0.0039 

DG pixels eroded 26.31 ± 3.25   

AFM 

E (in Pa)  p-value 

Distance (in µm) Mean ± SD 100 200 300 400 

0 84 ± 40 0.0025 <0.0001 0.0069 0.0699 

100 145 ± 82  0.1449 0.9208 >0.9999 

200 177 ± 68   0.4565 0.3417 

300 158 ± 80    0.2400 

400 142 ± 63     

MRE values for the parameters c, φ and EMRE and AFM values. Significant p-values are in bold. MRE – 
magnetic resonance elastography, AFM – atomic force microscopy, DG – dentate gyrus, adapted from 
(33) 

 

3.2 Study II: Examination of the contribution of neuroinflammatory processes such 

as BBB leakage and focal inflammation to changes in mechanical properties 

To assess viscoelastic parameters in regions of BBB leakage, exclusively detected by 

gadolinium enhancement, and areas of local inflammation with strong immune cell infil-

trate, visualized by Eu-VSOP accumulation, mask comprising solely Gd-enhancement or 

Eu-VSOP accumulation were overlaid on MRE parameter maps, respectively. After EAE 

establishment c significantly decreases in regions with GBCA-enhancement (baseline 
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3.28 ± 0.38 m/s vs. EAE 2.99 ± 0.51 m/s, *p = 0.0183, n = 19) and in areas with Eu-VSOP 

accumulation (baseline 3.03 ± 0.39 m/s vs. EAE 2.55 ± 0.47 m/s, *p = 0.0235, n = 8) 

compared to baseline measurements. φ is unaffected in either region of contrast agent 

accumulation (GBCA-enhanced regions: baseline 0.85 ± 0.08 rad vs. EAE 0.86 ± 0.09 

rad, p = 0.3683, n = 19; areas of Eu-VSOP accumulation: baseline 0.91 ± 0.17 rad vs. 

EAE 0.87 ± 0.20 rad, p = 0.1168; n = 8).  

 Furthermore, the percentage change in c and φ was analyzed in areas of GBCA-

enhancement and Eu-VSOP accumulation and compared to the percentage change of 

the rest of the brain from baseline to EAE establishment (percentage change in c shown 

in Figure 4). No significant difference in the percentage change between non-enhancing 

and GBCA enhanced regions in c (Gd-enhanced areas -9.76 ± 13.32% vs. non-enhanced 

areas -7.18 ± 6.21%, p = 0.3321) or φ was observed (Gd-enhanced areas 4.47 ± 7.96% 

vs. non-enhanced areas 1.07 ± 10.56%, p = 0.1246). In areas of Eu-VSOP accumulation 

a significant difference in percentage change in c was observed compared to areas with-

out Eu-VSOP accumulation (areas with Eu-VSOP accumulation -16.81 ± 16.49 % vs. 

areas without accumulation -5.85 ± 3.81%, *p = 0.0483), whereas φ was unaffected (ar-

eas with Eu-VSOP accumulation -5.29 ± 8.33% vs. areas without accumulation -2.16 ± 

6.63 %, p = 0.2889). 

 

 
Figure 4 Percentage change of c in areas of Gd-enhancement and Eu-VSOP accumulation from 
baseline to EAE disease establishment. On the left, representative GBCA enhancement (T1 post 
GBCA injection) and Eu-VSOP accumulation (T2*-post Eu-VSOP administration) in the mouse 
brain during peak EAE. On the right, no significant difference in the percentage change for c in 
areas with GBCA-enhancement compared to non-enhanced areas (p = 0.3321, n = 19). A signif-
icant change in the percentage change in c is seen in areas with Eu-VSOP accumulation com-
pared to areas without particle accumulation (*p = 0.0483, n = 8), paired t-tests, Gadolinium (Gd), 
europium-doped very small iron oxide nanoparticles (Eu-VSOP), experimental autoimmune en-
cephalomyelitis (EAE). Figure and figure legend adapted from (31). 
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Subsequently, IMC was used to visualize the tissue distribution of Eu-VSOP and colocal-

ization with barrier and inflammatory cells to confirm that the histopathological changes 

were indeed related to inflammation induced Eu-VSOP accumulation. EAE mice showed, 

compared with healthy control, clear inflammation with gliosis represented by an infiltra-

tion of immune cells (CD45, cyan) and an increase of Iba-1 (white) cells and GFAP 

(green). Eu-VSOPs were detected at sites of inflammation in similar regions in which 

particle accumulation was visible in the MRI. Areas of Eu-VSOP accumulation were as-

sociated with CD45+ leucocyte infiltration which were mostly concentrated in the 

periventricular space (Figure 5A, red, white arrowheads) and in the choroid plexus (Figure 

5B, red, white arrows) and frequently localized adjacent to Iba-1 cells (macrophages and 

microglia). Accumulation of Eu-VSOP in the perivascular space was confined to these 

sites of injury and colocalized with CD45+ and Iba-1 positive cells. In particular, Eu-

VSOPs were associated with CD31+ cells (activated endothelial cells) at the vessel walls. 

In the ventricles, the Eu-VSOPs were restricted to the choroid plexus, indicating a clear 

association with the presence of immune infiltrates. No particles co-localized with NeuN+ 

neurons. All presented results are from (31). 
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Figure 5 IMC images showing Eu-VSOP distribution and brain inflammation in EAE. A) Perivascu-
lar space situated between hippocampal formation and brain stem with Eu-VSOP accumulation 
(red, white arrowheads) and strong leucocyte infiltrate B) Eu-VSOPs (red, white arrows) in the 
choroid plexus of the third ventricle associated with perivascular inflammation; neurons (NeuN - 
magenta), astrocytes (GFAP - green), endothelial cells (CD31 - yellow), nuclei (histone H3 - blue), 
microglia (Iba-1 - white), leucocytes (CD45 - cyan), Eu-VSOPs (red dots). Scale bar: 50 µm, eu-
ropium-doped very small iron oxide nanoparticles (Eu-VSOP), experimental autoimmune enceph-
alomyelitis (EAE), imaging mass cytometry (IMC). Figure taken from (31). 
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3.3 Study III: Exploration of regional mechanical sex differences in health and neu-

roinflammation and the association with sexual dimorphism in ECM protein ex-

pression  

As shown in (32), examination of the sexual dimorphism of brain tissue viscoelastic pa-

rameters in healthy mice revealed no differences in c comparing the midbrain (p = 

0.9257), thalamus (p = 0.4105) or hippocampus (p = 0.7448). In the cortex, c was signif-

icantly lower in male healthy mice compared to female (*p = 0.044).  

 Next, the effect of sexual dimorphism on neuroinflammation was investigated by 

comparing a cohort of EAE male and female, after EAE signs were established, to healthy 

controls. In male mice a significant reduction in c was found when comparing the midbrain 

of healthy mice to EAE (*p = 0.024, Figure 6A). In the female midbrain no change in c 

was observed (p = 0.2123). In the hippocampus (Figure 6B left, female p = 0.5819, male 

p = 0.0831) and the thalamic area (Figure 6B right, female p = 0.7399, male p = 0.5930), 

no inflammation-related changes were observed in either sexes in c. The cortex was the 

most affected region during EAE, when compared to aged-matched healthy mice, with a 

significant reduction in c for female (*p = 0.013) and a trend for male mice (p = 0.067, 

Figure 6A). However, no sex-related difference in c was observed during neuroinflamma-

tion and the sex-dependent difference observed in healthy mice was maintained (**p = 

0.006, Figure 6A). No significant differences between sexes and between health and EAE 

mice were observed in φ. Means and SD are presented in table 3. 
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Figure 6 Regional viscoelastic parameters in both sexes in healthy and EAE mice. A) c of the 
midbrain (male naive vs. male EAE *p = 0.024) and the cortex (female naive vs. female EAE *p 
= 0.013, female EAE vs. male EAE **p = 0.006) of healthy and EAE male and female mice. B) c 
of healthy and EAE male and female mice in the hippocampus and thalamus. nfemale naive = 14, 
nfemale EAE = 21, nmale naive = 13 nmale EAE = 18. hc = hippocampus, two-way ANOVA, experimental 
autoimmune encephalomyelitis (EAE). Figure and figure legend adapted from (32). 

 In addition, sexual dimorphism in the gene expression levels of collagens (Col4a1 

and Col1a1), laminins (Lama5 and Lama4) and fibronectin (Fn1) were investigated in the 

cerebral cortex and hippocampus (nfemale naive = 6, nfemale EAE = 6, nmale naive = 6, nmale EAE = 7). No 

differences in expression of the proteins in relation to sex in healthy mice was observed 

in the hippocampus. In the cortex, collagen type IV and laminin expression were signifi-

cantly lower in males than in females (Col4a1 *p = 0.029, Lama4 **p = 0.006, Lama5 *p 
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= 0.019), whereas collagen type I did not show a significant difference. Fibronectin ex-

pression was significantly higher in the healthy male cortex compared to healthy females 

**p = 0.002). At peak EAE, laminin expression increased significantly in both sexes 

(Lama4 and Lama5 *p < 0.05), given the baseline differences between the sexes in 

healthy animals, the expression however remained significantly higher in female EAE 

(Lama4 and Lama5 ***p < 0.001). The differences of Col4a1 expression in healthy male 

and female mice was increased during inflammation as cortical expression in females 

increased by 3.0-fold (**p < 0.01) and in male by 2.0-fold (**p < 0.01) when compared to 

the healthy control group. Additionally, in the male cortex a decrease in the expression of 

Col1a1 (***p < 0.001) and Fn1 (*p = 0.018) was observed, whereas in females no signif-

icant change was seen (Figure 7A). In the hippocampus, Lama5 expression increased in 

females 1.83-fold (p = 0.064), whereas in males expression levels remained unaltered, 

leading to a significant 2.41-fold (*p = 0.025) difference during EAE between the sexes. 

No other significant changes regarding sex or disease status were observed in the ex-

pression levels of the target genes in the hippocampus. Means and SD for sex specific 

fold changes of the target genes are presented in table 3. Results are taken from (32). 
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Table 3: MRE and RT-PCR data (fold changes) for healthy and EAE female and male mice pre-

sented as mean ± standard deviation 

 Female naive Female EAE Male naive Male EAE 

MRE c (m/s) φ (rad) c (m/s) φ (rad) c (m/s) φ (rad) c (m/s) φ (rad) 

Midbrain 3.03 ± 

0.26 

0.78 ± 

0.05 

2.94 ± 

0.17 

0.77 ± 

0.05 

3.02 ± 

0.20 

0.75 ± 

0.05  

2.86 ± 

0.16 

0.75 ± 

0.04 

Cortex 2.90 ± 

0.33 

0.65 ± 

0.09 

2.79 ± 

0.17 

0.61 ± 

0.09 

2.65 ± 

0.30 

0.65 ± 

0.09 

2.50 ± 

0.13 

0.62 ± 

0.07 

Hippocampus 3.58 ± 

0.57 

0.83 ± 

0.12 

4.49 ± 

0.32 

0.81± 

0.05 

3.64 ± 

0.51 

0.81 ± 

0.08 

3.36 ± 

0.41 

0.77 ± 

0.06 

Thalamus 3.86 ± 

0.39 

1.02 ± 

0.07 

3.91 ± 

0.36 

1.04 ± 

0.07 

3.99 ± 

0.42 

0.97 ± 

0.09 

4.07 ± 

0.42 

0.06 ± 

0.10  

         

 Female naive Female EAE Male naive Male EAE 

RT-PCR Fold change Fold change Fold change Fold change 

Lama 4 -2.19 ± 0.17 -1.69 ± 0.16 -2.69 ± 0.03 -2.26 ± 0.08 

Lama 5 -1.91 ± 0.25 -1.47 ± 0.28 -2.47 ± 0.11 -1.99 ± 0.08 

Col4a1 -1.82 ± 0.15 -1.36 ± 0.18 -2.02 ± 0.11  -1.71 ± 0.07 

Col1a1 -1.85 ± 0.12 -1.97 ± 0.15 -1.76 ± 0.13 -2.09 ± 0.12 

Fn -1.84 ± 0.10 -1.78 ± 0.06 -1.56 ± 0.10 -1.71 ± 0.09 

Magnetic resonance elastography (MRE), real time polymerase chain reaction (RT-PCR), experimental au-
toimmune encephalomyelitis (EAE), Laminin, alpha 4 (Lama 4) Laminin, alpha 5 (Lama 5), Collagen, type 
IV, alpha 1 (Col4a1), Collagen, type 1 alpha 1 (Col4a1), Fibronectin 1 (Fn), adapted from (32) 
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4. Discussion 

This thesis for the first time combined in vivo high-resolution multifrequency MRE with 

microscopic ex vivo AFM, contrast-enhanced MRI and histological methods to investigate 

the viscoelastic properties of the mouse brain in a region of neurogenesis and during 

neuroinflammation. The three animal studies yielded insights into the micromechanical 

structures that influence macroscopic mechanical properties measured by MRE in health 

and disease. In study I, in vivo MRE measurements were performed in the SGZ, one of 

the neurogenic niches in the murine brain. MRE data were compared with ex vivo AFM 

results obtained in the SGZ, using GFP-labelled nestin as an anatomical marker, to in-

vestigate whether in vivo measurements reflect similar patterns of mechanical properties 

as observed ex vivo. In study II, adoptive transfer EAE was induced in mice and MRE 

measurements were performed in conjunction with GBCA- and VSOPs-enhanced MRI at 

peak of the disease to study the contribution of BBB leakage/disseminated inflammation 

and local inflammatory processes with a strong immune cell infiltrate to the alterations of 

brain mechanics in neuroinflammation. In study III, the focus was on the effect of sex on 

viscoelasticity in healthy and EAE mice and possible correlation with sex differences in 

the expression levels of ECM proteins. 

4.1 MRE shows soft mechanical properties of the SGZ compared to surrounding 

tissue, which is confirmed by ex vivo findings  

Previous studies have shown that MRE can detect microscopic mechanical parameters 

such as tumor stiffness in the micrometer range (46) or collagen crosslinking on the na-

noscale (47). Study I provides additional evidence that MRE is sensitive to the mechanical 

signature of the microscopic region involved in adult neurogenesis, the SGZ.  

 The heterogeneity of the mechanical properties of the DG´s demonstrated by in 

vivo MRE and ex vivo AFM measurement in study I is in agreement with previous ex vivo 

AFM studies. These studies show that the molecular layer and the hilus, surrounding the 

granular cell layer, are stiffer compared to the granular cell layer (7, 48). In these studies, 

the SGZ was not specifically targeted and probably included in the measurements of the 

surrounding granular cell layer (7, 48), hence, the findings are consistent with the results 

presented here of a gradual softening towards the SGZ. Ex vivo indentation measure-

ments performed to investigate the SGZ separately and comparing the neurogenic niche 
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directly with its surrounding structures, show that the SGZ also exhibits softer mechanical 

properties (17), further corroborating the results of study I. 

The role of tissue softness for neurogenic function is still being explored. Results 

of an ex vivo AFM study, investigating the major neuronal stem cell niche in the murine 

brain, the subependymal zone (49), suggests that a relative stiffness gradient exists that 

controls the differentiation and migratory behavior of newborn neurons. Kjell et al. showed 

that the neuronal stem cell niche is stiffer than adjacent non-neurogenic brain tissue and 

more distant regions such as the cortex. However, the subependymal zone and the rostral 

migratory stream were softer compared to the granule and glomerular cell layers of the 

olfactory bulb. In the mouse brain, neuroblasts that are born in the subependymal zone 

migrate into the olfactory bulb via the rostral migratory stream (49). The results of Kjell et 

al., therefore, suggest that durotaxis is crucial for the migration of neurons and hence, are 

consistent with the results of study I, showing a soft mechanical signature of the SGZ 

compared to the surrounding tissue of the DG (33). In the murine DG, newly generated 

neurons migrate (50) from the softer SGZ into the stiffer granular cell layer, emphasizing 

the role of durotaxis in cell migration (33). 

Several studies using ex vivo microindentation methods or in vivo elastography 

have shown that the mechanical properties of neurogenic regions are important for brain 

pathophysiology (9, 10, 51-56). However, to our knowledge, no other study has correlated 

noninvasively measured mechanical properties of the intact brain with spatially resolved 

imaging of neurogenic function, paving the way for the development of an in vivo biome-

chanical marker of neurogenic activity (33). 

4.2 MRE is sensitive to processes associated with strong focal inflammation visu-

alized by Eu-VSOP accumulation 

It has been shown that MRE is sensitive to changes in global brain mechanical properties 

due to neuroinflammation in MS patients and in the EAE model (19-22, 24). In study II, 

GBCA- and Eu-VSOP-enhanced MRI was performed along with MRE in adoptive transfer 

EAE at peak of the disease to study regional effects of tissue softening in areas of GBCA 

or Eu-VSOP accumulation. As discussed in (31), analysis of enhancement patterns 

showed that tissue softening was more pronounced in areas of Eu-VSOP accumulation 

than in areas of Gd-enhancement. Additional histological visualization of Eu-VSOPs by 
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IMC confirmed their colocalization in areas of intense focal inflammation, where signifi-

cant tissue remodelling is likely to occur. This provides evidence that MRE is particularly 

sensitive to inflammatory brain tissue alterations with strong immune cell infiltration. 

 Previous studies associated global brain softening with the severity of inflamma-

tion, as F4/80 gene expression (22), a macrophage marker, and increased expression of 

CD3 (21), a T-cell marker, positively correlated with the observed softening. Additionally, 

the decrease in stiffness was found to correlate with enhanced expression of the ECM 

protein fibronectin (57), suggesting that neurovascular remodelling at lesion sites also 

contributes to altered tissue mechanics. However, these earlier studies are limited by the 

fact that they investigated viscoelasticity changes only in large brain areas in a single 

slice and therefore provide no regionally resolved data on inflammation. In study II novel 

tomoelastogprahy (4) was applied, which allows generation of stiffness maps over multi-

ple slices with a sufficient spatial resolution to resolve areas of inflammation visualized 

by Gd-enhancement and Eu-VSOP accumulation (31).  

 The results of study II showed that areas of Gd-enhancement displayed a signifi-

cant reduction in brain stiffness. However, this observed softening was similar to that 

detected in non-enhanced areas (31). In general, GBCA-enhanced MRI shows BBB per-

meability as large diffuse hyperintense areas in both, EAE models and MS patients (58-

64). Therefore, it can be assumed that the decrease in stiffness is not due to localized 

tissue changes solely related to BBB breakdown. Instead, the Gd accumulation primarily 

indicates widespread tissue softening attributable to the general inflammatory state of the 

brain, as discussed above. The extent of diffusion of GBCA through the brain after pass-

ing the BBB can be attributed to factors such as the degree of vascular leakage (65) and 

disruption, distribution of contrast agent in the intracellular and interstitial space (66), or 

the decrease of the extracellular space and perfusion at sites of inflammation (59). 

Gd-enhancing lesions not often correlate with the existence of immune cell infil-

trate-derived lesions, a major characteristic of MS and EAE (59, 67), whereas the results 

of study I revealed Eu-VSOP at lesion sites marked by immune cell infiltration, which is 

in line with previous research (62, 68, 69). VSOPs can enter the brain via different routes 

including phagocytosis through activated T-cells (63) or peripheral macrophages (62, 68), 

binding to epithelial or endothelial barriers (19, 35), and passive diffusion as free particles 

through the disrupted BBB (34). These observations suggest that Eu-VSOPs reveal other 

histopathological changes than the known BBB disruption, which underly Gd-enhance-

ment (34, 62, 69). Visualization of Eu-VSOP using IMC showed co-localization of particles 
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at sites of inflammation with endothelial cells. The magnetic particles could have been up 

taken by the cells via inflammation-induced alteration of sulfated glycosaminoglycans on 

the endothelial glycocalyx (69). Additionally, co-localization of particles with leucocyte in-

filtration (CD45+) and activated microglia (Iba-1+) was observed, suggesting phagocyto-

sis. As reported in (31), areas of Eu-VSOP accumulation were significantly softer than 

non-enhanced areas. One factor contributing to the pronounced softening could be the 

presence of glia cells, which AFM measurements have shown to be softer than their 

neighboring neurons (70). Furthermore, dynamic alterations of the ECM structure, due to 

inflammatory activity, such as the accumulation of fibronectin, have also been correlated 

with neural tissue softening in EAE (24) and therefore may have contribute, to the ob-

served stiffness alterations.  

4.3 MRE detects sexual dimorphism in cortical stiffness which is associated with 

differences in ECM protein expression levels 

Previous studies show ECM alterations during neuroinflammation and a correlation with 

the observed overall brain softening (24). Study III builds on this work with an additional 

focus on sexual dimorphism, which may influence ECM composition and brain mechani-

cal properties. Here, sexual dimorphism of cortical mechanical properties was found in 

both healthy mice and EAE. Furthermore, both sexes exhibited cortical softening during 

neuroinflammation which was associated with ECM remodeling, providing further evi-

dence that MRE is sensitive to microscopic tissue alterations such as ECM remodeling. 

Consistent with previous research in humans (20, 71), study III showed that the 

healthy mouse brain exhibited sex-dependent differences in elasticity, primarily affecting 

the cerebral cortex, as the healthy male cortex was on average 9 % softer than the female 

cortex. Gene expression analysis revealed a significantly higher fibronectin expression in 

the healthy male cortex compared to the female one, while in the healthy female cortex 

expression of collagen IV and laminin was significantly higher (32). The ECM proteins 

fibronectin, collagen type IV and laminin, are mainly located in the basement membrane 

of the ECM of the central nervous system and exhibit important mechanical features (72-

80). Therefore, differences in basement membrane constitution between the sexes could 

have an influence on cortical stiffness.  

Although global brain softening of female EAE mice (21, 24) and MS patients of 

both sexes (20) has been reported, significant softening was observed only in the male 
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EAE midbrain, whereas no effect was seen in female mice. Here, the analysis of a single 

coronal slice could explain this discrepancy in results, which might cover different ana-

tomical locations and structures as previous studies. In the present study, both sexes, 

however, showed significant cortical softening during neuroinflammation to a similar ex-

tent, resulting in a similar intersex difference in stiffness as observed in healthy brains. 

The effect of cortical softening in both sexes was reflected in a higher expression of col-

lagen type IV and laminins in EAE mice compared to controls (32). This is in line with 

findings on glial scars resulting from tissue injury, which associate tissue softening with 

increased expression of collagen type IV and laminin (81).  

Furthermore, a significant downregulation of fibronectin and collagen type I was 

shown in the male EAE cortex compared to healthy male mice, while previous research 

found increased fibronectin expression along with perivascular leucocyte infiltrates to tis-

sue softening (24) and reports describing fibronectin deposition in MS lesions (82, 83). 

However, in the present study no leucocyte infiltration in the cortex was observed (data 

not shown, see (32)), and therefore, it can be hypothesized that cortical collagen type I 

and fibronectin expressions were not elevated and hence have not contributed to the 

observed tissue softening (32). Most insights on ECM remodeling in neuroinflammation 

comes from white matter lesions (84) while changes of the ECM in normal-appearing grey 

matter, such as the cortex, are not well understood yet.  

No significant changes in the mechanical properties or ECM gene expression lev-

els were detected in the thalamus and in the hippocampus. In line with previous research 

(21, 22, 24), no changes in fluidity were found in study II or III. Fluidity, deduced from the 

phase angle of the complex shear modulus, denotes conversion of a solid into a liquid in 

a continuous range from 0 to π/2. In biological tissue, fluidity describes the ability of par-

ticles to change their position in the mechanical network (5). The fact that no changes in 

fluidity were observed suggests that the overall architecture of the mechanical network is 

not affected by neuroinflammation, nor does it differ between sexes.  

4.4. Limitations  

Although encouraging results were obtained in all three studies, there are several limita-

tions. First, the direct comparison between in vivo MRE and ex vivo AFM measurements 

of the murine DG in study I is compromised by the lack of AFM image registration with 

MRE parameter maps, since ex vivo measurements covered only small portions of the 
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MRE image slices. Hence, in the MRE parameter maps the SGZ location had to be esti-

mated. The lack of a standardized SGZ atlas mask further complicated the location of the 

SGZ.  Second, MRE measurements in the region of the SGZ might have been degraded 

by partial volume effects introduced by the nearby ventricles. However, erosion of the DG 

mask toward the SGZ increased the distance to the ventricles and led to a decrease in 

viscoelasticity, while an increase should have occurred in the presence of partial volume 

effects. Third, absolute Young´s modulus values obtained by AFM could have been af-

fected by the size of the beads, the cantilever, and indentation velocities; however, these 

parameters were still in the limits in which the linear Hertz model could safely be applied 

(33).  

 Finally, the MRE set-up, with tomoelastogprahy used in all three studies did not 

include cerebellum and spinal cord in the image acquisition range due to technical re-

strictions. This limits the investigation of brain mechanics in EAE mice performed in study 

II and III, as the cerebellum and spinal cord are particularly affected regions in EAE mod-

els (22, 63, 85). Future studies should include these regions to further elucidate patho-

logical alterations in brain mechanics detected by MRE.  

4.5  Implications for future research 

The study of micromechanical structures resolved by MRE at the macro level in health 

and disease can be leveraged for non-invasive clinical assessment. More precisely, the 

insights into the viscoelastic properties of the SGZ presented here enhance our under-

standing of how the mechanical properties of a tissue form the tissue environment that 

sustains homeostasis, repair, and neuronal proliferation. Future studies using in vivo 

MRE could investigate other neurogenic niches in the mouse, e.g., the subependymal 

zone next to the lateral ventricles, to foster our understanding of the biophysical environ-

ment required for healthy neurogenesis. Moreover, the influence of the ECM composition 

of neurogenic niches on their biomechanical properties could be investigated, since the 

ECM plays a central role in the process of adult neurogenesis (86, 87). The findings could 

be of interest for research in the field of neuronal regenerative medicine.  

Our findings regarding in vivo mechanical properties during neuroinflammation 

could be exploited for clinical practice in the future. Studies II and III provide further evi-

dence that ECM remodeling contributes to brain softening observed during neuroinflam-
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mation. The combined use of contrast-enhanced MRI, regional brain mechanical proper-

ties assessment and analysis of ECM composition during different phase of EAE, includ-

ing onset, remission, and relapse phases, could shed light on the prognostic value of in 

vivo MRE. Furthermore, regional resolved MRE could be used to monitor treatment re-

sponse during the different inflammatory phases. Here, emphasize could also be placed 

on sex-related differences in contrast agent enhancement and response to treatment.  

MS is a heterogeneous disease affecting both white and gray matter. Therefore, 

future MRE studies could also focus on the cortex, which is primarily composed of gray 

matter, as this region was identified to be severely affected in study III based on stiffness 

changes and ECM remodeling. One potential ECM target in the cortex could be perineu-

ronal nets. Growing evidence suggests that perineuronal nets have an important role in 

neuronal structure and function in neuroinflammatory diseases such as MS (88, 89). Deg-

radation of cortical perineuronal nets has been observed during EAE (88). Therefore, it 

could be hypothesized that cortical perineuronal net degradation correlates with cortical 

softening in EAE or in genetically modulated mouse models that have a compromised 

perineuronal net structure (90). The findings could further contribute to the establishment 

of MRE as a preclinical and clinical imaging marker. 
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5. Conclusions  

This work investigated the micromechanical structures of the mouse brain during the 

physiological process of neurogenesis, in terms of sexual dimorphism, and their patho-

logical changes during neuroinflammation. The three studies conducted show that the 

macroscopic mechanical properties, resolved by MRE, are sensitive to these microstruc-

tures and their alterations. The following major conclusions can be drawn from the find-

ings of these studies: (i) the SGZ, the hippocampal neurogenic niche, is softer than the 

surrounding tissue which is detected by in vivo MRE and confirmed by ex vivo measure-

ments; (ii) MRE is sensitive to local neuroinflammation where strong immune cell infiltra-

tion takes place, as identified by Eu-VSOP MRI, and (iii) there are sex-specific differences 

in cortical stiffness measured by MRE, and these differences correlate with differences in 

ECM protein expression levels. 

 Collectively, the results presented here further our understanding of the biophysi-

cal properties of brain tissue under healthy conditions and during inflammation. On the 

one hand, MRE is a suitable non-invasive imaging modality with the potential to become 

an in vivo biomechanical marker for neurogenic activity. On the other hand, MRE allows 

in vivo visualization of pathological processes with similar sensitivity and detail resolution 

as Eu-VSOPs-enhanced MRI. MRE could therefore be used for the investigation of neu-

roinflammation in preclinical and clinical studies and become a non-invasive tool for clin-

ical diagnosis and therapy monitoring. In summary, MRE is highly sensitive to physiolog-

ical and pathological processes in the brain and provides a useful non-invasive imaging 

marker for both preclinical and clinical research.  
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