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Zusammenfassung

Entzindungserkrankungen des zentralen Nervensystems (ZNS) wie Multiple Sklerose und Akute
disseminierte Enzephalomyelitis sind verbunden mit der Aktivierung und Einwanderung von
Immunzellen in das ZNS, was letztlich zu Demyelinisierung der weillen Gehirnsubstanz,
Neurodegeneration und Entwicklung von neurologischen Symptomen fuhrt. Eine Klinische
Diagnose wird jedoch oft erst gestellt, wenn neurodegenerative Prozesse bereits im Gange sind. In
dieser Arbeit wurden drei Studien unter Einsatz modernster Methoden der Magnetresonanz (MR) im
Experimentelle Autoimmun Enzephalomyelitis (EAE) Tiermodell durchgefihrt, um die zugrunde
liegenden Pathologien der ZNS-Entzundung zu untersuchen. Ziel der ersten Studie war es,
Frihindikatoren der Krankheit ausfindig zu machen. Durch Verwendung kryogener Hochfeld (HF)-
Spulen bei der in vivo MR-Bildgebung mit hervorragender raumlicher Auflésung im Mikrometer
Bereich (uUMRI) war es moglich, Gehirnpathologien als mikroskopische Verdnderungen im
Gehirnparenchym zu enthillen. Durch uMRI wurden Lésionen als hyper- und hypo-intensive
Regionen noch vor dem Auftreten klinischer Symptome enttarnt. Die L&sionen wurden im Kleinhirn
(lat. Cerebellum) der weiBen Substanz und im Cortex beobachtet, und deuten auf
Immunzellinfiltration hin, was durch konventionelle Histologie bestétigt wurde. In der zweiten
Studie wurden die zeitlichen und rdumlichen Verteilungen der Gehirnveranderungen aus der
vorherigen Studie wahrend der Entwicklung von EAE systematisch untersucht. Durch die kryogen-
gekuhlte Empfangsspulen-Technologie war es moglich die Akquisitionszeit soweit zu reduzieren,
dass eine groRe Anzahl von EAE-Méusen untersucht werden konnte. Diese Studie offenbarte eine
signifikante VergroRerung des Ventrikels und eine Zunahme von freiem Wasser in die Liquor
cerebrospinalis noch bevor sich die Krankheit klinisch bemerkbar macht. Abgesehen von diesen
makroskopischen Veranderung zeigte diese Studie, dass sich mikroskopische Lé&sionen, die
ublicherweise im Cerebellum beobachtet werden, schon vor Beginn der Erkrankung bemerkbar
machen. Die Daten zeigten, dass eine frihzeitige Verdnderungen der VentrikelgroRe und das
Auftreten von L&sionen wahrend der Autoimmunitat im Gehirn ein Frihindikator sein kénnte, noch
bevor sich ein neurologisches Krankheitsbild herausbildet, was eine zusétzliche Untersuchung in
praklinischen und klinischen Studien erforderlich macht. In der dritten Studie wurde die Dynamik
der Entziindungszellen zwischen dem zentralen Nervensystem und dem lymphatischen System
wahrend der EAE-Ausbildung untersucht. Die Art und Weise der Immunzellinfiltration wéhrend der
Gehirnentziindung wurde anhand einer neuartigen Fluor / Proton (**F / 'H) MR Neuro-



Bildgebungstechnik und der Verwendung von fluoreszierenden °F Nanopartikeln untersucht. In
dieser Studie war es moglich, Anderungen in der Migration der Entziindungszellen durch
Veranderungen des Fluorsignals in den ableitenden Lymphknoten und in den Entziindungsregionen

des ZNS, wie Kleinhirn, Hirnstamm und Cortex, iber einen ausgedehnten Zeitraum zu detektieren.



Abstract

Central nervous system (CNS) inflammatory disorders such as multiple sclerosis and acute
disseminated encephalomyelitis are associated with the recruitment and invasion of immune cells
into the CNS that ultimately leads to white matter demyelination, neurodegeneration and
development of neurological symptoms. A clinical diagnosis is often made when neurodegenerative
processes are already ongoing. In this work three main studies employing state-of-the-art Magnetic
Resonance (MR) methods were performed in the animal model Experimental Autoimmune
Encephalomyelitis (EAE), in order to study the underlying pathologies of CNS inflammation. In the
first study, the goal was to seek early indicators of disease. By employing cryogenically-cooled RF
coils to acquire micro MR imaging (ULMRI) in vivo, with superior spatial resolution, it was possible
to reveal brain pathology as microscopic changes in the brain parenchyma. uMRI revealed lesions
as hyper-intense and hypo-intense regions, before the appearance of clinical symptoms. The lesions
were observed in the cerebellum white matter and the cortex and were suggestive of immune cell
infiltration as demonstrated by conventional histology. In the second study, the temporal and spatial
distributions of brain modifications observed in the previous study were systematically investigated
during inflammation throughout the development of EAE. Thanks to the reduced scan time achieved
using the cryogenically-cooled coil technology it was possible to follow a large cohort of EAE mice.
This study revealed significant enlargement in ventricle size and an increase in free water content
within the cerebrospinal fluid (CSF) prior to disease clinical manifestation. Apart from this
macroscopic change, this study demonstrated that microscopic lesions commonly observed in the
cerebellum also became evident prior to disease onset. The data suggested that early changes in
ventricle size and lesion presentation during brain autoimmunity could be an indicator of the events
preceding neurological disease manifestation and necessitate additional exploration in preclinical
and clinical studies. In the third study, the dynamics of inflammatory cells between central nervous
system and lymphatic system were investigated during development of EAE. The nature of immune
cell infiltration during brain inflammation was studied by a novel Fluorine/Proton (**F/*H) MR
neuroimaging technique and application of fluorescently-tagged °F nanoparticles. In this study it
was possible to detect changes in inflammatory cell migration over an extensive period of time by
changes in the fluorine signal within the draining lymph nodes and regions of inflammation in CNS

such as cerebellum, brain stem and cortex.



1. Introduction

Multiple Sclerosis (MS) is an inflammatory disorder of the Central Nervous System (CNS) caused
by a chronic demyelination of axons in the brain and spinal cord. In Europe MS prevalence ranges
from 20-200 per 100.000 and likewise the incidence varies between 10-100 per 100.000 depending
on the European region, with a higher prevalence in women (2:1) [1]. MS is thought to be the result
of a combination of different environmental factors (such as viruses, stress and dietary changes) that
act in concurrence with genetic susceptibility to turn on the inflammatory response against self-
antigenic determinants expressed in the CNS and result in multiple neurological dysfunctions (e.g.

limb weakness, visual and sensory disability, bowel symptoms).

That MS is an autoimmune syndrome is corroborated by animal models studies indicating that
autoreactive T cells can cause an inflammatory demyelination of CNS. These animal studies have
implicated one or more myelin antigens in brain and spinal cord. Experimental autoimmune
encephalomyelitis (EAE) is an inflammatory demyelinating disease of the CNS that can be induced
in a number of species (e.g. rodents and primates) and is used as a model for the human CNS
demyelinating disease since it shares clinical and pathological features with MS [2]. Commonly
EAE is induced by immunization with one of a number of myelin antigens emulsified in complete
Freund’s adjuvant [3] or by transfer of effector T helper cells [4] in susceptible mouse strains. A
widely used strain is the SJL/J; a relapsing/remitting form of EAE can be induced in these mice nine

to thirteen days following immunization with the myelin proteolipid protein (PLP . ,.,) peptide [3].

Under normal physiological conditions, the CNS is protected against potentially harmful intruders
by immunologically competent CNS resident cells, such as microglia, or immune cells derived from
the peripheral circulation; blood-borne immune cells, including memory T cells, are limited to the
leptomeningeal, perivascular and ventricular CSF spaces [5]. The events that lead to MS lesion
formation involve the invasion of activated CNS specific immune cells from the peripheral vascular
compartment into the brain parenchyma resulting in tissue damage; this is best depicted by the
presence of demyelinating lesions and plagues commonly located in the white matter, mostly

periventricular, and in leukocortical, juxtacortial and cortical regions [6].

Organ-specific autoimmune diseases such as MS are thought to be mediated by T helper cells (Tw)
which activate macrophages [7]. Naive Tw cells (CD4" T cells) mature after interaction of their T

cell receptor with antigen bound on the MHC |1 receptor of antigen presenting cells (APC). After
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activation, TH cells undergo proliferation and differentiation into several lineages of effector Tn
cells, including encephalitogenic Tw17, which stimulate and interact with other leukocytes including
regulatory T cells. The residual cell population will persist as long-living memory Tn cells [8]. In
the healthy brain, immune cell such as memory Tn cells appear to be limited to the CSF
compartment [5]. For this reason it was eventually assumed that the CSF compartment has a
fundamental role for immune surveillance and is the place where activated T cells can interact with
resident antigen-presenting cells during neuroinflammatory disease [9]. Memory T cells reach the
CSF compartment by means of their extravasation via microvascular structures of the choroid plexus
into the cerebral ventricles or alternatively via postcapillary venules into leptomeningeal and
perivascular Virchow—Robin (VRS) spaces [10]. Inflammation and demyelination of white matter
imply the entry of immune cells in the CNS. Two different studies showed that two waves of
migratory T cells invading the CNS could exist. The first wave of T cells is through the choroid
plexus, via the blood CSF barrier (BCSFB), leading to effector T cell (Th17) restimulation by
antigen in the subarachnoid space, early CNS inflammation and stimulation of the blood brain
barrier vasculature. This activation triggers the second wave where a larger number of inflammatory

cells invade the CNS parenchyma via their migration through the blood brain barrier (BBB) [11].

EAE has also been a necessary tool for the identification of new therapeutic compounds for MS,
some of the therapies discovered through the model are established treatments for MS [12].
Particularly the discovery of antibodies against a4/l integrin (VLA-4) in EAE preventing traffic of
mononuclear leukocytes across the vascular endothelium of the CNS through the inhibition of
activated lymphocytes adhesion to brain blood vessels [13] has been shown to induce a rapid and

sustained reduction in disease activity in MS [14] and this therapy is now FDA-approved.

The diagnosis of MS is usually based on the McDonald criteria. Accordingly, patients with a first
clinical episode suggestive of MS (Clinically Isolated Syndrome or CIS) will be diagnosed with
clinically definitive MS if the initial MRI findings fulfill the criteria for both dissemination in space
and time [15]. However, a definitive diagnosis is based on a number of different clinical tools,
including cerebrospinal fluid analysis for the identification of oligoclonal bands [16] and evoked
potential testing [17]. MRI is becoming a common tool not only for diagnosing MS but also for
follow-up studies and for defining endpoints when studying response to therapy in individual

patients [18]. Although MR is a strong tool in the diagnosis, prognosis and therapeutic outcome of



MS, more reliable and robust image analysis methods are still needed to understand and fully exploit
the amount of information that can be generated [19]. Animal models of brain inflammation are
therefore also invaluable as benchmarks for new MRI technologies that could become clinical

routine in the future.

In animal models of MS, MRI has been employed for several years to study non-invasively the
progression of encephalomyelitis, particularly in association with anti-inflammatory treatment
studies [20, 21] but also to identify signatures between different pathological lesions [22] and
different anatomical regions of the CNS [23].

Although preclinical MRI has been valuable to study specific pathologies during brain
autoimmunity, limitations in the technology exist. The most predominant problem is the anatomical
dimensions of the typical animal species studied, which intrinsically restricts the achievable spatial
resolution. By increasing the resolution to achieve a quality comparable to human MR imaging, a
decrease in signal to noise ratio (SNR) is to be expected because of the reduced voxel size. To
overcome this drawback averaging is necessary; this considerably increases scan time and ultimately
limits the thoroughness of the study (i.e. frequency of MR scans per animal or number of animals
per study). These limitations for small animal MRI, as well as those shared with human MRI
(motion artifacts, field inhomogeneity at higher magnetic field strengths), represent major

challenges for the execution of more intensive MR studies in animal models of disease.

Recently, cryogenically-cooled proton (*H) coils have started gaining momentum in preclinical MR
studies due to a boosted signal-to-noise ratio (SNR) compared to traditional room temperature *H
coils [24]. With these coils UMRI can be achieved at reasonable scan times; uMRI is defined as
MRI with a spatial resolution <100 pum. Coil resistance and therefore thermal noise are reduced due
to coil cooling. The resulting SNR increase compares to an increase in the magnetic field (Bo)
strength by a factor of at least 2, without the problems associated with higher Bo strengths such as

shorter wavelengths, B: and Bo inhomogeneities and susceptibility artifacts.

Another emerging use of MRI is immune cell tracking in the lymphatic system and inflamed organs.
Using nanoparticles rich in fluorine (*°F) — as MR active nucleus — it is possible to label cells and
locate them with virtually background free signal due to the negligible endogenous presence of 1°F

in the body. Fluorine compounds are commonly used in biomedical application e.g. as oxygen
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carriers; usually these are synthetic chemically-inert perfluorocarbons (PFCs) that are insoluble in
water and need to be emulsified for clinical use. The '°F particles achieved by emulsification range
from 100 nm to some hundreds nanometers. Since nanoparticles are easily taken up by cells of the
mononuclear phagocyte system such as dendritic cells and macrophages [25], it is possible to detect
¢ signal in regions of inflammation and draining lymph nodes (LNs). Therefore 1°F nanoparticles
in combination with °F/*H MR methods have been used to study several models of inflammation

such as post ischemia inflammation [26] and also to track immune cell types [27].

The goal of this work was to make good use of the above novel technologies and evolving MR
methods to further understand the evolution of brain autoimmunity during EAE particularly the
early stages of the pathophysiology. For this, both pMRI and '°F MRI were implemented to study
the early processes of inflammation in the EAE. The cryogenic MR technology was used during the
first study to acquire high resolved images of mouse brain EAE lesions (UMRI) in an amount of
time suitable for in vivo preclinical longitudinal study. In this first study brain pathology was
observed in areas (such as the cerebral cortex), not commonly detected by conventional MRI and an
excellent correspondence between uMRI findings and conventional histology was demonstrated. In
the second study, the goal was to exploit the major advantages of employing the cryogenically-
cooled coil technology in EAE studies (increased image resolution and reduced scan time) to closely
follow longitudinally changes, especially microscopic alterations, in the brain during EAE, with the
ultimate aim of identifying pathological changes prior to and during commencement of disease. On
a microscopic level the evolution of MR hyper and hypo-intense regions were observed prior to
EAE clinical manifestation. Surprisingly the most interesting finding of the second study was a
macroscopic change; a prominent increase in ventricle volume was detected prior to disease onset
and in parallel to an increase in T. relaxation time of CSF. The cryogenically-cooled technology
permitted a significant reduction in acquisition time, thereby enabling closer and more critical
observations of changes (that were otherwise previously concealed by conventional MR methods) in

brain pathology during EAE.

The results of the first two studies were a precursor to my motivation to study immune cell
trafficking into CNS during the development of EAE. For this, the evolving technologies around *°F
were developed and employed. A dual-tunable radiofrequency probe for combined °F and *H MR

was developed for mouse neuroimaging. Fluorescently-tagged fluorine nanoparticles were also
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prepared in-house to label immune cells during the inflammatory process. With these technologies,
the in vivo dynamics of inflammatory cells between CNS and lymphatic system could be studied
during EAE development. Immune cell infiltrations were observed in regions that are otherwise not

easily visualized by conventional probes due to limited signal depth penetration.
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2. Methodology

2.1. Magnetic resonance related methods
MR methods were performed using a 9.4 Tesla horizontal magnet small animal scanner (Biospec

94/20 USR, Bruker Biospin, Ettlingen, Germany) with a bore diameter of 200 mm. The system is
equipped with an actively-shielded water-cooled BGA12 gradient system, gradient amplitude 440
mT/m, with an integrated shim set up to second order. To accommodate for the animal experiments
in the three studies the animal cradles for the different coil setups used were connected to an
automatic positioning system (AutoPac, Bruker Biospin). The MR system runs on a Linux-based
software for multidimensional MR data acquisition, reconstruction and visualization (ParaVision®

5.1, Bruker Biospin, Ettlingen, Germany).

a. Coil technologies
Two different technologies were used to study brain inflammation in EAE by MR methods. High

resolution of the brain was achieved by means of a cryogenically-cooled *H coil (Bruker, Ettlingen,
Germany). Brain inflammation was studied by means of a dual-tunable *°F/*H birdcage in house
built coil (Sci Rep. 2013; 3:1280).

i.  Cryogenically-cooled surface coil

For micro MRI of the mouse EAE brain a cryogenically-cooled proton (*H) coil, a Transceiver
Mouse Brain CryoProbe (CP, Bruker BioSpin, Ettlingen, Germany) was employed. The CryoProbe
is a half-cylindrical-shaped 2-channel transmit/receive quadrature-driven surface coil, for full
mouse-brain coverage with a maximum field of view of ¢. 30x20x20 mm. cooled by a closed-cycle
refrigeration system and operating at around 30 K. The surface of the probe that is in direct contact
with the animal head is maintained at 37° C via a resistive heater unit (Bruker, BioSpin AG,

Fallanden, Switzerland) that monitors and regulates the temperature.

ii. °F/*H dual-tunable birdcage coil

To study brain inflammation, a dual-tunable °F/*H birdcage coil was constructed. The probe is
composed of 32 copper strips arranged in parallel to form a cylinder and overlapping with peripheral
strips connected together by the end rings of the RF coil. In this way there was no need of solid chip
capacitors (thereby reducing susceptibility artifacts) because the design itself provided capacitance
at each overlapping section. Moreover the selected geometry resulted in improved transmission field

homogeneity. A recognized limitation with our coil design is that the birdcage cannot be driven in
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quadrature and dual-tunable mode at the same time due to its small size, resulting in a lower SNR (-
41%) compared to quadrature driven coils.

b. MR acquisition

A number of RF pulse programs available on ParaVision® 5.1 scanner software (Bruker, Ettlingen,
Germany) were tailored to achieve different contrasts in order to highlight and detect brain
inflammation in EAE. In MRI the signal is generated by the reaction of proton (*H) to the
combination of two magnetic fields: the external static magnetic field (Bo) and the alternating
magnetic field (B1) generated by the coil system. This signal changes in different tissues thereby
producing boundaries and contrast. The most important properties of protons that influence the
signal are the proton density (PD), the spin-lattice relaxation time (T1) and the spin-spin relaxation
time (T2). T1 and T2 contrast are related to the relaxation phenomenon. Relaxation describes the
processes that occur when a sample placed inside Bo returns to its equilibrium state (i.e. the initial
magnetization) after a RF pulse excitation. Tz is the time constant for the recovery of magnetization
along the direction of Bo and T- is the time constant for the decay of magnetization in the plane
perpendicular to Bo. Several pulse methods exist to highlight the signal of different tissues e.g. white
matter and gray matter. To achieve this purpose it is necessary to determine various parameters in
the imaging technique such as the repetition time (TR), the echo time (TE), the flip angle (FA) and

the inversion time (TI).

i. MR Imaging

Pre and post contrast T: weighted (T:W) imaging was performed using Modified Driven-
Equilibrium Fourier Transformation (3D MDEFT: TR = 3000 ms, TE = 3.9 ms, FA 20°, Tl = 950
ms, matrix 384 x 384). Horizontal sections: Time of acquisition (TA) = 11 min, spatial resolution =
47 x 47 x 400 pm?. Coronal sections: TA = 15 min, spatial resolution = 47 x 47 x 500 pm?®. As Ti-
enhancing contrast agent gadolinium diethylenetriamine penta-acetate (Gd-DTPA, Magnevist,
Bayer-Schering Pharma AG, Berlin, Germany) was administered intravenously at a dose of 0.2

mmol/kg.

T> weighted (ToW) scans were performed using Turbo Rapid Acquisition with Relaxation
Enhancement (2D TurboRARE: TR = 3000 ms, TE = 43 ms, matrix 384x384, TA =5 min) were

performed with geometry and spatial resolution identical to that of T1W imaging.
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To image brain tissue in association with the microvasculature a T," weighted (T2"W) multislice fast
low angle shot method (2D FLASH: TR = 473 ms, TE = 18 ms, FA 40°, matrix 512 x 512) was
applied using an in plane resolution of (35 x 35) um?. Horizontal sections: TA = 8 min, slice

thickness = 400 um. Coronal sections: TA = 11 min, slice thickness = 500 pum.

T2"W phase maps were processed in order to generate susceptibility weighted imaging (SWI). SWI
generates a different contrast compared to Ty or T2 exploiting the magnetic susceptibility of tissues
since their signal will become out of phase with tissues that possess a different susceptibility.

A gradient echo with flow compensation (GEFC-3D FLASH: TR = 30 ms, TE = 5.9 ms, matrix 512
x 256 x 256, TA = 29 min) was performed 1 hr after contrast injection at an isotropic spatial
resolution of 59 um. Since this method is typically used for MR angiography it was employed to

visualize only the brain vasculature excluding the parenchyma.

To study brain inflammation by combined **F/*H MRI 3D TurboRARE was employed. 'H: TR =
1500 ms, TE =53 ms, FOV =40 x 16 x 16 mm?, matrix = 320 x 128 x 128, RARE Factor = 16, TA
= 25 min. *F: TR = 1000 ms, TE = 6 ms, FOV = 40 x 16 x 16 mm?3, matrix = 100 x 40 x 40, zero
fill acceleration = 2, RARE Factor = 40, number of averages (NEX) = 128, TA = 45 min. For
overview scans and serving as a reference to the °F MRS, it was used a 2D FLASH method. 1°F:
TR = 15ms, TE = 3.3 ms, one sagittal 3 mm slice, in-plane resolution (400 x 400) um?, NEX =
2048, TA = 15 min; 'H: TR = 473 ms, TE = 13 ms, 22 slices, in plane resolution (73 x 73) um?,
NEX = 16, TA = 25 min was used.

ii.  T2mapping

To investigate possible changes in water content of CSF, T> mapping was performed since changes
in T» relaxation time directly correlate to water content. For this purpose a multislice-multi-echo
technique (MSME: TR = 1500 ms, matrix = 256 x 256, FOV = 1.8 cm, NEX =2,slice=1, TA=15
min) was used. For this purpose TE ranging from (10-80) ms were used to vary T.-weighting in
increments of 10 ms. The slice was positioned horizontally using as reference the horizontal
TurboRARE geometry covering cortex, caudate putamen, hippocampus, cerebellum and lateral,
third and fourth ventricles.
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ii.  Single voxel MR spectroscopy

For the in vivo quantification of fluorine in a specific region a single voxel spectroscopy (SVS) was
performed. For this purpose a (3 x 3 x 3) mm? voxel was placed within the region of interest inside
the mouse cerebellum. After employing the FastMap37 method from Paravision software, for
volume specific magnetic field (Bo) shimming, the spectra where acquired using a SVS protocol for
1F MRS (Point-RESolved Spectroscopy, PRESS: TR = 1500 ms, TE = 11.6 ms, NEX = 512, TA =
13 min). To quantify the *°F signal in vivo, a °F MRS calibration curve was created using the same
PRESS protocol with three 15 ml Falcon tubes containing different known concentrations of our
PFCE Emulsion (10, 20 and 40 mM).

c.  ®Fenriched nanoparticles preparation and characterization

Nanoparticles with high fluorine (*°F) content and Dil fluorescence were prepared for labeling
inflammatory cells in vivo. These particles consisted of 600 mM perfluoro-15-crown-5-ether (PFCE,
Fluorochem, Derbyshire, UK) and 630 uM 1,1'-Dioctadecyl-3,3,3',3'-Tetramethyl, indocarbocyanine
Perchlorate (Dil, Molecular Probes®, Invitrogen, Darmstadt, Germany) and were prepared by first
emulsifying PFCE in Pluronic F-68 (Sigma-Aldrich, Germany) via direct sonication, using a cell
disrupting titanium sonotrode (Bandelin Sonopuls GM70, Bandelin, Berlin, Germany). After 1:1
(v/v) dilution with DPBS, the PFCE emulsion was further sonicated in the presence of 630 uM Dil
to obtain a PFCE-Dil nanoparticle emulsion. In order to remove free Dil, the PFCE-Dil nanoparticle
emulsion was then clarified on Sephadex G-50 (Sigma-Aldrich, Germany) columns. The
nanoparticles physical characteristics such as z-average diameter, polydispersity index and zeta
potential ({) were determined by dynamic light scattering using a Malvern Zetasizer Nano ZS
instrument (Malvern Instruments, Worcestershire, UK). The particle size remained constant after

incorporation of the Dil.

2.2.  Animal experiments

All animal experiments were carried out in accordance with the guidelines provided and approved
by the Animal Welfare Department of the LAGeSo State Office of Health and Social Affairs Berlin
(Permit G-0172/10: MR Bildgebung d. Therapieansatze - EAE).

Experimental autoimmune encephalomyelitis (EAE) was induced in female SJL/J mice (Janvier
SAS, Le Genest-St-Isle, France) as previously described [3]. Mice (12 weeks old) were immunized

subcutaneously with 250 ug PLP,,, .., peptide (Pepceuticals Ltd., UK) and 800 pg mycobacterium
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tuberculosis H37Ra (Difco) in 200 pl emulsion containing equal volumes of phosphate/buffered
saline (PBS) and complete Freunds adjuvant (BD-Difco). Pertussis toxin (200 ng, List Biological
Laboratories, US) was administered intraperitoneal on days 0 and 2. Mice were weighed and scored
daily as follows: 0, no disease; 1, tail weakness and righting reflex weakness; 2, paraparesis; 3,
paraplegia; 4, paraplegia with forelimb weakness or paralysis; 5, moribund or dead animal. Mice
with a score of 2.5 or more received an intraperitoneal injection of 200 pl glucose (5%) daily and
mice with a score of 3 for more than 24 hours were sacrificed. Animals used as controls were
healthy untreated mice. For sham immunizations: the same protocol used for EAE was used except

that the PLP139.151 peptide was omitted from the immunization cocktail.

During MR experiments mice were positioned on a water circulated heated animal bed to ensure
constant body temperature of 37 °C and were kept under constant anesthesia via a controlled
continuous flow of air, oxygen and isoflurane 0.5-1.5% (Abbott GmbH & Co. KG, Wiesbaden,
Germany. Body temperature and breathing rate were constantly checked by a remote monitoring
system (Model 1025, SA instruments Inc., New York, USA).
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3. Results

3.1.  First study: Pilot study identifying cellular infiltration in the cerebellar cortex in early
stage of EAE (PLoS One. 2012; 7(3):e32796)

Micro MRI of EAE animals (n = 9) was performed at baseline (prior to EAE induction) and on a

daily basis starting from day 5 post immunization. All mice developed EAE. The average EAE score

for all 9 mice was 1.7 = 0.7 (£ S.D.) and the average day of onset was 11.2 + 1.6 days (+ S.D.) with

a range of 9-14 days post immunization.

The high spatial resolution achieved using a cryogenically cooled RF coil allowed us to identify
lesions prior to the onset of disease symptoms. The ToW TurboRARE method provided the best
image contrast and enabled observation of lesions in multiple brain regions, particularly the arbor
vitae of the cerebellum (white matter) but also in the cerebral cortex and subcortical regions.
Lesions could be detected as early as 3 days prior to clinical manifestation. Seven out of 9 EAE
mice exhibited lesions in the brain. In the cerebellum the lesions appeared first as hyper-intense
regions in the white matter of the arbor vitae. Remarkably prior the manifestation of the disease
hypo-intense islands indicative of cellular involvement became evident inside the hyper-intense

lesions.

Also prior to manifestation of clinical symptoms, lesions could be detected in the cortex. Compared
to the T1W scans, T>W imaging was valuable to detect punctuate lesions in multiple regions of the
inflamed brain (Figure 1). T>*W imaging revealed these signal changes in even greater detail,
commonly in association with intracortical vessels. Moreover the susceptibility weighted imaging
(SWI) processed from the T>*W phase maps, further enhanced the contrast between normal tissue,
inflammatory lesion and microvasculature enabling the visualization of small venous irregularities
(Figure 1). The proximity of the structural irregularities to the vasculature in the cerebellum and
cerebral cortex (detected using T.W and T>*W imaging) was suggestive of inflammatory cell
pathology. These hypo-intense areas could indeed be corroborated with the presence of
inflammatory cell foci in hematoxylin and eosin histology of the same region imaged in vivo. This
strong correlation between the MRI data and the histology corroborates the uMRI data and

underscores the utility of UMRI to reveal histologically relevant pathology sites in vivo.
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Figure 1 High resolution MRI reveals focal hypo-intense inflammation in the cerebral cortex of EAE mice. (A)
T:W horizontal scan using MDEFT (16 slices, FOV 18x18 mm, Matrix 384x384, 400 um slice-thickness). (B) T.W
imaging using TurboRARE with geometry and resolution kept the same as for T;W MDEFT. (C) T2*W imaging using a
FLASH multislice method with same slice thickness as in A and B.

To reveal diffuse contrast enhanced lesions in correspondence with To,W lesions, T1W imaging was
preformed pre and post contrast (Gd-DTPA). Lesions in close proximity to the ventricular system
(as detected by T>W and T>*W microstructural MRI), resulted in leakage of contrast agent (CA) in
the ventricles following administration of Gd-DTPA. As a result the CA-enriched ventricular system
could be visualized three-dimensionally together with the brain vasculature by using the GEFC-3D
FLASH. The visualization of the ventricular system in association with the vasculature was only
evident in EAE mice with periventricular lesions post CA and was not detectable in healthy control
mice following CA application. While the precise mechanism still needs to be clarified, these results
suggest that an inflammation-induced disruption of the BCSFB barrier might lead to extravasation
of CA into the ventricular compartment such that the CSF flow could be captured by the GEFC-3D
FLASH scan.

3.2. Second Study: Ventriculomegaly as early indicator of Encephalomyelitis (PLoS One.
2013 Aug 22; 8(8):e72841)

In this study brain modifications were investigated in EAE mice (n = 20) and control sham

immunized mice (n=6). All mice immunized with specific CNS peptide eventually developed

symptomatic EAE. The average day of disease clinical manifestation was 10.8 + 1.1 (+ S.D.) days

post immunization, comparable to our previous study. Animals started losing weight 3-4 days before
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disease onset and began reverting to normal 3-4 days after symptoms manifestation. Peak of disease
(average score = 1.9 £ 0.7 (£ S.D.)) was commonly reached after 3 days following the first clinical

manifestation.

As shown in the previous study the most common lesions detected in T.W uMRI are hyper- and
hypo- intense regions in the white matter of the cerebellum. The temporal changes of these lesions
were investigated over time. Out of 20 animals that developed EAE, 18 showed pre-symptomatic
cerebellar lesions on average 2w.5 (x1.09 S.D.) days before the first manifestation of clinical signs.
Lesion appearance could be observed up to 5 days before disease onset. Excluding two animals, that
did not show any uMRI visible pathology within the cerebellum, EAE mice commonly displayed
early cerebellar lesions at least one day before manifestation of clinical disease.

One surprising and consistent observation that was made during this longitudinal study was a
distinct increase in cerebral ventricle size before the onset of disease symptoms. In 19 out of 20
immunized mice an increase in ventricular volume was observed and in 16 of these 19 animals, the
ventricular expansion was detected prior to manifestation of clinical disease. This early volume
change could be observed up to five days prior the first symptom. Changes in ventricle volume were
synchronized to the first day of symptom manifestation, defined as time point 0. On average, EAE
mice exhibited an increase in ventricle size 1.6 £ 1.2 (£ S.D.) days before the first symptom. Figure
2A shows a representative mouse in which ventricle enlargement was detected two days (d -2)
before start of symptoms. In this EAE mouse a decrease in ventricle size, three days (d +3)
following the symptom onset, defined as the first day of evident motor impairment (tail weakness)
was detected. Interestingly, one of the EAE mice that developed no evidence of microscopic
changes (e.g. cerebellar lesions) in MRI — although clinical symptoms were observed — also

exhibited no ventricle volume increase.
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Figure 2. Pre-symptomatic ventricle volume changes in an EAE mouse model. (A) T,-weighted horizontal views of
the mouse brain show the evolution of changes in ventricle size of a representative mouse from baseline (pre EAE
induction) 15 days prior (d-15) to disease manifestation up till 3 days after disease manifestation (d +3). (B)
Representative maps of another mouse, depicting the absolute T, relaxation time (ms) prior to and after disease
manifestation. (C) Differences in T, relaxation times between the control (CTRL) and EAE groups prior to (Pre (3d), p
=0.0386) and after (Post (3d), p = 0.0002) disease manifestation.

Ventricle volume was normalized to the baseline values (before EAE immunization). The average
mean size of the ventricle at baseline was 10.7 + 1.1 (+ S.D.) mm®. In EAE mice the ventricle size
started to expand on average already 2 days before disease onset and in some cases growing 2 times
more than baseline volume. Of note the ventricles in 3 EAE mice started to revert to normal volume
values during disease remission. The size reduction started at the peak of symptoms on average 3

days after disease manifestation (peak of the disease) hence anticipating remission.
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One possible explanation for the ventricular enlargement could be an impediment in cerebral CSF
flow due to a physical obstruction at the interventricular foramen. Changes in volume in all four
ventricles were thus measured separately to determine whether the ventricles downstream of the
lateral ventricles also changed in size. The analysis of each separate ventricle revealed that each
ventricular compartment significantly increased in size prior to clinical symptom onset, although the
expansions of the third and fourth ventricle were less pronounced. These findings precluded
physical obstruction at the foramina and suggested that the increase in volume could be the result of

a dysregulation in CSF homeostasis.

The ventriculomegaly observed at such an early stage of disease was suggestive of an increase in
water content within the ventricles. To investigate this, T> relaxometry was performed to measure
water content within the ventricles during the volume changes. Data acquired on three consecutive
days prior first symptoms were pooled and compared to the pooled data from the three days after
first symptoms, age-matched control animals were also included for comparison. When compared to
the CSF T relaxation time of healthy animals, an increase in T relaxation time was observed both
prior to (controls = 106.4 = 5.83 (+ S.D.), EAE mice = 110.8 + 4.18 (+ S.D.), p = 0.0586) and
following (controls = 107.3 + 3.10 (+ S.D.), EAE mice = 116 £+ 4.29 (£ S.D.), p = 0.0004) disease
onset (Figure 2B, 2C).

3.3. Third study: Application of *F MRI to study brain inflammation in EAE (Sci Rep. 2013;
3:1280)
From the observations made in the first EAE studies using MR cryogenically-cooled coil technology
there were indications of immune cell involvement during the early stages of EAE disease. In the
first study, hypo-intense signals in close association with the ventricles were associated with a
leakage into the ventricles and the early-stage ventriculomegaly in the second study was associated
with increased water content (T2 mapping). In the third study °F/*H MR technologies were
implemented to study the migration of inflammatory cells during EAE. Initially a single dose of
nanoparticles containing 40 pmol PFCE was administered intravenously to EAE mice upon
initiation of disease, 18 h prior to °F/*H MRI. Combined **F/*H MR measurements were made
using an in-house built dual-tunable radiofrequency probe that allowed consecutive acquisition of
both °F and 'H images. In order to determine whether '°F labeled inflammatory cells localize to the

cerebellum, which is the region of the brain most commonly affected during EAE, a (3 x 3 x 3) mm3
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voxel was localized around the cerebellum and PRESS performed in order to quantify the amount of
¢ within the inflammatory cells localizing within the specified region. Using 2D-FLASH, a slice
thickness of 3 mm, the dimension used for the PRESS voxel, was used in order to increase the °F
signal. The overlay of the T,W H sagittal image with the 1°F image from the same sagittal section
revealed that the F signal was localized within the brain stem and the white matter of the
cerebellum. The imaging session was followed by the extraction of the cerebellum that underwent
electron microscopy examination. Electron microscopy revealed that macrophage-like cells that
were infiltrating the cerebellar lesion engulfed small round white fluorine particles within

phagosomes.

To be able to achieve a high enough °F signal in the brain, the protocol for °F nanoparticle
intravenous application was altered; the PFCE dose was reduced to 5 pmol and administered daily
for 5 days, starting from day 5 following immunization. The scanning method was also altered. First
an in vivo *H 3D TurboRARE was acquired to achieve a 125 um? isotropic resolution. The *°F MR
TurboRARE with a reconstructed 400 pm? isotropic resolution was performed on the same mouse
after it had undergone terminal anesthesia. The subsequent overlaying of the °F images with the H
scans revealed that the '°F signal was mostly localized in areas of inflammatory cell involvement
such as the spinal cord, the brain stem, the cerebellum and the cerebral cortex, also in close
proximity to the ventricles. A strong °F signal was also observed in the cervical draining LNs, areas

of expected high inflammatory cell activity.

To track the dynamics of inflammatory cells during EAE the °F method used in the ex vivo
experiment was altered to reduce the acquisition time and adapt it to the in vivo study. In agreement
with the '°F signal observed post mortem, in vivo *°F signals were localized within draining LNs,
spinal cord, brain stem, cerebellum and cerebral cortex. Typically, between day 5 and day 8 post
EAE induction, the draining LNs were the first to give a °F signal. Immune cell infiltration in the
CNS was usually observed starting between day 8 and day 11 post immunization (Figure 3). By
administering fluorescently-tagged fluorine nanoparticles, the distribution of distinct immune cell
population in the inflammation areas detected by '°F MRI could be studied ex vivo using
fluorescence based methods. Following extraction of the brain after °F/'H MR,
immunohistological staining for macrophages and lymphocytes was performed specifically in the

cerebellum, a region where the °F signal was paramount. *°F-Dil nanoparticle co-localized
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primarily with macrophage-like cells (F4-80* and Mac-2* cells) although a co-localization of °F-Dil
nanoparticles with CD4" T cells was also detected. These conclusions were in agreement with flow
cytometry that in addition displayed a differential contribution to the 19F signal in LNs and CNS by

myeloid cells (more pronounced in the CNS) and CD3* T cells (more pronounced in LNSs).

day 11

Figure 3. Visualization of inflammation in different CNS and lymphatic regions using in vivo *F/*H MRI. Two

different sagittal slices of a 3D Turbo RARE-scan show the kinetics of inflammatory cell migration ( **F MRI) over a
period of 6 days in different CNS and lymphatic regions (*H MRI).
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4. Discussion

Experimental autoimmune encephalomyelitis is an animal model widely employed to examine the
basic biology of CNS inflammatory processes, and to evaluate the effectiveness of nascent
therapeutic approaches for multiple sclerosis [28]. In particular, EAE studies focusing on the early
stages of brain inflammation have revealed new insights on the mechanisms involved in the

different waves of immune cell entry during evolution of disease [11].

To gain a comprehensive and longitudinal view of brain inflammation — particularly during the early
stages of EAE — methods employing high resolution brain imaging would be beneficial. However,
longitudinal MRI studies (eg. to follow pathology during the course of EAE) are associated with
long scanning procedure due to signal averaging to achieve enough signal and, as a result, less
numbers of animals can be employed [29]. Therefore, methods that increase SNR are valuable to
reduce scan time. Compared to room temperature coils, the gain in SNR achieved by cryogenically-
cooled systems that reduce thermal noise [24] is a major advantage for studies with animal models,
for two main reasons: (i) the acquisition of higher spatial resolution images within acceptable scan
times is feasible and/or (ii) the imaging of larger numbers of animals with sufficient spatial
resolution but within shorter times is possible. Depending on the design of the study it is possible to

balance between both benefits.

Using this technology, in the first study, structural changes in EAE brains were observed prior to the
onset of neurological symptoms; the cerebellum and cerebral cortex were affected. These detailed
and highly resolved morphological changes were supported by subsequent histological examination,
which showed clear evidence of infiltrated immune cells. With the cryogenically-cooled system it
was feasible to apply imaging protocols for high spatial resolution (as small as 35 x 35 x 400) um3,
excellent grey matter—white matter contrast and high SNR with scan times not exceeding 15 min.
The total scanning protocol length was suitable for longitudinal and in vivo studies, with acceptable

sample sizes.

As a result of the improved spatial resolution gained, inflammatory cells were detected within the
brain parenchyma. In combination with the CA Gd-DTPA, uMRI is valuable to differentiate lesions
where the BBB is still intact (when CA enhancement is absent) and lesions with clear indication of

BBB disruption (when CA leaks into the brain parenchyma).
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In the second study the reduced scan time achieved by means of the cryogenically-cooled coil was
capitalized to methodically follow the evolution of brain changes through the development of the
EAE; both at a macroscopic and microscopic level, and using a large cohort of animals. Admittedly,
the macroscopic changes that were observed in the second study (ventriculomegaly) should be
expected to be observed by other room temperature coil systems. However use of the cryogenically-
cooled coil resulted in significantly reduced scan times and permitted daily observations of the EAE

brain.

Prior to the macroscopic changes in the ventricles, microscopic alterations in the brain parenchyma
were detected. Microscopic changes involved evolving hyper- and hypo-intense regions in To-
weighted images, particularly in the cerebellar white matter and as early as three days before
symptom onset. The latter is in line with the first uMRI study in EAE mice where the presence of
hypo-intense lesions in To-weighted images was confirmed as areas of immune cell infiltration using

histology.

The microscopic cerebellar changes were shortly followed — at a macroscopic level — by an
increase in ventricular size that was also accompanied by an increase in water content as indicated
by increased T, relaxation times in the CSF. Since all ventricular compartments increased in size
prior to disease onset, the possibility that the ventricular enlargement was the result of a physical
obstruction was rejected. Alternatively, a disruption of the tight junctions (TJ) of the BBB and blood
CSF barrier may increase the flux of solutes through the barrier leading to fluid leakage into the
CSF-filled compartments. It has been demonstrated that during EAE and MS, an alteration of BBB
tight junctions (TJ) occurs in association with the presence of inflammatory cells [30]. Besides, it
was already suggested during the first study that a CA-enriched ventricular system is indicative of

further leakage via the blood CSF barrier during EAE disease.

Several CSF drainage routes exist that might be involved in the communication between CNS and
the lymphatic system. Important communication routes include anatomical sites (such as the
cribriform plate) associated with nasal and cervical lymphatics [31]; immune cells, including
memory CD4" T cells, follow these communication routes during autoimmune neuroinflammation
[3232]. In agreement with this study, an extensive accumulation of inflammatory cells was shown

on the ventral side of the forebrain, midbrain and brainstem using °F/*H MR in the third study.
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By using fluorescently-labeled °F-rich particles, inflammatory cells could be discerned with °F/*H
MRI and the cell types subsequently identified with the help of fluorescent methods. From these
results, it was possible to conclude that CD11c* and CD11b*™ myeloid cells are sequestered from the
draining LN during early stages of the disease to enter the CNS, predominantly into cerebellum,
brain stem and also cerebral cortex. Also CD4" T cells labeled fluorescently-labeled °F-rich
particles could be identified by immunohistological stains. The initial 1°F signals detected in vivo
were mostly located within draining LN; typically the submandibular LN, superficial and deeper
cervical LN, facial LN and internal jugular LN. These results further support the significance of the

lymphatic system for initiation of CNS inflammation.

In summary, evolving MR technologies have been exploited in this work in order to further
understand the kinetics and dynamics of inflammation during EAE. The use of a cryogenically-
cooled coil allowed an increased image spatial resolution permitting the visualization of cellular
infiltrates in vivo, as confirmed by the histology, also in the early stages of EAE disease progression.
Taking advantage of the reduced acquisition time needed by the cryogenic system to scan the animal
brain the collection of data from a large cohort of animals during the development of EAE was
possible. The results in the EAE model provide first indications that the progression of
encephalomyelitis goes together with substantial ventricle volume variation already in the earliest
stages of disease before clinical signs manifestation and is accompanied with an increase of CSF T»
relaxation time. By using °F-enriched nanoparticles and °F/*H MR methods the dynamics of
inflammatory cell migration could be visualized and followed during EAE. Throughout the disease
progression, °F signal changes were observed in the draining LNs (starting at day 5 post
immunization) and brain (particularly cerebellum, brain stem and cerebellar cortex) at later time
points (day 8 post immunization). Moreover injected fluorescently labeled '°F nanoparticles are
taken up predominantly by macrophage-like cells but also CD4" T cells as demonstrated by the
immunohistological staining of the cerebellum. Further preclinical investigations are warranted to
elucidate the basis leading to ventricular enlargement and '°F/'H MRI in autoimmune
encephalomyelitis and other neurodegenerative disorders. Tagging of autoreactive Ty cells with °F,
will be a particularly appealing method to further uncover the link between the CNS environment

and the immune system.
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Abstract

A comprehensive view of brain inflammation during the pathogenesis of autoimmune encephalomyelitis can be achieved
with the aid of high resolution non-invasive imaging techniques such as microscopic magnetic resonance imaging (WMRI). In
this study we demonstrate the benefits of cryogenically-cooled RF coils to produce pMRI in vivo, with sufficient detail to
reveal brain pathology in the experimental autoimmune encephalomyelitis (EAE) model. We could visualize inflammatory
infiltrates in detail within various regions of the brain, already at an early phase of EAE. Importantly, this pathology could be
seen clearly even without the use of contrast agents, and showed excellent correspondence with conventional histology.
The cryogenically-cooled coil enabled the acquisition of high resolution images within short scan times: an important
practical consideration in conducting animal experiments. The detail of the cellular infiltrates visualized by in vivo uMRI
allows the opportunity to follow neuroinflammatory processes even during the early stages of disease progression. Thus
uMRI will not only complement conventional histological examination but will also enable longitudinal studies on the
kinetics and dynamics of immune cell infiltration.
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Introduction

Inflammatory diseases of the central nervous system (CNS) such as
multiple sclerosis (MS) invelve a recruitment of immune cells during
the early stages of pathogenesis, prior to the onset of clinical
symptoms [l 3]. Nermally the bloed-brain barrier (BBB) restricts
migration of immune cells to the CNS, but during inflammation its
function becomes altered Immune cells gain access to CNS
parenchyma via a complex, multi-step process that involves crossing
both the vascular endothelium and the glia limitans [4,5]. The
indirect detection of contrast-enhancing lesions (CEL) by Magnetic
Resonance Imaging (MRI) at the site of BBB disruption as a result of
contrast agent leakage into the CNS parenchyma is used as a
primary end point in MS clinical trials [6,7] and in the EAE mouse
model [8,9]. However, BBB disruption does not provide direct
evidence of immune cell trafficking into the CNS [10], and may
occur independently of the formation of new lesions [11]. There is
therefore a need to pursue supplemental MRI techniques, to gain a
more accurate and comprehensive view of the pathogenesis of CNS
inflammation. One strategy has been to employ iron oxide
nanoparticles [12], particularly as a means of studying immune cell
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infiltration in the animal model of CNS inflammation, experimental
autoimmune encephalomyelitis (EAE) [13 16]. However the
application of paramagnetic nanoparticles is hampered by a number
of limitatiens, including the lack of an a priori knowledge of the
specific ime of immune cell migration into the brain parenchyma.

Microscopic MRI (WMRI or MR histology)  defined as MRI
with a spatial resclution <2100 um [17,18]  is one means of
amplifying image detall in order to ohserve even minor changes in
brain pathology during the course of disease. MRI resolution
depends on several factors including magnetic field strength,
gradient strengths and digital resolution, but the main lmiting
factors are RF coil sensitivity and signal-to-noise ratio (SNR} [19].
Upon reducing voxel size to amplify spatial resclution, a loss in
SNR is to be expected. This loss can be considerably compensated
for by increasing signal averaging: this produces images with an
impressive level of microscopic detail as shown in ex viwo fixed brain
tissue samples [20]. However, increased signal averaging comes at
a cost In scan time, and is hence not practical for studies with
anesthetized animals. This along with the presence of movement
artifacts makes it inherently difficult to achieve sufficient resolution
to visualize brain pathology i wewo.
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One appr()ach to maximize effective Spatial resclution 15 to
increase signal sensitivity with cryogenically-cocled RF detection
devices that boost SNR, the currency spent for image resolution
and image quality [21]. Recently, RF coils made of supercon-
ducting material have been devel@ped for animal micro—imagﬁng,
which reduce coil resistance and thermal noise and therefore
increase SNR by up to a factor of up te 2.9 [22]. In essence such a
system increases the field strength virtually by a factor of at least 2,
according to MR principles, but without the disadvantages
associated with higher field strengths, such as stronger suscepti-
bility artifacts, By inhomoegeneities and shorter wavelengths. The
effectiveness of this approach has been demonstrated in the
healthy mouse brain [23].

Realizing the capabilities of uMRI, we focused here on high
Spatial resolution imaging of mice brain during the course of EAE
in an attempt to visualize inflammatory pathology i w0 prior to
and duriug commencement of disease. The ultimate aim of this
study was to distinguish cellular infiltrates in microscopic detail at
an ea.rly phase of disease. In this first Study applying CryOgErliC MR
technology to EAE, we demonstrate that brain pathology can be
detected even without the use of contrast agents and show
excellent correspondence between pMRI findings and conven-
tional histology.

Results

Early detection of EAE pathology with high resolution
cryogenic imaging

Using a cryogenically-cooled RF coil, we performed high
spatial resclution brain imaging in EAE mice prior to and upon
commencement of disease (Figure 81). The uMRI performed
enabled us to detect lesions (as defined in Methods) already prior
to clinical manifestation of disease. Using a Ty weighted (T2W)

A

* animal number

clnfwlalalalw]r|m|elalulal~]r|rlels|n]a]~
animal number animal number

3 2 -1 0
Lesion occurence prior to neurological symptoms (days)

SUBCORTICAL
REGION

CEREBELLUM

CEREBRAL
CORTEX

Identification of Cell Infiltrates in EAE by pMRI

TurboRARE sequence that results in better contrast between
grey and white matter boundaries, we observed lesions in
multiple regions of the EAE mouse brains, particularly the
cerebellum, cerebral cortex and subcortical regions (thalamus
and striatum). Figure 1A shows the anatomical distribution of
the detected lesions as well as the time point of their first
detection (relative to the starting point of disease). Out of 9
immunized mice, all of which developed EAE, 7 mice exhibited
lesions in the brain (Figure §2). The average EAE score forall 9
mice was 1.770.7 (* S.I))) and the average day of onset was
11.2+1.6 days (= S.D) with a range of 9 14 days post
immunization. All mice were scanned 5 days post immunization;
thus between 4 9 days prior to disease onset. Notably, lesions
could be detected as early as 3 days (d-3) prior to the appearance
of disease manifestations (Figure 1A). No lesions were observed
earlier than 3 days prior to clinical manifestations. Lesions in the
cerebellum were the most common, cccurring between | to 3
days prior to onset of disease (Figure 1A, Figure 1B and
Figure 83). The T2W images shown in Figure 1B and Figure
83 represent the structural changes occurring in the cerebellum
in a mouse during the 4 5 days prior to disease onset (d-5  d0)
in comparison to baseline measurements (d-14) that were carried
out prior to immunization. Hyperintense lesions in the white
matter of the cerebellar Arbor sttae were already evident 2 days
prior to neurclogical symptoms (d-2, upper and middle arrow
head) and prominent on d-1 (along upper and lower arrow-
heads). Signal extinction that is indicative of cellular involvement
became apparent on d-1 (dotted islands) but was more
prominent upen onset of clinical symptoms (d0). To illustrate
the potential for quantitative assessment of the lesions, we
generated images in which we subtracted control baseline scans
from scans showing brain pathology as changes in signal
intensity (Figure S4A).

Figure 1. Anatomical distribution and evolution of lesions. EAE mice {n=9) were immunized with PLP,3s_;5; peptide (EAE induction) and
scored for neurological symptoms on a daily basis. Micro MRl was performed daily starting from d5 post immunization. (A) Shown are seven mice {1-
7) exhibiting lesions within the brain - specifically cerebral cortex, cerebellum and subcortical areas {thalamus and striatum) - prior to or during onset
of disease. The lower axis indicates the time-points prior to commencement of neurological symptoms {(d0). (B) T2W images showing the evolution of
cerebellar lesions {arrowhead) from baseline {pre EAE induction) 14 days prior to disease manifestation (d-14) until disease onset (d0). Arrowheads
depict enhancement of signal intensity in the white matter over time and dotted islands depict signal extinctions in the vicinity.
doi:10.1371/journal.pone.0032796.9001

PLoS ONE | www.plosone.org 2 March 2012 | Volume 7 | Issue 3 | e32796

36



Hypointense lesions on T2W images represent cellular
infiltrates

Early during disease progression, even prior to the onset of
clinical manifestations, we also observed lesions in the cortex.
Figure 2 illustrates a reprESentative mouse at onset of dinica]ly
observable signs of disease. Although major anatomical structures
including the corpus callosum, striatum, ventricular system and
hippocampus could be dearly resolved with T weighted (TIW)
scans (Figure 2A), no inflammatory pathology was observed with
this method. T2W imaging, on the other hand, revealed focal
hypo-intense lesions in multiple regions of the inflamed brains,
mOSﬂy in the cerebellum (Figure 13) but also in the somatosen-
sory cortex (Figure 2B). Ty* weighted (T2*W) imaging revealed
the signal extinctions observed by T2W imaging as punctate
lesions, with greater detail and in association with intracortical
vessels (Figure 2C and Figure 3A4) We observed venous
irregularities within the cortex in 3 out of the 7 mice that
exhibited lesions in the brain. The irregularities were observed one
day prior to symptoms or upoen initiation of symptoms. Processing
of T2*¥W phase maps for susceptibility weighted imaging (SWI)
[24] has been employed in MS lesions to reveal superior detail in
small anatomical structures such as the venous vasculature and
structural variations within gray and white matter [25]. SWI of the
phase maps derived from T2*W imaging yielded excellent
visualization of the small venous irregularities and enhanced
contrast between nermal tissue, focal inflammatory lesions and the
microvasculature as highlighted in Figure 3B. To make a more
objective assessment of these structural changes we subtracted the
images showing pathelogy from images obtained at baseline, prior
to EAE immunization (Figure S4B). Notably, the structural
irregularities observed in T2W or T2*W images corresponded
with areas of inflammatory pathology — both in cerebrum
(Figure 3C) and cerebellum (Figure 3D) — as revealed by
conventional hematoxylin and eosin (H&E) histology. H&E stains
corroborate the UMRIT data and conform to the expected pattern
of pathology in the EAE model. The EAE model has been
extensively characterized, and it is well established that the lesions
are comprised of immune cells, especially CD4+ T cells. Indeed,
the lesions that we could visualize with WMRI show the same
appearance and localization characteristics of CD4+ T cells
(Figure 3D). The clear correlation between the MRI data and the
histology underscores the utility of microscopic MRI to reveal
histologically relevant pathology & viwe [24,25].

Identification of Cell Infiltrates in EAE by pMRI

Contrast enhanced lesions in close proximity to
ventricular system

(Gadolinium contrast agents are frequently used in EAE
studies, and Gd CEL have a typically diffuse appearance. TIW
imaging post contrast (0.2 mmol/kg Gd-DTPA, Magnevist,
Bayer-Schering Pharma AG, Berlin, Germany) revealed diffuse
CEL (Figure 4A and Figure 4B) in all 7 mice exhibiting
hyper- or hypo- intense lesions in the brain. These CEL,
although mere diffuse, corresponded in location to the T2W
lesions shown by uMRI (Figure 1, Figure 2, Figure 3). This
result corroborates the interpretation that the changes in signal
intensities detected by T2W and T2*W microstructural MRI
demonstrates the potential of microscopic MRI to reveal brain
pathology with greater precision and detail than conventional
contrast agents.

In EAE mice with lesions close to the ventricles, administration
of Gd-DTPA enabled the visualization of the ventricular system
(Figure 4C). The contrast-enriched ventricular system was
visualized three-dimensionally together with the brain vasculature
by performing a 29-minute 3D FLASH sequence with flow
compensation (GEFC), typically employed for MR angiography,
with an isotropic spatia_l resolution of 59 um (Figl.lre ‘IC). An
overlay of the maximum intensity projections (MIP) of the 3D
GEFC images with the MIP of post contrast T1W MDEFT CEL
images shows the spatial relationship of the contrast-enhanced
parenchyma (due to BBB disruption) with the ventricles and
cerebral vasculature (Figure 4D). The visualization of the
ventricular system together with the vasculature pest contrast
was only visible in EAE mice with periventricular lesions and was
not visible in healthy non-immunized mice (Figure 85). While the
precise mechanism still needs to be determined, these results
suggest that an inflammation-induced disruption of the blood-
cerebrospinal fluid barrier might lead to extravasation of contrast
agent into the ventricular system.

Discussion

Experimental autolmmune encephalomyelitis is an animal
moedel widely employed to examine the basic biclogy of CNS
inflammatory processes, and to evaluate the effectiveness of
nascent therapeutic approaches for multiple sclerosis [26-31]. In
particular, EAE studies focusing on the early stages of brain
inflammation have revealed new insights on the mechanisms

Figure 2. High resolution MRI reveals focal hypo-intense inflammation in the cerebral cortex of EAE mice. (A) TIW horizontal scan
using an MDEFT sequence {TR/TE/TI 2600/3.9/950¢ ms, FOV 18x18 mm, Matrix 384x384, 2 averages) for 16 slices (400 pm slice-thickness). (B) T2W
imaging using a TurboRARE sequence {TR/TE 3000/36 ms, FOV 18 x18 mm, Matrix 384 x384, RARE-factor 8) with same geometry and resolution as for
T1W MDEFT. (C) T2¥*W imaging using a FLASH multislice sequence (TR/TE of 473/18 ms, FOV 1818 mm, acquisition Matrix 512 x 256, reconstruction

Matrix 512 x512) with same slice thickness as in A and B.
doi:10.137 1/journal. pone.0032796.9002
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Figure 3. T2*W hypo-intense regions correspond to cellular infiltrates detected by histology. (A) Coronal T2*W imaging using the FLASH
multislice sequence (22 slices with slice thickness of 500 um). (B) Susceptibility weighted imaging {SWI) of T2*W scans using fully-automated post-
processing by ParaVision 5.1 {Bruker, Ettlingen, Germany). {C) Cellular infiltrates in cerebral cortex; the overview of the H&E histology is overlaid with a
coronal slice {plate 41) from Franklin K.B.J., Paxinos G: The Mouse Brain in Sterotaxic Coordinates. Academic Press; 2007 with kind permission from
Elsevier. (D) Cellular infiltrates in cerebellar white matter lesions illustrated by CD4+ immunostaining and H&E staining.

doi:10.1371/journal.pone.0032796.g003

involved in the different waves of immune cell entry during
evolution of disease [32].

To gain a comprehensive and longitudinal view of brain
inflammation  particularly during the early stages of EAE
methods employing high resolution brain imaging would be
advantageous. Several studies in EAE employing MRI have
significantly contributed to our understanding of the pathology of
brain inflammation [8,16,33,34]. However, in longitudinal MRI
studies (eg. to follow pathology during the course of EAE) one
main limiting factor is a restriction in the number of animals that
can be employed due to the length of each scanning procedure. To
overcome this, methods that increase SNR will be beneficial to
enable shorter scans. The gain in SNR achieved by cryogenically-
cooled systems that reduce thermal noise [22] is a major advantage
for studies with animal models for two main reasons: (i) it enables
the acquisition of images with greater spatial resolution within
reasonable scan times; and (ii) it facilitates the imaging of larger
numbers of animals with standard spatial reselution but within
shorter times. Depending on the design of the study it is possible to
compensate between both strengths.

The advantages and feasibility of cryogenically cooled coils
particularly to image mouse brain anatomy has already been
demonstrated at 4.7T [35] and 9.47T [22,23]. The scan time
required using a conventional reom-temperature coil to observe
early pathological changes in the EAE brain (23 min for T2W
imaging, 24 min for T2*W imaging) was at least three times longer
than that of the currently employed cryogenically cooled coil

PLoS ONE | www.plosone.org

(5 min for T2W imaging, 8 min for T2*W imaging) using the
same magnetic field strength, considering the necessity to increase
the number of excitations (NEX = 16 for RT coil compared with
NEX =1 for cryo coil) (Figure S6).

Handling of the currently available MRI cryogenic RF coils
which evolved from NMR-spectroscopy [21]  has significantly
improved in recent years, and indeed is quite similar to any
conventional RT RF-coil. One major drawback of the cryogenic
probe used in this study is the transmission(TX)/reception(RX)-
coil design, which leads to an inhomogeneous excitation field
[22,35]. The non-uniform excitation field needs to be taken into
account when applying quantification techniques such as relaxo-
metry or spectroscopy, as well as magnetisation transfer ratio
(MTR). Due to the variation of the flip-angle throughout the
sample, the reference gain has to be carefully adjusted for the
volume of interest to minimize these changes. In this case a RX-
only design with a conventional actively de-tuned TX volume
resonator for a homogeneous excitation would be beneficial [36].

The effective anatomical resolution we employed in this study is
almost an order of magnitude higher than that attainable in
human brain imaging using clinical MRI scanners. Using this
technology we observed structural changes in EAE brains in
regions including the cerebellum and cerebral cortex prior to the
onset of neurological symptoms. These detailed and highly
resolved morphological changes were corroborated by subsequent
histological examination, which showed clear evidence of
infiltrated immune cells. The general trend in lesion distribution
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Figure 4. Three dimensional reconstruction of lesions in
relation to the vascular and ventricular system. (A) Contrast-
enhanced lesions (CEL) in coronal sections visualized by post Gd-DTPA
contrast T1W MDEFT MRI {dotted line depicts horizontal slice in B). {B)
CEL in horizontal sections imaged by post contrast TIW MDEFT
(dotted line depicts coronal slice in A). () Maximum intensity
projections (MIP) of images collected by 3D-GEFC showing the
contrastfilled ventricular system and the cerebral vasculature {D)
Overlay of a CEL 3D model {(depicted in red) calculated from MIP of
T1W MDEFT images on 3D ventricular and vascular system calculated
from MIP of 3D-GEFC images.

doi:10.137 1/journal.pone.0032796.9004

with the cerebellum being the predominant site of damage in the
brain s in agreement with the ascending pattern of EAE. Disease
progression in EAE shows a typical course of ascending paralysis,
accompanied by inflaimmatory pathology that proceeds from the
spinal cord initially affecting the tail and hind limbs, and
subsequently precipitating complete paralysis. With this cryogeni-
cally-cooled system we were able to apply imaging protocols for
high spatial resolution (as small ag 35x35x400 um), good grey
matter white matter distinction and high SNR with scan times not
exceeding 15 min. The entire scanning protocol presented herein
requires at most 60 min pre contrast and 60 min post contrast, and
is therefore suitable for both longitudinal and cross-sectional @ vio
studies, with acceptable sample sizes.

PLoS ONE | www.plosone.org
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Importa_nﬂy, we were able to identify the presence of
inflammatory cells within the brain parenchyma without the
necessity of Gd-D'TPA contrast agents. In contrast to the typical
diffuse lesions revealed by Gd enhancement, the lesions detected
by uMRI were more focused and more clearly demarcated. This
represents a clear advantage of the cryogenic coil over the previous
technology, as the ability to detect focal lesions by uMRI offers the
potential for more precise quantification of inflammation severity,
leading to more quantitatively robust EAE studies. However
contrast agents are still powerful tools since they provide clear
evidence of BBB disruption, although leakage of contrast agent in
the parenchyma does not give definitive evidence of parenchymal
damage. In situations where structural changes observed in the
brain with uMRI are not accompanied by contrast enhancement,
it is reasonable to speculate that immune cells may have
penetrated the vascular endothelium thereby entering the
pervascular spaces, but have not yet breached the glia limitans
and infiltrated into the brain parenchyma. Such perivascular-
restricted lesions are widely seen at the histological level in EAE
but have not yet been detected by MRL The possibility of uMRI
with the cryogenic coil to detect such lesions, which are by
definition not detectable by Gd leakage into the parenchyma,
offers the potential for future investigations to observe pathological
processes that would otherwise be invisible, and underscores the
importance of this technology for MS research.

Another distinct advantage of the cryogenic RF coil for MS
research is the possibility to include magnetic resonance
angiography in the scanning protocol, in a quick and efficient
manner, to monitor changes in the vasculature over the course of
disease. Indeed, the present study represents the first application of
MR angiography in the mouse EAE model. The observation of
leakage of contrast agent into the ventricular system early in
disease i3 interesting, in light of recent reports highlighting the
importance of the choroid plexus [30] and the involvement of the
circumventricular organs in EAE [37].

In summary, the visualization of cellular infiltrates by i viwo
UMRI provides an opportunity to follow neurcinflammatory
processes throughout disease progression. Thus in parallel to
conventional histolegical examination and in combination with
contrast agents, tUMRI will be invaluable for longitudinal studies
investigating immune cell infiltration during brain inflammation
and evaluation of novel therapentics. Future directions for uMRI
studies in EAE will involve the application of techniques  such as
T2 mapping and MTR  that provide valuable information en
water/ lipid content and myelin integrity duriug lesion devdop-
ment. These techniques have already been successfully employed
in a model of cligedendrogliopathy [38,39] and will complement
MR methods typically employed in EAE studies since they provide
further knowledge regarding the neurodegenerative component of
the disease.

Materials and Methods

Ethics Statement

Animal experiments were carried out in accordance with the
guidelines provided and approved by the Animal Welfare
Department of the LAGaSe State Office of Health and Social
Affairs Berlin (Permit G0172/10).

Active EAE

To actively induce EAE, 6 8 week old female SJL/] mice
{Janvier, France) were immunized subcutanecusly with 250 ug
FLP 35 15, purity >95% (Pepceuticals Ltd., UK) together with
Complete Freund’s Adjuvant and heat-killed Mycobacterium
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tuberculosis (H37Ra, Dhifco). Bordetella pertussis toxin (250 ng;
List Biological Laboratories, US) was administered intraperitone-
ally at days 0 and 2. Mice were assigned a clinical score daily: 0, no
disease; 1, tail weakness; 2, paraparesis; 3, paraplegia; 4,
paraplegia with forelimb weakness; 5, moribund or dead animals.

In vivo MRI

Shortly before and during the MR session, mice were
anesthetized using a mixture of isoflurane as inhalation narcosis
(0.5 1.5%), pressurized air and oxygen. All MRI-scans were
performed on a Bruker Biospec 9.4T USR94/20 (Bruker,
Ettlingen, Germany). Mice were imaged using a Transceiver
Mouse Brain CryoProbe (2106543, 400 MHz, Bruker BioSpin
MRI, Ettdingen, Germany). The CryoProbe is a half-cylindrical-
Shaped 2-channel transmit/receive quadrature-dri\/en surface coil,
for full mouse-brain coverage with a maximum fleld of view of c.
30%20x20 mm. The temperature of the mice was regulated at
37°C. The breathing rate and temperature was monitored by a
remote monitoring system (Model 1025, SA Instruments Inc.,
Syracuse, New York, USA). Images were acquired using T-
weighted (T1W), To-weighted (T2W) and Ty*-weighted (T2#%W)
techniques. Slice positioning was kept fixed through longitudinal
brain examination: axial slices were positioned parallel to the base
of the brain, coronal slices were positioned perpendicular to axial
slices and covering the brain from the olfactory bulb/frontal lobe
fissure to the cervical spinal cord.

MRI sequences

Pre and post contrast T1W imaging was done with a Modified
Driven-Equilibrium Fourier Transformation sequence (MDEFT)
(3D MDEFT: TR/TE/TIL: 3000/3.9/950 ms, FA 20°, matrix
384 x384). Horizontal sections of the entire mice brain were
performed in 11 min at a spatial resolution of (47 x47 %400) pm®.
Coronal sections were performed in 15 min at a spatial resolution
of (47 %47 x500) um®. As T'-enhancing contrast agent gadolinium
diethylenetriamine penta-acetate (Gd-DTPA, Magnevist, Bayer-
Schering Pharma AG, Berlin, Germany} was administered
intravenously at a concentration of 0.2 mmol/kg. T2W scans
(2D TurboRARE: TR/TE: 3000/43 ms, matrix 384x384) were
performed in 5 min with geometry and spatial resolution identical
to that of T1W imaging. To image brain tissue in association with
the microvasculature we applied a T2*W multislice fast low angle
shot (2D FLASH: TR/TE: 473/18 ms, FA 40°, matrix 512x512)
sequence with an in plane resolution of (35x35) um?. For
horizontal scans we used a slice thickness of 400 um and 16 slices
for full brain coverage with a scan time of 8 min and for coronal
scans we used 22 slices of 500 um with a scan time of 11 min to
image the whole mouse brain. For mice showing leakage of
contrast agent, a 29 min 3D FLASH sequence with flow
compensation (GEFC: TR/TE: 30/5.9 ms, matrix 512X256x
256) was applied, for visualization of the wvasculature and
ventricular system | hr after contrast injection at an isotropic
spatial resolution of 59 um.

The fo]lowing MRI sequences were used for the baseline scans,
prior to immunization: TurboRARE, MDEFT, 2D FLASH and
3D GEFC. Five days post-immunization, the mice underwent
daily horizontal and coronal T2W (TurboRARE) scans. If no
lesions or clinical signs were observed, the mouse was returned to
the home cage and scanned again the next day. If hype- or hyper-
intense lesions were detected, then 2} FLASH and MDEFT pre-
contrast scans of that mouse were done immediately. The mouse
was then injected i.v. with Gd-DPTA, and post-contrast MDEFT,
TurboRARE and 3D GEFC scans were done (15, 45, and
55 minutes following contrast injection, respectively). If the mouse

PLoS ONE | www.plosone.org
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did not show dinical signs, regardless of the observation of lesions,
it was returned to the home cage and scanned again the next day.
If the mouse did show dlinical signs, this was the pre-defined
endpoint, the mouse was sacrificed on the same day, and the brain
extracted for histological comparison. Given the inherent
variability in the time of onset of EAE, we elected to use this
design (Figure 81), customized for each individual animal, rather
than use a pre-selected timetable.

Image analysis

Images from longitudinal experiments in mouse EAE were
analyzed by three individuals who were blinded towards disease
activity of corresponding mice. Lesions on T2ZW images were
defined as described for T2W lesions in MS patients [40]. Briefly,
lesions had to be clearly visible, non-artifactual areas of change in
the signal intensity (signal enhancement or extinction on the grey
background) of T2W images compared to baseline T2W images
(taken prior to EAE immunization). To generate susceptibility
weighted images post processing of the phase maps derived from
T2*W imaging for was performed by fully-automated reconstruc-
tion using ParaVision 5.1 (Bruker, Ettlingen, Germany).

Histology

After terminal anesthesia, mice were transcardially perfused
with 20 ml PBS; then with 20 ml zinc fixation solution (0.5% zinc
acetate, 0.5% zinc chloride, 0.05% calcium acetate). Brains were
then extracted and subsequently post-fixed in zinc solution for 3 d
at room temperature. The tissues were then cryoprotected by
incubation overnight at 4 degrees in 30% sucrose in PBS, then
embeded in O.C.T. and frozen in methylbutane with dry ice. The
tissues were cut into 12 um sections on a cryostat, and stained with
hematoxylin and eosin according to standard procedures. For
immunostaining, tissue sections were blocked with avidin, biotin,
and normal goat serum, then incubated overnight at 4°C with rat
anti-mouse CD4 antibody (Invitrogen). The sections were then
incubated with biotinylated goat anti-rat IgG antibody (Vector
Laboratories), then streptavidin-conjugated peroxidase, and visu-
alized with Vector NovaRED Peroxidase substrate (Vector
Laboratories) and counterstained with hematoxylin,

Supporting Information

Figure 81 Flow chart illustrating the design of the uMRI
study in EAE mice. Following a baseline scan, mice were
immunized and scanned daily (horizontal and coronal T2W MRI)
5 d post-immunization. More intensive scans were performed and
contrast (Gd-DPTA) was iv. applied when lesions were detected
with T2W MRI.

(TIF)

Figure 82 EAE scores compared with day of lesion
occurrence. The neurclogical score of each mouse is plotted
against the day of first lesion occurrence (d-1 denotes that lesions
were first observed one day prior to onset of symptoms).

(TIF)

Figure 83 Cerebellar changes during course of EAE.
T2W images using a TurboRARE sequence (TR/TE 3000/
43 ms, FOV 18x18 mm, Matrix 512x512 (384x384 for d-14),
RARE-factor 8) showing the evolution of cerebellar lesions from
baseline (pre EAE induction) 14 days prior to disease manifestation
(d-14) until disease onset (d0) including daily scans starting from
day 5 (d-5) prior disease onset. Dotted islands depict signal changes
in the white-matter of the cerebellum.

(T1E)
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Figure 84 Parenchymal and vascular changes following
EAE induction. (A) T2W images using a TurboRARE sequence
TR/TE 3000/43 ms, FOV 18x18 mm, Matrix 512x512
(384 x384 for baseline), RARE-factor 8). Top row: baseline;
middle row: pre-symptomatic image revealing a hyperintense
lesion in the cortex; bottom row: subtracted image. (B) SWI
processed T2*¥W images using a FLASH multislice sequence (TR/
TE of 473/18 ms, FOV 18x18 mm, acquisition Matrix
512x512). Top row: baseline; middle row: pre-symptomatic
image showing vascular irregularities in the region of the T2
hyperintense lesion shown in (A); bottom row: subtracted image.
(T1F)

Figure 85 Maximum intensity projections (MIP) pre
and post contrast administration in a healthy non-
immunized mouse. (A) Pre-contrast MIP of a 3D-GEFC
sequence (TR/TE: 30/5.9 ms, matrix 512x256x256). (B) Post-
contrast MIP of the same mouse.

(TIF)

Figure 86 Differences in quality and scan duration

between images showing cortical hypointense lesions
in EAE brains using either a cryogenically cooled coil (A,
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Abstract

Inflammatory disorders of the central nervous system such as multiple sclerosis and acute disseminated
encephalomyelitis involve an invasion of immune cells that ultimately leads to white matter demyelination,
neurodegeneration and development of neurclogical symptoms. A clinical diagnosis is often made when
neurodegenerative processes are already ongoing. In an attempt to seek early indicators of disease, we studied the
temporal and spatial distribution of brain modifications in experimental autoimmune encephalomyelitis (EAE). In a
thorough magnetic resonance imaging study performed with EAE mice, we observed significant enlargement of the
ventricles prior to disease clinical manifestation and an increase in free water content within the cerebrospinal fluid as
demonstrated by changes in T, relaxation times. The increase in ventricle size was seen in the lateral, third and
fourth ventricles. In some EAE mice the ventricle size started returning to normal values during disease remission. In
parallel to this macroscopic phenomenocn, we studied the temporal evolution of microscopic lesions commonly
observed in the cerebellum also starting prior to disease onset. Our data suggest that changes in ventricle size
during the early stages of brain inflammation could be an early indicator of the events preceding neurological disease
and warrant further exploration in preclinical and clinical studies.
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Introduction

Under normal physiological conditions, immunologically
competent CNS resident cells, such as microglia, or immune
cells derived from the peripheral circulation serve to protect the
CNS against potentially harmful infectious agents or traumatic
events [1-3]. Blood-borne immune cells, including memory T
cells, are limited to the leptomeningeal, perivascular and
ventricular cerebrospinal fluid (CSF) spaces [2,3] In the
healthy brain, the CSF compartment appears to be the only site
where memory T cells localize to in the CNS [4], their presence
persisting for several years [3]. The C3F compartment indeed
assumes an important role for immune surveillance [5,6] as the
site where activated T cells can communicate with resident
antigen-presenting cells [7,8] The passage of CD4+ memory T
cells into the CSF compartment occurs following their
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extravasation via microvascular structures of the choroid
plexus into the cerebral ventricles or alternatively via
postcapillary venules into leptomeningeal and perivascular
Virchow—Robin (VRS) spaces [5].

Although CD4+ memory T cells can easily enter the CSF
compartment, their entry into the CNS parenchyma is restricted
by the blood brain barrier (BBB), which consists of the cerebral
vessel endothelial cells and surrounding glia limitans. During
autoimmune encephalomyelitis, such as occurs in multiple
sclerosis (MS), the BBB is transformed and its function altered,
e.g. by the action of several inflammatory molecules [9,10].
Following activation of the BBB, T cells now gain access to the
brain parenchyma via a multi-step process that involves
crossing both, the vascular endothelium and the glia limitans
[11]. This inflammatory cell invasion into the VRS precedes
perivascular cuffing that ultimately leads to inflammatory and
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demyelinating lesions. These prominent pathological patterns
have long been documented histologically in MS autopsy
material [12]. Specific pathological changes such as
enlargement of the VRS, can be detected in MS brains with
magnetic resonance imaging (MRI) [13], making it possible to
detect [14] and quantify [15] these changes during the
development of MS disease.

Recently, cryogenically-cooled "H coils have started gaining
momentum in preclinical microscopic (micro) MR neuro- and
cardiovascular imaging due to an improved signal-to-ncise ratio
compared to traditional room temperature 'H coils [16-18].
Using the experimental model of autoimmune
encephalomyelitis (EAE) and a cryogenically-cooled 'H coil, we
recently were able to detect and follow pathological changes in
the CNS prior to onset of clinically detectable disease signs
[19] In this study we were able to define changes in the brain
of immunized mice that corresponded to cellular infiltrates in
immunohistology. Moreover, after Gd-DTPA administration we
observed that contrast agent (CA) distributed not only into
lesions but also into the ventricular compartment in most EAE
anhimals [19].

Here, we employed the cryogenically-cooled 'H coil to
identify both micro- and macroscopic changes prior to clinical
onset and during manifestation of disease in EAE using a
larger cohort of animals. To study microscopic changes, we
focused on the evolution of cerebellar lesions, which are the
most common pre-symptomatic lesions in the EAE. The main
macroscopic alteration in the EAE brain is a prominent and
sustained increase in cerebral ventricle size. We therefore
followed up changes in ventricle volume as well as T,
relaxation times of ventricular CSF (since this has been shown
to correlate with methods measuring direct water concentration
in the brain [20,21]) prior to and after clinical disease onset.

Material and Methods

Induction of EAE

Female SJL/J mice were purchased from Janvier (Janvier
SAS, Le Genest-Stsle, France). For active EAE, 22 mice (12
weeks old) were immunized subcutaneously with 250 ug PLP
(Pepceuticals Ltd, UK) and 800 pg mycobacterium
tuberculosis H37Ra (Difco) in 200 pl emulsion containing equal
volumes of phosphate/buffered saline (PBS) and complete
Freunds adjuvant (BD-Difco), as previously described [22] 200
ng pertussis toxin (List Biological Laboratories, US) were
administered intraperitoneally at days 0 and 2. Six mice were
used as normal controls. An additional 8 mice were used for
sham immunizations; for this we employed the same protocol
used for EAE induction but omitted PLF. Mice were weighed
and scored daily as follows: 0, no disease; 1, tail weakness and
righting reflex weakness; 2, paraparesis; 3, paraplegia; 4,
paraplegia with forelimb weakness or paralysis; 5, moribund or
dead animal. Mice with a score of 2.5 or more received an
intraperitoneal injection of 200 ul glucose (5%) daily and mice
with a score of 3 for more than 24 hours were sacrificed.
Animals used as controls were healthy untreated mice. Animal
experiments were carried out in accordance with the guidelines
provided and approved by the Animal Welfare Department of
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the LAGeSo State Office of Health and Social Affairs Berlin
(Permit G-0172/10: MR Bildgebung d. Therapieansatze - EAE
09.2010 - 09.2013).

Magnetic Resonance Imaging

Mice were imaged before EAE immunization and daily (at the
same time of day) between § and 18 days after active EAE
induction. MRI was performed using a 9.4 Tesla animal
scanner (Biospec 94/20 USR, Bruker Biospin, Ettlingen,
Germany) and a cryogenically-cooled quadrature-resonator
(CryoProbe, Bruker Biospin, Ettlingen, Germany). Mice were
placed on a water circulated heated holder to ensure constant
body temperature of 37 °C and kept anesthetized using a
mixture of isoflurane 1-1.5% (Abbott GmbH & Co. KG,
Wiesbaden, Germany), air and oxygen. Body temperature and
breathing rate were constantly checked by a remote monitoring
system (Model 1025, SA instruments Inc., New York, USA).

Horizontal and coronal fat suppressed turbo spin echo T~
weighted TurboRARE (TE = 36 ms, TR = 3000 ms, matrix =
384 x 384, FOV = 1.8 cm, NEX = 2, coronal slices = 22, slice
thickness = 0.5 mm, scan time = 6 min, axial slices = 16, slice
thickness = 400 pm, scan time = 5 min) brain images were
acquired. Slice positioning was Kkept fixed through the
longitudinal brain examination: horizontal slices were
positioned parallel to the base of the brain, coronal slices were
positioned perpendicularly to horizontal slices and covering the
brain from the olfactory bulb/frontal lobe fissure to the cervical
spinal cord. For parametric mapping of the relaxation time T, a
multislice-multi-echo (MSME) technique (TR = 1500 ms, matrix
= 256x 256, FOV = 1.8 cm, NEX = 2, slice = 1, scan time = 15
min) was used. For this purpose echo times (TE) ranging from
(10-80) ms were used to vary T_-weighting in increments of 10
ms. The slice was positioned horizontally using as reference
the horizontal TurboRARE geometry covering cortex, caudate
putamen, hippocampus, cerebellum and lateral, third and fourth
ventricles.

Brain Segmentation

Quantification of ventricle size was performed using FSL5.0
(FMRIB's Software Library, www.fmrib.ox.ac. ukffsl) [23-25]. All
T,weighted images were corrected for bias field
inhomogeneity and cleared of non-brain tissue using the brain
extraction tool (BET) of FSL [26]. One brain image set was
chosen as reference and processed using an automated image
segmentation tool (FAST) to obtain a ventricle mask [27]
Subsequently all other brain images were registered to the
reference brain using FMRIB's Linear Image Registration Tool
(FLIRT) to generate an inverse transformation matrix [28] This
matrix was afterwards applied to the reference ventricles mask
to map the ventricle size of each animal. To investigate volume
changes in each ventricle separately a mask for each different
ventricle was generated starting from the ventricle reference
mask. The obtained masks were then used to calculate the
single ventricle volume as described above. Ventricle size was
calculated as total pl volume within segmented ventricles and
the ventricle volume changes was estimated as a ratio of each
day ventricle volume to pre immunization ventricle volume.
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Brain tissue volume was manually measured by three
independent investigators in 2 animals per group (EAE mice,
ventricle normalizing mice and control group), on 2 adjacent
slices where it was possible to clearly depict the lateral
ventricles and the caudate putamen, the most evident brain
regions subjected to volume changes. For each slice, the
parenchymal volume was calculated subtracting the volume of
the ventricles from the volume of the whole brain area.

MR Relaxometry

Maps of absolute T, relaxation times were calculated by
pixel-wise mono-exponential fitting, implemented in an in-
house developed MATLAB program. To quantify the T,
relaxation times in the CSF within the ventricular compartment
for each obtained map, a mask of the ventricles cleared of the
choroid plexus was generated using the FAST tool of FSL. To
minimize the influence of partial volume effects generated from
neighboring brain tissue, we eroded the automatically
generated mask by two voxels. T, relaxation time of the
ventricular CSF was calculated as the mean T, relaxation time
for all pixels within the mask.

Data analysis

Three independent blinded investigators were involved in the
analysis of the MRI data. All data were thereafter statistically
ahalyzed using GraphPad Prism (GraphPad Software, Inc., La
Jolla, CA, USA). The onset of cerebellar lesions was
determined by manual inspection. With regards to the onset of
ventricle enlargement, a minimum of 10% volume increase
from the pre-immunization (baseline) volume was used as
threshold. The ventricle normalizing animals were defined as
those showing a 10% reduction from the maximum observed
ventricular volume. Differences between EAE mice and
controls regarding ventricular enlargement and T, relaxation
time were analyzed by the student t-test. To compare the onset
of cerebellar lesions and ventricular enlargement with the onset
of disease we employed a paired t-test since these parameters
represent repeated measurements of the same individual mice
over time. A p-value of p<0.05 was considered to be
statistically significant. A log-rank (Mantel-Cox) test was used
to analyze the time-to-event curves and compare the onset of
clinical symptoms, cerebellar lesions and ventricle
enlargement.

Results

Ventricle enlargement before manifestation of
neurological disease

In this study we followed brain modifications during the
development of active EAE in a large group of mice (h=20).
The first distinct macroscopic change we observed on T.-
weighted images was an increase in cerebral ventricle size
without manifestation of clinical disease (Figure 1A, 1B). Figure
1A shows a representative mouse (mouse 8 in Figure 1B) in
which ventricle enlargement was detected two days before
start of symptoms (d -2). In this EAE mouse we also observed
a decrease in ventricle size, three days (d +3) following the
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symptom onset, defined as the first day of evident motor
impairment (tail weakness). Figure 1B summarizes the time-
line for all investigated EAE mice and indicates the first day of
volume changes in the ventricles in relation to the symptom
onset post EAE induction (immunization with CNS antigen).

All immunized mice eventually developed symptomatic EAE.
The average day of disease clinical manifestation was 10.8 +
1.1 (£ S.D.) days post immunization, comparable to previous
studies [19]. 19 out of 20 mice studied showed an increase in
ventricle size and in 16 of these 19 animals, the ventricle
enlargement was observed prior to disease manifestation,
notably the increase could be detected even up to five days
prior to symptom manifestation (mouse 1). In two cases the
ventricle enlargement coincided with the symptom onset. On
average, EAE mice exhibited an increase in ventricle size 1.6
+1.2 (£ 8.D.) days before the first symptom.

Cerebellar lesion evolution during disease
development

Both hyperintense and hypointense lesions could be
detected in multiple brain areas prior to disease manifestation
in EAE, however, most commonly hyperintense lesions in the
cerebellum [19]. We here investigated the temporal changes of
these lesions by T-weighted micro MRI, keeping our main
focus on the cerebellum (Figure 2). Figure 2A shows a
representative EAE mouse (mouse 7 in Figure 2B), in which
lesions were identified in the white matter of the cerebellum as
hyper-intense regions (Figure 2A, asterisks) on T,-weighted
images; these lesions were detected already 3 days before
clinical disease onset (d -3). The shape and spatial distribution
of these lesions changed over time, also involving other areas
of the arbor vitae (d -2 and d -1). Some lesions, especially
those surrounding small vessels, turned hypo-intense (Figure
2A, white arrows) and appeared to partially resolve two days
after the first neurological symptoms (d +2). Figure 2B
recapitulates the temporal differences between the time of first
appearance of cerebellar lesions and the time of first symptom
manifestation in all EAE mice. Out of 20 animals that
developed EAE, 18 showed pre-symptomatic cerebellar lesions
on average 2.5 (£1.09 S.D.) days before the first manifestation
of clinical signs. Lesion appearance could be observed up to 5
days before disease onset (mouse 1). With the exception of
two animals, that did not develop micro MRI visible pathology
within the cerebellum, EAE mice commonly manifested early
lesions at least one day before appearance of clinical
symptoms. Of note, the only mouse that developed clinical
disease but no evident changes on MRI (mouse 20) was not
ohly devoid of cerebellar lesions but also exhibited no ventricle
enlargement.

The average day of first ventricle size increase was 8.7 £+ 2.7
days (+ 8.D.) post immunization (p.i.) and the average day of
first cerebellar lesion occurrence was 7.3 + 2.8 days (+ S.D.)
p.i., in comparison to the average day of clinical disease onset,
which was 10.8 days p.i. (see above) (Figure $1A). We next
wanted to determine the fraction of EAE mice undergoing each
of these events over the period of time after immunization. We
plotted time-to-event curves for first appearance of (i) clinical
signs, (i) ventricular enlargement and (iii) cerebellar lesions
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Figure 1. Pre-symptomatic changes in ventricle size in an EAE mouse model. (A) T,-weighted horizontal views of the mouse
brain show the evolution of changes in ventricle size of a representative mouse from baseline (pre EAE induction) 15 days prior
(d-15) to disease manifestation up till 4 days after disease manifestation (d +4). (B) Shown are 20 mice (1-20) exhibiting increase in
ventricle volume prior to or concurrent to disease onset. For each animal, gray bars represent the first occurrence of ventricle
enlargement and ensuing time points following EAE induction and black vertical lines indicate the symptom onset post
immunization. The animals were sorted according to the time difference between first changes in ventricle size (light gray bars) and
onset of clinical symptoms post immunization (black vertical lines). Mouse 1 exhibited ventricle enlargement 5 days prior to clinical
symptoms, Mouse 17 — Mouse 19 exhibited ventricle enlargement on the same day as clinical symptoms and Mouse 20 showed no

ventricle enlargement.
doi: 10.1371/journal. pone.0072841.g001

against the time span after immunization (Figure S1B). We
observed that both cerebellar lesions and ventricular
enlargement occurred significantly earlier than the appearance
of clinical signs (Figure S1B); cerebellar lesions vs. clinical
signs, p < 0.0001; ventricular enlargement vs. clinical signs, p =
0.0064.

Changes in clinical scores are preceded by changes in
ventricle size

Next we compared the changes in ventricle volume with EAE
signs and symptoms (weight and EAE score) during the
progression of disease. Hence, for each mouse, we
synchronized all 3 parameters (weight, clinical score and
ventricle volume) to the day of first neurological symptoms,
defined as time point O (Figure 3). The animal weight started
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decreasing 3-4 days before disease manifestation and started
returning to normal 3-4 days after initiation of symptoms
(Figure 3A). The average score at peak of disease severity
was 1.9 + 0.7 (+ S.D.). The maximum was usually reached
within the first 3 days following disease manifestation (Figure
3B).

We normalized the ventricle volumes of each time point to
the baseline values (d -15) and plotted the changes in ventricle
size over the disease course (Figure 3C), similar to the weight
and score curves. The average mean size of the ventricles at
baseline was 10.7 + 1.1 (+ S.D.) mm®. In contrast to the non-
immunized control mice, the ventricle size of EAE animals
started to increase in size on average already two days before
clinical symptoms and in some cases expanding 2 times more
than baseline volume. For all EAE animals, we compared (i)
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Figure 2. Pre-symptomatic development of cerebellar lesion in an EAE mouse model. (A) T,-weighted horizontal views of the
mouse cerebellum, which show the temporal progression of lesions in the arbor vitae of the cerebellum of a representative mouse
starting from pre EAE induction 15 days before clinical symptoms (baseline d-15) up till 2 days after disease manifestation (d +2);
stars highlights hyperintense lesion appearance, arrowheads points to the hypointense lesions. (B) Graph showing the first day
when cerebellar modifications were observed (gray bars) and the symptom onset (black vertical lines) for all animals in the study.
The x-axis indicates the time points after EAE induction (0). The animals were sorted according to the time difference between first
occurrence in cerebellar lesions and the onset of clinical symptoms post immunization. Mouse 1 exhibited cerebellar lesions 5 days

prior to clinical symptoms, Mouse 19 and Mouse 20 showed no cerebellar lesions.

doi: 10.1371/journal.pone.0072841.g002

disease severity and magnitude of ventricular enlargement
(Figure S2A), (ii) weight loss and magnitude of ventricular
enlargement (Figure S2B) and (iii) disease severity and onset
of ventricular enlargement (Figure S2C). However, we did not
observe any correlation between the onset or magnitude of
ventricular enlargement and the different clinical disease
measures.

Notably, in 3 EAE mice (8, 9 and 14 in Figure 1B), the
ventricle size started returing to normal values during disease
remission (Figure 3F). In these EAE mice a reduction in
ventricle size started on average 3 days after disease
manifestation, at the same time as the peak of symptoms, thus
preceding disease remission (Figure 3F). Although these three
mice showed a significant reduction in ventricle size during the
remission of the disease (in parallel to the increase in average
weight (Figure 3D), and a decrease in disease score (Figure

PLOS ONE | www.plosone.org

3E), we could not observe any significant differences in the
di scores beh 1 these three cases and the rest of the
cohort.

Although the present findings occur at an early stage of
disease, several days prior to symptom onset, it remains to be
excluded that ventricle enlargement occurs as a consequence
of brain atrophy, i.e. cell death. Therefore, we followed
changes over time in the brain parenchyma volume in mice
within the ventricle non-normalizing group and those within the
ventricle normalizing group. In comparison to control mice, the
group of mice with sustained ventricular enlargement showed a
significant decrease in brain volume (Figure S3A), interestingly
after the time point showing significant enlargement in
ventricles (Figure 3C). In the ventricle normalizing animal
group, relative brain parenchymal volumes remained constant.
These results suggest that ventricular expansion may be
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Figure 3. Time-line for weight, score and ventricle volume during EAE development. All the animals were weighed and
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EAE induction micro MRl measurements were performed and the ventricle volumes measured. Graph shows the temporal changes
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(n=3) against control animals (n=6).
doi: 10.1371/journal. pone.0072841.g003

accompanied by compression of the brain parenchyma (Figure
S3B).

To investigate the possibility that mechanical obstruction
between the ventricles (e.g. due to lesion formation) could
explain the changes in ventricular volume we calculated the
size of each of all four ventricles independently and over time
(Figure 4). All ventricles showed a volume increase before the
symptom onset. However, the change in volume in the
combined lateral ventricles (Figure 4A), left ventricle alone
(Figure 4B) and right ventricle alone (Figure 4C) was much
more pronounced than the change in volume in the third
(Figure 4D) and fourth ventricle (Figure 4E).

In order to exclude the possibility of ventricular changes
occurring due to non-specific effects of the adjuvants used
during immunization [29], we immunized 6 mice following the
same protocol used for the EAE immunization but excluding
the PLP peptide. We followed these mice for 10 days after
immunization. We could not detect weight loss (Figure S4A),
disease symptoms (Figure S4B), changes in ventricle size
(Figure S4C) or occurrence of cerebellar lesions in these
animals during this time window.

PLOS ONE | www.plosone.org

Ventricle volume increase is related to changes in T,
relaxation time of cerebrospinal fluid

To investigate possible changes in water content in the
cerebrospinal fluid (CSF), we performed T, relaxometry, which
correlates with methods of direct water content quantification in
the brain [20,21]. As shown in a representative mouse within
the group, a significant increase in T, relaxation time of the
CSF also occurred at early stages of the disease and persisted
until after disease onset (Figure 5A). In order to compare the
changes in ventricle volume and changes in T, relaxation time,
we pooled the data acquired on three consecutive days prior to
first clinical symptoms and data acquired during the three days
after first clinical symptoms, and compared the changes to age-
matched healthy control mice. These control animals were
measured in parallel to the EAE mice. When compared to the
ventricle size of control animals (volume = 127 + 1.1 (x S.D.)
mm?), we observed a significant increase in ventricle size in
EAE mice prior to clinical disease onset and an even more
prominent increase following disease manifestation (Figure
5B). Also when comparing the CSF T, relaxation times
between EAE and control mice, we observed an increase in
CSF T, relaxation time both prior to (controls = 106.4 + 5.83 (+
S.D.), EAE mice = 110.8 £ 418 (+ S.D.), p = 0.0586) and
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following (controls = 107.3 £ 3.10 (+ S.D.), EAE mice = 116 £
4.29 (£ S.D.), p = 0.0004) disease onset (Figure 5C).

Discussion

Studying the early processes during CNS inflammation is
important to gain a better insight into how immune cell invasion
may affect the autcimmune response. In this study we
identified an early ventricular enlargement prior to cerebral
disease manifestation in a mouse model of encephalomyelitis.

In the animal model, the increase in ventricular size was
accompanied by increased free water content in CSF as
demonstrated by increased T, relaxation times in the CSF
compartment. In some EAE mice we observed a contraction in
ventricle size at the time between disease peak and prior to
remission, indicating a possible reversibility in the factor
contributing to enlargement of the ventricles. Likely as a
consequence to ventricular enlargement, in the group of
animals with sustained ventricular enlargement we observed a
decrease in brain parenchyma volume. In contrast, this finding
did not hold true in the ventricle normalizing animals. In the
non-normalizing animals the brain velume reduction occurred
after ventricle enlargement. Thus, we may exclude brain
atrophy as primary source of ventricular enlargement in our
study — a finding further supported by the very early time point

PLOS ONE | www.plosone.org

ventricular enlargement is detectable. Prior to the macroscopic
changes in the ventricles, we also detected microscopic
alterations in the brain parenchyma. Microscopic changes
involved evolving hyper- and hypo-intense regions in T.-
weighted images, particularly in the cerebellar white matter and
as early as three days before symptom onset. The latter is in
line with our first micro MRI study in EAE mice where we
corroborated using immunohistology the presence of hypo-
intense lesions in T,-weighted images to areas of immune cell
infiltration [19].

One possible explanation for the ventricular enlargement
could be an impediment in cerebral CSF flow resulting from a
physical obstruction at the interventricular foramen (Monro),
such as in obstructive hydrocephalus. We therefore measured
the changes in volume in all four ventricles to determine
whether the ventricles downstream of the lateral ventricles also
changed in size. The analysis of each separate ventricle
revealed that each ventricular compartment increased in size
prior to clinical symptom onset. Also a few days before disease
manifestation, we detected an increase in CSF water content
within the ventricles as reflected from the T, relaxation time
Several previous reports have demonstrated a linear
correlation  between  spin-spin  relaxation time (T,)
measurements and ex vivo desiccation methods to quantify
tissue water content in brain [20,21] and other tissue [30]. As
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0.0386) and after (Post (3d), p = 0.0002) disease manifestation.

doi: 10.1371/journal. pone.0072841.g005

reference, in vitro modifications in water content from 70% to Our results appear to preclude the hypothesis that volume
85% were reported to change T, relaxation time from 100 ms to increase in the ventricles could be the result of an obstruction
200 ms [20]. in one of the foramina connecting the ventricles. These results
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rather suggest that the increase in ventricular size could be
either the result of a dysregulation in CSF homeostasis (e.¢. a
deficit in CSF reabsorption or an increase in CSF production).
Alternatively, a disruption of the tight junctions (TJ) of the BBB
and blood CSF barrier may increase the flux of solutes through
the barrier leading to fluid leakage into the CSF-filled
compartments. In this perspective it has been shown that an
alteration of BBB TJ proteins and changes in microcirculation,
associated with the presence of inflammatory cells, occur
during EAE and MS [13,31-33]. On the other hand, we recently
reported a contrast agent-enriched ventricular system in EAE
suggesting a leakage into the ventricles possibly via the blood
CSF barrier during disease [19]. Using a flow compensated
gradient echo technigue, we observed an outflow of Gd-DTPA
into the ventricles of EAE but not healthy animals [19]. Either of
these possibilities suggests that ventricle size may serve as a
potential indicator of the level of inflammation in the CNS, even
prior to other more conventional measures (e.g. contrast
enhancing lesions).

Several CNS routes exist for CSF drainage that might be
involved in the communication with the lymphatic system. The
relevance of immune cell trafficking between the lymphatic
system and CNS has been described in models of
spontaneous EAE [34] Important communication routes
include anatomical sites (such as the cribriform plate)
associated with lymphatics (eg. those associated with the
olfactory or other cranial nerves) [35] Immune cells, including
memory CD4+ T cells, follow these communication routes
during autoimmune neuroinflammation [2]. More recently, it
was also shown that leukocytes infiltrate periventricular tissue
as well as perivascular spaces prior to clinical symptom onset
[36] In agreement with this study, we have also recently shown
an extensive accumulation of inflammatory cells on the ventral
side of the forebrain, midbrain and brainstem as shown by
fluorine/proton MRI [37].

In all of our EAE cases, the fluctuations in ventricular volume
were relatively fast and cannot be explained by brain atrophy
that is a slow and gradual process occurring over several years
[38] Furthermore, in a recent study with MS patients that were
followed up MRI for a period of 5 years after first diagnosis, the
percentage ventricular volume change was found to be higher
during the first 2 years compared to the ensuing 3 years [39].
The rate of early ventricular enlargement was also suggested
in this study to be more predictive of disease progression than
lesion measures or whole brain atrophy rate [39].

In summary, our present findings in the EAE model provide
first indications that the progression of encephalomyelitis is
accompanied by substantial fluctuations in ventricle size
already in the earliest stages of disease. Several mechanisms
could be involved in this observation, including a disruption in
CSF homeostasis or fluctuations in the edematous milisu of
inflammatory cells and their products. Further preclinical and
clinical investigations are warranted to elucidate the basis
leading to ventricular enlargement and to explore the
mechanisms and causative factors that could precipitate these
macroscopic changes during encephalomyelitis.
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Supporting Information

Figure S1.
alterations.
(A) Shown are, for each animal, the first day of cerebellar
lesion appearance (p < 0.0001) and the first day of ventricle
enlargement (p < 0.0001) are shown, compared to the days of
symptom onset (n= 20). (B) Time-to-event curves to compare
the first occurrence of ventricle enlargement and cerebellar
lesions relative to clinical onset. Statistical significance:
cerebellar lesions vs. clinical signs, p < 0.0001; ventricular
enlargement vs. clinical signs, p= 0.0064.

(TIF)

Overview of the pre-symptomatic brain

Figure 82. No relation between magnitude or occurrence
of ventricle enlargement and clinical disease measures.

(A) Comparison between disease severity and magnitude of
ventricular enlargement. (B) Comparison between weight loss
and magnitude of ventricular enlargement. (C) Comparison
between disease severity and occurrence of ventricular
enlargement.

(TIF)

Figure S3. Time-line of changes in brain parenchyma
volume during EAE development.

Brain parenchyma was measured in slices depicting the
caudate putamen and lateral ventricles. The parenchymal
volumes for all animals were centered on day of symptom
ohset. Temporal changes in the parenchymal volume of mice
with sustained ventricle enlargement (A) and parenchymal
volume of mice with normalizing ventricles (B) were compared
to controls.

(TIF)

Figure S4. Timeline of weight and ventricle size and score
of sham immunized animals.

All the animals were weighed and scored before sham
immunization and daily thereafter. Micro MRI measurements
were performed at baseline and then from day 5 to day 10 after
sham immunization and the ventricle volumes measured.
Temporal changes in weight (A), score (B) and ventricle
volume (C) are shown (n=6).

(TIF)
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Magnetic resonance imaging (MRI) provides the opportunity of tracking cells in vivo. Major challenges in
dissecting cells from the recipient tissue and signal sensitivity constraints albeit exist. In this study, we aimed
to tackle these limitations in order to study inflammation in autoimmune encephalomyelitis. We
constructed a very small dual-tunable radio frequency (RF) birdcage probe tailored for '’F (fluorine) and 'H
(proton) MR mouse neuroimaging. The novel design eliminated the need for extra electrical components on
the probe structure and afforded a uniform B;' -field as well as good SNR. We employed fluorescently-
tagged '°F nanoparticles and could study the dynamics of inflammatory cells between CNS and lymphatic
system during development of encephalomyelitis, even within regions of the brain that are otherwise not
easily visualized by conventional probes. 'F/'"H MR Neuroimaging will allow us to study the nature of
immune cell infiltration during brain inflammation over an extensive period of time.

nflammation is a key player in several disorders of the central nervous system (CNS). In autoimmune

encephalomyelitis a recruitment of immune cells to the CNS occurs early during the pathogenesis, prior to

the onset of neurological symptoms'~. The tracking of immune cells into the brain and spinal cord is thus
pivotal for understanding the development of CNS inflammation in preclinical animal models such as
experimental autoimmune encephalomyelitis (EAE). Strategies for following cells in the CNS during EAE
have commonly made use of iron oxide nanoparticles that reduce T2* relaxation*”. One drawback of these
contrast agents is the difficulty to distinguish the negative contrast created by the labeled cells from other
intrinsic tissue contrasts. This, together with the lack of an a priori knowledge of the kinetics of immune cell
migration during inflammation, makes the localization of immune cells in the CNS a challenging task. The
use of fluorine ("F)-rich nanoparticles to track inflammatory cells, in conjunction with “F/'"H MRI, is an
emerging approach for cell tracking®. Due to the absence of organic "F in vivo, "’F/'"H MRI is advantageous
for localizing transplanted cells in vivo since it permits background-free images with complete signal select-
ivity and specificity. The possibility of quantifying the cell signal by "’F MR spectroscopy is another advant-
age.

One major limitation when tracking immune cells in the CNS with ""F/"H MRI is the low signal-to-noise ratio
(SNR) for both "F and 'H signals. The SNR and the sensitivity of the radio frequency (RF) probe used are indeed
main determinants that dictate the level of spatial resolution”. Factors to be kept in mind when designing a probe
include the geometry, the filling factor and the homogeneity of the B -transmit field. Small-sized birdcage probes
are ideal for mouse neuroimaging but are quite challenging to build due to size and increased risk of inaccurate
assembly of chip capacitors that could distort the circuit symmetry and RF homogeneity. The millipede design
was developed to eliminate the necessity of chip capacitors'. However millipede probes are too complex to be
modified as double-tunable probes; an assembly of two spiral coils would need to be constructed to achieve a
double resonant setup'” but this results in an undesirable sensitivity difference between outer and inner coils. In
order to track inflammatory cells in vivo with "F/'"H MRI, a dual-tunable RF probe is desirable in order to
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safeguard sensitivity and B, -field homogeneity on both frequencies
and to avoid inaccurate co-registration of both signals''.

In this study we constructed a novel dual-tunable "F/'H birdcage
probe with a shingled-leg design in order to detect immune cell
infiltration in the mouse brain during encephalomyelitis. Thirty
two copper strips were arranged in parallel to form a cylinder and
overlapped with strips extending from the end rings of the RF probe.
This provided plate capacitance on each leg, thereby eliminating the
necessity of solid chip capacitors. With our RF probe we were able to
detect inflammatory cell infiltrates as *’F signal in EAE mice follow-
ing in vivo administration of fluorescently-labeled "“F-rich particles.
We observed immune cell penetration even in regions of the CNS e.g.
anterior region of brainstem and spinal cord that are otherwise not
easily visualized by conventional RF probes due to limited depth
penetration.

A

°F port

Results

Electromagnetic field simulations and performance of the RF
head. We first performed simulations with a finite integration
technique (MWS) using a shield diameter of 58 mm and
determined that we require a capacitance of 1.14 pF in order to
tune to 400 MHz ("H frequency at 9.4 Tesla). These results were in
close agreement with those calculated using an analytical method
(Birdcage Builder), in which we determined a required capacitance
of 1.17 pF (<<3% deviation). Since the calculated capacitor values
were small (Figure 1} and considering the need for accuracy,
especially in the increments between the capacitors, we decided to
circumvent conventional chip capacitors during construction of the
birdcage. Instead we introduced a shingled birdcage design, in which
capacitors were built, with high accuracy, into the structure of the RF
probe. For this the copper milling on either side of the PCB was done

%50 380 400 420

380
frequency/MHz

Figure 1| Design and Construction of the "F/'"H RF Birdcage Mouse Head Probe. (A) Sketch of the 32 leg low-pass birdcage probe shows the main setup
consisting of long copper strip-lines (shown in black) that overlap with the peripheral copper strip-lines (shown in white) connected together by the end
rings. Out of 32 legs, 28 copper-strips were uniformly overlapped by an area 0f 6.27 mm” to achieve a center frequency of 388 MHz, 2 strip-lines (marked
with *) overlapped by a smaller area (3.14 mm?®) to tune for 'H at 400 MHz (for 9.4 Tesla) and 2 strip-lines (marked with **) overlapped by an area of
9.39 mm* to tune for “F at 376 MHz (for 9.4 Tesla). The probe axis is aligned with the direction of the static magnetic field B, (B) Circuit diagram of the
birdcage probe showing the 56 capacitors (Cieg = 1.38 pF, resulting from the above uniformly overlapped 28 legs) that adjust the birdcage to the center
frequency (388.35 MHz), C1 (0.69 pF) capacitors (created by the 2 legs with 3.14 mm” overlap) that tune one port to '"H mode and C2 (2.08 pF)
capacitors (created by the 2 legs with 9.39 mm” overlap) that tune the other port to F mode. C1m/C2m are the matching capacitors and C1t/C2t the
tuning capacitors in the range of 1—6 pF. {C) Photograph of the constructed birdcage (without shield) in correct alignment with the direction of the static
magnetic field B,. Arrow also indicates the access point and direction of the prone-positioned mouse for head imaging. (D) Examination of RF
performance with respect to the scattering (S) parameters shows that port 1 ("H) resonates at 400 MHz and Port 2 (**F) at 376 MHz. The reflection
coefficients on both ports (S;; and S,,) are shown to be lower than —40 dB and the coupling between the ports (S, and 8,,) is shown to be lower than
-15 dB.
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in a way to create an overlap between the inner and outer copper
strips, thereby creating plate capacitors along the length of the
birdcage legs (Figure 1A-1C). To fine tune to the exact 'H
(400 MHz) and "F (376 MHz) frequencies required at 9.4 Tesla,
the shield diameter was reduced from 58 mm (used for the first
simulations) to 48 mm. This shield diameter was used for the
construction of the coil design as well as for the final EMF
simulations. Based on the required capacitance results calculated
from MWS and the Birdcage Builder, an overlap of 6.27 mm’
(equivalent to 1.38 pF) was used for the simulation (Figure 2A-2D)
and ultimate construction (Figure 1C) in order for the birdcage to
resonate at a main frequency of 388 MHzx that is approximately half
way between 'H and "F when calculating the square root of the
product of both frequencies (1/400 * 376 =387.81 MHz).

Upon evaluation of the B;" profiles in the EMF simulations for this
setup (Figure 2A), we observed high B,” homogeneity throughout
the whole birdcage probe for both 'H and “F modes (Figure 2B and
Supplementary Figure 1). However, EMF simulations (particularly
B;" distribution) are only an estimation for a given setup, which does
not take power losses into consideration. We therefore compared the
By field values achieved from the EMF simulation with real B;” field
values measured with the constructed birdcage probe in a 9.4 Tesla
animal scanner for the "H channel (Figure 2C). For both simulation
and measurement experiments, the same input power and absorbed
tissue power in the phantom were employed (ignoring powers losses
in cables, plugs and baluns). We calculated a maximum B;" profile of
40 (T /. /W for the simulations and 31 T/, /W for the measurement
at the center of the slice (Figure 2C, 2D). The B profile over the
cross-section of the cylindrical phantom ranged from 38-
40 uT//W for the measurement and 29-31 yT'/,/W for the simu-
lation (Figure 2D). The factor of 1.66 between B;" simulations and
B;" measurements translates to a power attenuation of about 2.2 dB.

A B

=39.68

B,+ simulation - 'H channel

This power attenuation is in agreement with losses in the RF chain
(from amplifier to probe) that we could estimate from the properties
of the cable and using the network analyzer.

Owing to the shingled design of the birdcage with variable overlaps
between the copper strips, the RF probe could be tuned to both 'H
and "F frequencies. With this setup, the reflection coefficients (S;,
and S,;) were below —40 dB for both frequencies (Figure 1D). The
transmission coefficients (S,, and S,;) determine the extent of power
lost via transmission between the 2 ports and was below —15 dB
thereby not necessitating additional decoupling capacitors. Using the
reflection coefficients we could measure the RF probe/coil quality as
QFactor. This determines the extent of noise contribution coming
from the RF probe or sample. We thus measured the QFactor of both
loaded (Q;) and unloaded (Q) RF probe using the formula
“Q=f,/BW” where f, is the specific resonance frequency
(400 MHz for 'H) and BW is the corresponding bandwidth fre-
quency at half maximum peak. We calculated Q; to be 130. Q;
was calculated to be 80-110, depending on the load of the probe,
the size of the mouse or conductivity of the phantom). For 376 MHz
( *F), Q-values were similar (Qy = 150).

"“F/"H MR tracking of cell infiltrates in experimental autoimmune
encephalomyelitis (EAE). We performed "F/'H MR imaging and
spectroscopy of EAE mouse brains using the constructed head
birdcage “F/'H RF probe. For the first set of experiments
(Figure 3) we induced EAE in SJL/] mice and administered "F-
rich nanoparticles (Z-Average Diam. = 160 nm) intravenously in
these mice only upon the first signs of neurological symptoms. Using
the constructed ""F/'H RF probe and a 2D T,-weighted gradient echo
(FLASH) sequence for "H MRI, we observed hypointense lesions as
previously reported'” in the cerebellum (Figure 3A, 3C) and cerebral
cortex (Figure 3D, 3F) of sick mice. In these experiments we decided

“F channel

B, + simulatior

in UT/sqri(w)
B

.
B
I3

o
Diameter/mm

Figure 2 | B/ -Field Distribution for the “F/'H RF Birdcage Probe. (A) Three dimensional design of the *F/'H RF birdcage probe holding a phantom
(turquoise) simulated with a finite integration technique (CST Studio Suite). For the measurements a phantom with similar dielectric properties and

geometry was used. (B) Sagittal cross-section through the simulated B -field within the phantom. (C) Comparison of B, -field measurement of the 'H
channel with the simulation of a central slice, scaled to the same input power and absorbed tissue-power in the object, not considering cable losses, plugs
and baluns. (D) Shows a line-plot through the center of the simulated and measured B, -field, with a maximum of 40 §T/,/W in the simulation and
31 uT//W for the measurement at the center. B, -profile over the center slice ranges from 3840 uT//W in the simulation and 29-31 ;JT/\f'W in the

measurement.
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Figure 3 | In Vivo "F Quantification in an EAE mouse Brain using Single Voxel "’F Spectroscopy. EAE was induced in SJL/] mice and 160 nm “F-rich
nanoparticles (40 pmoles '°F) were administered on the first signs of neurological symptoms. (A) Horizontal and (C) sagittal slices identifying lesions in
the cerebellum; dotted box depicts the location of the 3 mm* PRESS voxel around the lesion of interest within the cerebellum. (B) '°F MRS spectrum of the
PRESS voxel in the cerebellum. (D) Horizontal and (F) sagittal slices identifying lesions in the cortex; dotted box depicts the location of the 3 mm® PRESS
voxel around the hypointense lesion within the cortex. (E) "F MRS spectrum of the PRESS voxel in the cortex.

to administer one single shot of "F-rich nanoparticles with high "F
content (corresponding to 40 pumoles) at the start of disease.
Following 24 hours of nanoparticle application, we performed “F
PRESS to determine the "“F signal in the regions where we could
detect hypointense lesions. For this, we localized a 3 mm® PRESS
voxel around the cerebellum (Figure 3A, 3C) and another PRESS
voxel around the hypointense lesion within the cortex (Figure 3D,
3F). In contrast to the selected region within the cortex (Figure 3E),
we could detect a strong “F signal in the PRESS voxel in the
cerebellum (Figure 3B), where we also observed larger areas of
anatomical alterations using the 'H gradient echo sequence
(Figure 3A). With the help of a calibration measurement we
calculated the "F content within the cerebellum to be c. 60 nmoles.

Next, we wanted to determine the location of the "F signal dis-
tributed within the cerebellum using "F/'H MRI. To do so, we
selected a 3 mm sagittal slice through the brain (Figure 4A), which
encloses the 3 mm* PRESS voxel, and acquired “F gradient echo
(FLASH) images. When we overlaid the T,-weighted 'H image (in-
plane spatial resolution (73 X 73) um?) of the median sagittal slice
(Figure 4B) with the F image (Figure 4C) of the same sagittal
section we observed co-localization of the ’F signal to the brain stem

and mostly the cerebellum, particularly in the white matter
(Figure 4D). Following these F/'H MRI measurements we
extracted the brain and prepared the cerebellum for electron micro-
scopy. Already with the help of Differential Interference Contrast
microscopy, we observed small, round and white particles engulfed
within macrophage-like cells that were infiltrating the cerebellar
lesions (Figure 4E). Electron microscopy revealed these particles as
bright smooth spheroids clustered within phagosomes in the cyto-
plasm of macrophage-like cells (Fig 4F-4H).

Considering the highly homogeneous field provided by our MR
head probe, we decided to implement accelerated spin echo tech-
niques that are otherwise very sensitive to fluctuations in the B;
field"***. Apart from altering the scanning method, we also changed
the protocol of systemic '’F nanoparticle administration. We injected
nanoparticles (same particle size but 5 pmoles ""F content) daily,
starting from day 5 following immunization. The first MRI measure-
ments were performed on the first day of symptoms. First we
acquired an in vivo 'H 3D TurboRARE sequence using a standard
protocol (TR = 1500 ms, TE = 53 ms, FOV = (40 X 16 X 16) mm®,
Matrix = 320 X 128 X 128, RARE Factor = 16, NEX = 1 (scan time
= 25 min) to achieve a T,-weighted image with an isotropic resolu-
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Figure 4 | "F/'H MRI and Electron Microscopy of the '’F-rich Particles within the Cerebellum of an EAE Mouse Brain. (A) Horizontal slice of the
previous SJL/] mouse-brain using 2D-FLASH imaging: TR = 473 ms, TE = 13 ms, 22 slices, in-plane resolution 73 pm?, NEX = 16 (scan time =

25 min). The black outlined box depicts the slice selection for the '°F acquisition. (B) Median sagittal slice of the same mouse brain. (C) '°F image of the
3 mm central slice using 2D FLASH TR = 15 ms, TE = 3.3 ms, 1 3 mm slice, in-plane resolution (400 X 400) pm?, NEX = 2048 (scan time = 15 min)
and (D) an overlay of (C) (in gray) and (D) (in red). (E) to (H) Histological slices of the extracted cerebellum. (E) Differential interference contrast image
of a cerebellar lesion (toluidine blue staining) which shows small round and white nanoparticles engulfed into macrophage like cell structures (red
arrows). (F) to (H) high resolution electron microscopy images of adjacent regions.

tion of 125 pm?®. Following this, we performed a "’F MR TurboRARE
sequence in the same mouse after it had undergone terminal anesthe-
sia. For this, we employed the following "F MR protocol: TR =
1000 ms, TE = 6 ms, scan time = 690 min, FOV = (40 X 16 X
16) mm? Matrix = 100 X 40 X 40, zero fill acceleration = 2, RARE
Factor = 40, NEX = 2048, leading to a reconstructed isotropic
resolution of 400 pm®. When we overlaid the acquired '’F scans with
the previous 'H images, we observed that areas of inflammatory cell
involvement were mostly within the spinal cord, brain stem, cere-
bellum and cerebral cortex (also in close proximity to the ventricles)
as shown in horizontal (Figure 5A) and sagittal (Figure 5B) serial
images of the brain. We also detected a strong "“F signal within the
cervical draining lymph nodes, areas of expected high inflammatory
cell activity. These scans were the first to reveal the uptake of “F
nanoparticles by immune cells and their extensive infiltration of
these cells throughout the CNS and secondary lymphatic organs as
shown by “F MRL

In order to follow the dynamics of inflammatory cells during EAE
in vivo, we altered the above "’F MR protocol to reduce the acquisi-
tion time to 68 min. Following acquisition of the above 'H 3D
TurboRARE sequence, we performed an in vivo "’F MRI using the
following protocol: TR = 800 ms, TE = 6 ms, FOV = (40 X 16 X
16) mm?, Matrix = 100 X 40 X 40, zero fill acceleration 2, RARE
Factor = 40, NEX = 256. Similarly to the longer “F scans in the
previous ex vivo experiments, the "°F signals that we detected in vivo
were mostly located within draining lymph nodes, the spinal cord,
brain stem, cerebellum and cerebral cortex (Figure 6A). Typically,
the draining lymph nodes were the first to give a "“F signal (between
day 5 and day 8); the "°F signal extended from the submandibular and
superficial cervical lymph nodes into the deeper cervical, facial and
internal jugular lymph nodes. Between day 8 and day 11 we observed
immune cell infiltration in the CNS.

A
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Figure 5 | In Vivo 'H (grey) and Post Mortem "°F MR(red) Images. EAE
was induced in SJL/] mice and 160 nm "F-rich nanoparticles (5 pmoles
'“F) were administered daily, starting from day 5 following
immunization.(A) Horizontal and (B) sagittal slices of a 3D TurboRARE-
scan for in vivo 'H (grayscale): TR = 1500 ms, TE = 53 ms, FOV = (40 X
16 X 16) mm?, Matrix = 320 X 128 X 128, RARE Factor = 16, NEX = 1
(scan time = 25 min) and for ex vivo °F (red): TR = 1000 ms, TE = 6 ms,
FOV = (40 X 16 X 16) mm®, Matrix = 100 X 40 X 40, zero fill
acceleration 2, RARE Factor = 40, NEX = 2048 (scan time = 690 min).
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Figure 6 | Visualization of Inflammatory Cells in different CNS and Lymphatic Regions using In Vivo ""F/ 'H MRI. EAE was induced in SJL/] mice and
170 nm "F-rich and Dil-labeled nanoparticles (5 pmoles '°F) were administered daily, starting from day 5 following immunization. (A) Two different
sagittal slices of a 3D Turbo RARE-scan show the kinetics of inflammatory cell migration ( '*F MRI) over a period of 6 days in different CNS and lymphatic
regions ("H MRI). In vivo 'H sequence (as above) and ’F MRI sequence: TR = 800 ms, TE = 6 ms, FOV = (40 X 16 X 16) mm’*, Matrix = 100 X 40 X 40,
zero fill acceleration 2, RARE Factor = 40, NEX = 256 (scan time = 68 min). (B) Distribution of inflammatory cells (specifically CD3", CD4",
F4-80" and Mac-2"cells) in EAE tissue that gave a strong "°F signal in MRI. Shown in coronal sections of the cerebellum are specific cell populations
(green) and their corresponding uptake of "’F-Dil nanoparticles (red). Arrows indicate colocalization (yellow) of signal from specific immune cell
markers (green) and "F-Dil nanoparticles (red).
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We next wanted to study the distribution of distinct immune cell
populations in these areas of inflammation. Thus, we fluorescently
tagged the "F nanoparticles for follow up in post fixation experi-
ments and employed the same in vive "F/'H MR protocol as above.
The "F nanoparticles were tagged with Dil as fluorescent marker but
the "F content (5 pmoles PFCE per injection) and size (Z-Average
Diam. = 170 nm) was kept constant. Following visualization of "*F
signal by F/'H MRI, we extracted CNS and performed immuno-
histological staining for macrophages and lymphocytes in CNS
regions where the "F signal was predominant, specifically cerebel-
lum (Figure 6B). We observed a main co-localization of Dil-labeled
“F nanoparticles with F4-80" and Mac-2"cells, indicating that the
“F-Dil nanoparticles are primarily taken up by macrophage-like
cells from the periphery into the CNS. However we also observed a
co-localization of "F-Dil with CD4" T cells in the cerebellum
(Figure 6B). We also performed FACS of the CNS tissue and sec-
ondary lymphoid organs. As expected, we observed a large percent-
age of CD3" T cells, CD19" B cells as well as CD11c¢" and CD11b"
myeloid cells in the CNS; most of the latter CD11c¢* and CD11b*
cells  were sequestered from the draining lymph nodes
(Supplementary Figure 2 left panel: no Dil-labeled 19F nanoparti-
cles). Also with FACS, we observed that CD11c" (30%) and CD11b"
(42%) myeloid cells are the predominant immune cells types that
transport the F-Dil nanoparticles in the CNS (Supplementary
Figure 2, right panel: Dil-labeled 19F nanoparticles). Interestingly,
CD3"* T cellsand CD19* B cells, although present in large quantities,
take up a small amount of the ""F-Dil nanoparticles in the CNS and
therefore do not contribute significantly to the "F MR signal we
observe in the CNS in vivo. In contrast 7% of CD3" T cells and
41% of CD19" B cells were labeled with *F-Dil nanoparticles in
the draining lymph nodes and therefore appear to contribute to
the “F MR signal we observed in the lymph nodes in vivo. More
detailed ex vivo and in vivo longitudinal studies will help further
identify the rich dynamics of the different immune cell pepulations
that serve as communicating envoys between immune system and
CNS during encephalomyelitis.

Discussion

The main motivation for constructing the dual-tunable “F/'H RE
birdcage probe for brain imaging was to increase the sensitivity
required to non-invasively follow immune cells in the CNS during
inflammation with MRI. The potential applications for "F in MRI
and MR spectroscopy (MRS) have long been recognized''. The
possibility of employing "“F MRI for tracking cells in vive was how-
ever first implemented in the last decade. At present, nanoparticles
rich in “F atoms are employed to study immune cell or stem cell
migration in vivo with the help of "F/'H MRI'"**. However, major
challenges particularly signal sensitivity constraints exist. In the pre-
sent study we prepared nanoparticles (160-170 nm range) from
perfluoro-15-crown-5-ether (PFCE) and labeled them with a fluor-
escent dye (Dil} prior to systemic administration in EAE mice.
Thereafter we followed the uptake of the particles by immune cells
during the course of the CNS inflammation using the constructed
dual-tunable "*F/'H birdcage RF head probe.

The geometry chosen for the present “F/'H RF probe was very
favorable to boost transmission field homogeneity (B ). Indeed, we
showed very encouraging results for mouse neuroimaging. One of
the benefits of the highly homogenous transmission field was the
significant signal improvement in ventral regions of the CNS, par-
ticularly in the brain stem and spinal cord, as well as the draining
lymph nodes. These areas are otherwise not easily accessible by con-
ventional commercially-available RF head probes (such as small sur-
face coils or phased-array coils} due to depth penetration constraints.
The high degree of cylindrical symmetry as well as the absence of
chip capacitors also prevented the manifestation of susceptibility
artifacts®. The elimination of chip capacitors - as improvement to

the original birdcage probe designs — was introduced with the
millipede probes'. One main advantage of the present 32-leg bird-
cage probe over the millipede probe is the lower number of legs
required due to the shingled design, which makes multiple tuning
possible. With the constructed RF probe we achieved a uniform B;
field almost identical for both “F and 'H channels (3.5% difference in
the maximum B," between both channels in favor of the “F-chan-
nel). The simulations of the 'H channel for the '"F/'H dual-tunable
resonator were similar to the ones for a single-tuned 'H linear bird-
cage resonator with the same dimension. The homogeneous field was
indispensable to perform spin echo imaging that is sensitive to
changes in power and fluctuations in the B;" field'>".

From an RF engineering point of view, the quality of the con-
structed birdcage probe showed a SNR gain with respect to other
coil designs with larger diameters and fewer legs, including those for
"F/'H mouse body imaging (32 mm diameter, 16 legs)*' in our lab.
The electrical measurements - specifically S Parameters - give a
quantitative assessment of the quality of the probe. Probes with a
high Q Factor have an improved SNR, considering that SNRoc
v/Q"* The Q Factor for the unloaded probe (Qp) was measured
to be 130 and when loaded (Q;) it was 80 - 110. It should be noted
that Q;; decreases with increasing number of legs in a birdcage
probe®. The Q.0 (Qr/Qy) gives an indication of the noise dom-
inance, whether it is from the sample or the probe. It should be ideally
smaller than 0.5 in order to achieve predominantly sample noise.
However, small probes usually have an increased Q,,,;, since size is
inversely proportional to inductance (L) and directly proportional to
resistance (R), according to the formula Q=(wy'L)/R (wy = res-
onance frequency)*®*. The Q,uy, for the constructed 32 leg probe
was calculated to be 0.6 - 0.8. Since the noise contribution for our
birdcage probe is predominantly probe dependent (Q,,4, = 0.5), it
was imperative to minimize dielectric losses and coil resistance by
using low loss PCB material. Furthermore the design of our birdcage
probe - in which plate capacitors were built inte its structure -
reduced resistance by minimizing the soldering connections required
for assembling chip capacitors; added soldering also significantly
increases resistive losses in small birdcages™.

The similarity between “F and 'H NMR properties is an advantage
since the same pulse power settings can be used for both nuclei. After
power calibration and adjustments for the 'H channel, the same
settings can be applied for the F channel. For our birdcage probe
we altered the overlapping areas between the copper legs to achieve
both frequencies. To fine tune to the 'H (400 MHz) and "“F
(376 MHz) frequencies the reflection coefficient for both frequencies
needed to be tweaked by altering the distance of the RF shield to the
probe. We used a shield diameter of 48 mm to achieve the best
results. According to a previous study investigating the shielding
effect on field homogeneity, the ratio between diametergy;q and
diameter,; should be between 2 and 3; if the shield is closer (ratio
<2 2) the RF field is disrupted®. For the present setup the ratio
between diameter g, and diameter,,; was 2.4 for the measurements
and final simulations. Indeed the B} field distributions were homo-
genous across the cross section of the phantom for both simulations
and measurements. The deviation of the measured B;" field over the
center slice was calculated to be in the range of 6 — 7%, which made
this birdcage particularly suitable for 3D fast spin-echo sequences
such as RARE since these are more susceptible to B field in homo-
geneities than gradient echo sequences. A variation in flip angle of
less than 10% has no significant influence on spin echo sequences'™".

A recognized limitation with our coil design is that the birdcage
cannot be driven in quadrature and dual-tunable mode at the same
time. Compared to a linear driven birdcage, a quadrature driven coil
would add another 41% to SNR gain or reduce the acquisition time to
50% at no cost to SNR. Due to the small size of the coil and space
constraints, it is not possible for us (at the current stage) to construct
the birdcage in dual-tunable and quadrature driven mode, as has
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been shown for human application®. Another problem with the
quadrature driven mode is the decoupling of the two channels.
Potential improvements are to make each channel dual-resonant™
or to make use of alternate-tuned birdcage elements'’. Since the
proposed design exploits the similarity of proton and fluorine nuclei
it might not be possible to apply this technology to low-gamma
nuclei.

By using fluorescently-labeled "“F-rich particles we could selec-
tively detect inflammatory cells with ""F/'H MRI and then identify
the cell types with the help of fluorescent methods, namely confocal
microscopy and flow cytometry. Although the spatial resolution for
“F/*H MRI (pm-range) is not comparable with the high resolution
that can be achieved with microscopy (nm-range), it is still possible
to study the nature of immune cell infiltration with this technique.
Furthermore these experiments can also be done in vivo and over a
longer period of time; due to the non-invasiveness of the technique it
is possible to monitor the migration of immune cells for several days
without the necessity of sacrificing the mouse after investigation.

From our study, we could conclude that CD11¢* and CD11b™"
myeloid cells are sequestered from the draining lymph nodes (LN)
during early stages of the disease to enter the CNS, predominantly
into cerebellum, brain stem and also cerebral cortex. The initial *F
signals detected in vivo were mostly located within draining LN;
typically the submandibular LN, superficial and deeper cervical
LN, facial LN and internal jugular LN. These results further support
the significance of the lymphatic system for initiation of CNS inflam-
mation. While the role of the draining lymphatic system on priming
immune cells to target the CNS has long been known™, the kinetics of
lymphatic drainage in and out of the CNS is still unclear. In this study
we start to uncover some of these dynamics between immune system
and CNS with the help of "F/'"H MRI. Further elaborate studies need
to be undertaken to study the movement of immune cells into the
CNS during encephalomyelitis. While it is appealing to employ
“F/*H MRI to study the impact of the immune system on the
development of CNS injury during autoimmune encephalomyelitis,
it would be also very interesting to employ “F/'H MRI to study the
impact of neuronal damage or degeneration on the outcome of
lymphatic drainage. Recently, light has been shed upon the route
taken — namely the cribriform plate— by myeloid cells from the site
of neuronal injury to the draining cervical LN*'. These results favor
the application of in vive non-invasive approaches such as “F/'H
MRI to monitor the trafficking of immune cells real-time after trau-
matic injury™.

In summary, we developed a birdcage RF probe for "*F/'H neu-
roimaging with a design that promotes signal to noise ratio, a sym-
metrical cylindrical geometry, a high filling factor and a
homogeneous B;" -transmit field. The first in vivo experiments per-
formed in EAE mice using "F/"H MRI are promising in that we are in
a position to nen-invasively follow the kinetics of inflammation
specifically due to the near-to-complete absence of '°F in living tissue.
Further experiments with “F/'H MRI in autoimmune encephalo-
myelitis and also neurodegenerative disorders are warranted to fur-
ther understand the communication channels between CNS and the
immune system.

Methods

Electromagnetic field simulations and probe design. Prior to construction, various
probe designs were simulated with Microwave Studio (MWS) (CST, Darmstadt;
Germany) and Penn State Birdcage Builder (BB)™. After analysis of the EMF
simulation results, a 32-leg low pass (LP) probe design was chosen. The details and
dimensions for the simulation were chosen as close as possible to the desired birdcage
size: diameter = 18.4 mm, total length = 39 mm, leg width = 1 mm, leg length =
33 mm, end ring width= 3 mm, RF shield diameter = 58 mm. Since the capacitance
values required for the construction estimated from Birdcage Builder were very small
(e.g. for "H (400 MHz) C = 1.17 pF), it was not possible to design such a birdcage
using chip capacitors. Thus we chose to build the capacitors into the structure of the
RF probe by preparing copper strips milled on either side of a double sided copper
clad PCB (printed circuit-board) with an area of overlap in between. Figure 1A shows
a sketch of the 32-leg "F/'H LP birdcage design, which was then simulated in MWS.

On each side of the PCB, copper strips were arranged in a way to overlap only a few
mm depending on the capacitance and thus frequency required. The long inner
copper strips (shown in black) overlap with the outer peripheral copper strips (shown
in white) that are connected together by the end rings. We first calculated the overlap
required to achieve a basic birdcage frequency (birdcage mode) of 388 MHz
{frequency midway between the "F and 'H frequency). According to the Birdcage
Builder this basic frequency necessitates a capacitance of 1.38 pF. To calculate the
area of overlap between the strips required in order to achieve the necessary
capacitance (C), we used the formula for plate capacitors:

C=gygAfd

where £5 = vacuum permittivity constant (8.85418%10~"* F/m), A = area of overlap,
d = thickness of the PCB that corresponds to the distance between the overlapping
strips. For the ensuing probe construction we opted for a special flexible PCB with a
high relative permittivity (£, = 10} and a thickness of 400 pm. Using these values, a
capacitance of 0.22 pF is achieved per mm” overlap. For the basic frequency of

388 MHz (1.38 pF), we calculated an overlapping area of 6.27 mm® and applied this
for 28 strips. We then degenerated the basic frequency mode symmetrically to achieve
the desired 'H and **F modes. For the '"H mode, 2 strips were overlapped by an area of
3.14 mm’ to tune to 400 MHz and for the "°F mode, 2 strips were overlapped by an
area of 9.39 mm’ to tune to 376 MHz. Figure 1B shows a circuit diagram displaying
the distribution of all capacitors built into the structure of the RF probe and the
corresponding ports.

To construct the 32-leg LP head RF probe, we employed a CNC (computer
numerical control) machine Protamat $100 (LPKF, Garbsen, Germany) to mill the 32
copper strips on the PCB cladded with 18 um copper on both sides (thickness =
400 pm; Taconic CER-10). The PCB is made of low loss material (dissipation factorat
400 MHz tand = 0.0025) and has a high permittivity (¢, = 10). Relying on the
simulations and calculations, 28 strips were overlapped by 6.27 mm” to achieve a
capacitance of 1.38 pF and therefore a basic frequency of 388 MHz. For the "H mode
(port 1, marked with * in Figure 1A) the overlap was reduced by 3.13 mm" to
3.14 mm? (C1 = 0.69pF) and for the "F mode (port 2, marked with **) the overlap
was increased by 3.12 mm* to 9.39 mm* (C2 = 2.08 pF). For fine-tuning the shield
diameter was reduced stepwise from 58 mm to 48 mm. Furthermore for load-
dependent tuning (C1t and C2t) and matching (C1m and C2m) four small trimmer-
capacitors (1-10pF) were used. Figure 2A shows the constructed birdcage RF probe.
The dimensions of the RF probe are as follows: outer diameter = 2042 mm; inner
diameter of head probe = 16 mm, total length = 43.29 mm, width of each strip =
1.11 mm, length of each leg = 36.63 mm, width of end rings = 3.33 mm, diameter of
RF shield (not shown) = 48 mm. All parts for the housing of the 32-leg LP head RF
probe were designed using Autodesk Inventor 2011 (Autodesk Inc., San Rafael, CA,
USA) and built with a 3D Printer BST 1200es (Dimension Inc., Eden Prairie, MN,
USA). The RF performance of the head RF probe - including the measurement of the
full set of scattering parameters (S-parameter) that determine the reflection coeffi-
cients as well as coupling between the two ports (Figure 1D) - was tested with a
2channel vector network analyzer (Rhode & Schwarz GmbH & Co. KG, Memmingen,
Germany).

To block unwanted coaxial shield currents, we used baluns on each channel con-
nected as close as possible to the birdcage probe. The baluns were built from semi-
rigid cable (diameter 1.5 mm), bent into a loop with a radius of 7.5 mm and soldered
on a small piece of printed circuit board. Two 3 mm chip capacitors in the range of
2.2 pF-2.7 pF were used to tune the baluns to 376 MHz and 400 MHz.

B} simulations and measurements. For B simulations we applied a 3D model
using MWS (Figure 2A) in which a 15-ml Falcon tube (conductivity: o = 0.33 S/m,
relative permittivity: £ = 78) was used as phantom for loading the RF probe; we
simulated the load an average mouse head would add to the probe. The transmit-
active component (B;") of RF probes can be measured by several flip-angle mapping
techniques™. For B measurements, the probe was loaded with a 15 ml tube filled
with saline solution doped with CuSO, (0.3 g/L) to decrease the T, relaxation time to
¢. 600 ms. This diminishes T related effects and thus reduces measurement time. For
the phantom measurements, we applied a time-consuming but simple and accurate
technique based on a set of rectangular non-selective preparation pulses (pulse length
= 1 ms) followed by spoiler gradients to destroy any transversal magnetization®.
This way a 3D distribution of longitudinal magnetization (M,) was produced for the
whale volume of interest with 7 different power settings for the preparation pulses.
After each preparation step, the M,-distribution of a central slice was mapped, using a
standard 2D gradient-echo sequence with a small flip-angle and long TR (TR min.
5%T; = 3 35) to avoid T;-related effects: TR = 3000 ms, TE = 6 ms, slice thickness
1 mm, FOV = (15 X 15) mm®, Matrix 64 X 64, NEX = 1, 7 preparation pulses
(attenuators = 150 dB, 56.4 dB, 44.4 dB, 39.5 dB, 364 dB, 32.3 dB, 31.3 dB), scan
time = 35 min.

Preparation of '°F-rich Dil-labeled nanoparticles. For the ensuing in vive “F/'H
MRI in EAE mice and post fixation experiments (histology and flow cytometry), we
prepared nanoparticles with high fluorine (**F) content and Dil fluorescence,
respectively. These particles consisted of 600 mM perfluoro-15-crown-5-ether
(PFCE, Fluorochem, Derbyshire, UK) and 630 puM 1,1'-Dioctadecyl-3,3,3°3"-
Tetramethyl, indocarbocyanine Perchlorate (Dil, Molecular Probes®, Invitrogen,
Darmstadt, Germany) and were prepared by first emulsifying PFCE in Pluronic F-68
(Sigma-Aldrich, Germany) via direct sonication, using a cell disrupting titanium
sonotrode (Bandelin Sonopuls GM70, Bandelin, Berlin, Germany) as previously
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described™. After 1:1 (v/v) dilution with DPBS, the PFCE emulsion was further
sonicated in the presence of 630 pM Dil to obtain a PFCE-Dil nanoparticle emulsion
containing 600 mM PFCE. In order to remove free Dil, the PFCE-Dil nanoparticle
emulsion was then clarified on Sephadex G-50 (Sigma- Aldrich, Germany) columns.
The average nanoparticle diameter was determined by dynamic light scattering using
a Malvern Zetasizer Nano ZS instrument (Malvern Instruments, Worcestershire,
UK). The particle size remained constant after incorporation of the Dil.

In vitro experiments. To determine the uptake capacity for the prepared particles,
and optimize the "°F and Dil content, we labeled bone marrow derived dendritic cells
(BMDC) with the PFCE-Dil nanoparticles. BMDC were prepared from BM
suspensions as previously described®. Briefly, BM from femurs of C57BL/6 mice
were grown in RPMI-1640 medium centaining 10% FCS (Biochrom, Germany) and
supplemented with 100 ng/ml of GM-CSF.

In vivo experiments. Animal experiments were carried out in accordance to
guidelines provided and approved by the Animal Welfare Department of the State
Office of Health and Social Affairs Berlin (LAGeSo). For active EAE, female SJL/] mice
(Janvier SAS, Le Genest-St-Isle, France) were immunized subcutaneously with

250 pug PLP 3915, purity =95% (Pepceuticals Ltd., UK) together with Complete
Freund's Adjuvant and heat-killed Mycobacterium tuberculosis (H37Ra, Difco).
Bordetella pertussis toxin (250 ng; List Biological Laboratories, US) was administered
intraperitoneally at days 0 and 2. On each day following immunization mice were
weighed and scored as follows: 0, no disease; 1, tail weakness and righting reflex
weakness; 2, paraparesis; 3, paraplegia; 4, paraplegia with forelimb weakness or
paralysis; 5, moribund or dead animal. Five days following EAE induction, mice were
administered with Dil-labeled nanoparticles containing 5 pmol PFCE.

For *F/'H MRI, EAE mice were anesthetized using a mixture of isofluraneas
inhalation narcosis (0.5-1.5%), pressurized air and oxygen shortly before and during
the MR session. The mice were positioned prone on the mouse holder of a small
animal MR scanner (Bruker Biospin USR 94/20, Bruker Biospin, Ettlingen, Germany)
with the head inside the "H/™F RF probe which was then moved to the isocenter of the
magnet. Following acquisition of scout images using 2D FLASH (MRI Software
Paravision 5.1, Bruker Biospin, Ettlingen, Germany), the RF head probe was tuned to
both 'H and **F resonance frequency and then matched to the characteristic
impedance (50 Ohm) using the tuning monitor of the animal MR scanner. Following
automatic system settings including 1** and 2*! order shimming to fine-tune the
homogeneity of the magnetic field, we employed a TurboRARE 3D sequence for 'H:
TR = 1500 ms, TE = 53 ms, FOV = (40 X 16 X 16) mm’®, Matrix = 320 X 128 X
128, RARE Factor = 16, NEX = 1 (scan time ca. 25 min}; for "F: TR = 1000 ms, TE
=6 ms, FOV = (40 X 16 X 16) mm’, Matrix = 100 X 40 X 40, zero fill acceleration
2, RARE Factor = 40, NEX = 128 (scan time = 45 min). For overview scans and
serving as a reference to the ""F MRS, we used a 2D FLASH protocol for “F: TR =
15 ms, TE = 3.3 ms, one sagittol 3 mm slice, in-plane resolution (400 X 400} pm?,
NEX = 2048 (scan time = 15 min) and for "H: TR = 473 ms, TE = 13 ms, 22 slices,
inplane resolution (73 X 73) um* NEX = 16 (scan time = 25 min).

For quantification of the *F content in specified regions of the mouse brain, we
employed single voxel spectroscopy (SVS), in particular Point RESolved Spectroscopy
(PRESS). For this purpose we placed a (3 X 3 X 3) mm’ voxel within the region of
interest (here cerebellum and cortex) of the mouse-brain (Figure 4). Then we
employed the FastMap® method from Paravision, for volume specific magnetic field
(By) shimming. After shimming the spectra where acquired using a PRESS-protocol
for F MRS: TR = 1500 ms, TE = 11.6 ms, voxelsize (3 X 3 X 3) mm®, NEX512
(scan time = 13 min). To quantify the *F signal we acquired a **F MRS calibration
curve using the same PRESS protocol with three 15 ml Falcon tubes containing
different concentrations of our PFCE Emulsion (10, 20 and 40 mM).

Post fixation experiments. For histological and immunohistochemistry
investigations, EAE mice were transcardially perfused with 20 ml cold PBS following
terminal anesthesia. Thereafter, perfusion was continued with 20 ml cold PFA (4% in
PBS). Brain, spinal cord and secondary lymphoid organs were then extracted and
subsequently post-fixed overnight in 4% PFA at 4°C. The tissue was then
cryoprotected with sucrose (30% in PBS) at 4°C, sectioned in 50 um thick slices on a
cryostat at —20°C and processed on the same day. Free floating sections were washed
and incubated with antibodies against Mac2 (ACRIS GmbH, Herford, Germany),
CD4 (BD Pharmingen, Heidelberg, Germany), CD3 (Serotec, Diisseldorf, Germany),
F4-80 (Biolegend, Fell, Germany) and MPO (Abcam, Cambridge, UK) overnight at
4°C, thereafter washed in PBS and incubated with secondary antibodies conjugated
with Cy3 (Jackson, West Grove, Pennsylvania, USA) for 2 h at room temperature.
Some sections were incubated with FITC-conjugated B220 (Biolegend, Fell,
Germany). After antibody incubations, sections were mounted on standard glass
slides and covered with Vectashield-DAPI (Vector Laboratories, Burlingame,
California, USA) for fluorescence microscopy. Microphotographs were acquired
using a fluorescence microscope (BZ-9000, Keyence, Neu-Isenburg, Germany).

For flow cytometry (FACS) experiments, mice were transcardially perfused with
20 ml cold PBS following terminal anesthesia. After extraction, organs (brain, spinal
cord, lymph nodes, spleen) were mechanically dissociated through a 70 pm nylon cell
strainer (BD Falcon, Heidelberg, Germany) into RPMI medium (containing 5% FCS)
and centrifuged at 4°C. To remove contaminating erythrocytes from the dissociated
tissue, a lysis buffer was employed. For the CNS, cells were separated from myelin and
debris using a 37% Percoll gradient (1.125-1.135 g/ml; Sigma-Aldrich, Germany).
The resulting cells were incubated with anti-CD16/32 Fe-receptor block (BD

Pharmingen™, Heidelberg, Germany) for 15 min, washed in FACS buffer and pre-
pared for FACS surface staining with APC-cenjugated CD3, FITC-conjugated CD19,
Pacific Blue-conjugated CD11b and APC-conjugated CD11c antibodies (eBioscience,
Frankfurt, Germany).

For eleciron microscopy, mice underwent terminal anesthesia and were transcar-
dially perfused with 4% formaldehyde and 0.5% glutaraldehyde prior to brain
extraction. A 3 mm’ cube (enclosing the PRESS-voxel used for spectroscopy) was
dissected from cerebellum and post-fixed (for 24 h in 2% gluteraldehyde, thereafter
for 4 h in 1% osmium tetroxide). Following dehydration, tissue was embedded in
Poly/Bed 812 (Polysciences, Eppelheim, Germany). Semithin sections were stained
with toluidine blue and ultrathin sections were stained with uranyl acetate/lead
citrate. Sections were imaged using a FEI Morgagni electron microscope (FEI,
Eindhoven, NL) and the iTEM software (Olympus-SIS, Minster, Germany).
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