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Zusammerfassung

Entziindungserkrankungen des zentralen Nervensystems (ZNS) wie Multiple Sklero&kutend
disseminierte Enzephalomyelitisind verbunden mit der Aktivierung unBinwanderungvon
Immunzellen in das ZNS, was letztlich zu Demyelinisierung der weil3en Gehirnsubstanz,
Neurodegeneration und Entwicklung von neurologischen Symptomen fiimeé klinische
Diagnose wird jedoch oft erst gestellt, wenn neurodegenerative Prozesse bref@énge sindln

dieser Arbeit wurden drei Studien unter Einsatz modernster Methoden der Magnetresonanz (MR) im
Experimentelle Autoimmun Enzephalomyelitis (EAE) Tiermodell durchgefiihrt, um die zugrunde
liegenden Pathologien der ZNEhtzindung zu untersuameZiel der ersten Studie war es,
Frahindikatoren der Krankheit ausfindig zu mach@arch Verwendung kryogenétochfeld HF)-

Spulen bei dein vivo MR-Bildgebung mit hervorragender raumlicher Auflésung im Mikrometer
Bereich (€ MRI) war es m° gl i ch, Gehirnpathol
Gehirnparenchym zu enthilleur c h & MR wur den - un@ Bypemtersime al s
Regionen nochar dem Auftreten klinischer Symptome enttaie Lasionen wurden irKleinhirn

(lat. Cerebellunp der weillen Substanz und im Cortex beobachtet, und deuten auf
Immunzellinfiltration hin, was durch konventionelle Histologie bestétigt wuhdeder zweiten

Studie wurden die zeitlichen und raumlichen Verteilungen der Gehirnveranderungen aus der
vorherigen Studievahrendder Entwicklungvon EAE sysematisch untersuchbDurch die kryogen
gekuhlte Empfangsspulefechnologie war es moglich digkquisitionszeitsowet zu reduzieren,

dass eine grof3a&nzahl von EAEMausen untersucht werden konribeese Studie offenbarte eine
signifikante VergréRerung des Ventrikels und eine Zunakorefreiem Wasser in @& Liquor
cerebrospinalisioch bevor sich die Krankit klinisch bemerkbar machtAbgesehen von diesen
makroskopischen Verdnderung zeigte diese Studie, d@bs mikroskopische L&sionen, die
Ublicherweise imCerebellum beobachtet werden, schon vor Beginn der Erkrankung bemerkbar
machen.Die Daten zeigtenn dass einefriihzeitige Veranderungen der Ventrikelgro3e und das
Auftreten von Lasioenwahrend deAutoimmunitatim Gehirnein Fruhindikator sein kénnte, noch
bevor sich ein neurologisches Krankheitshilelausbildet, was eine zusatzliche Untersuchung in
praklinisch@ und klinischen Studien erterlich machtin der dritten Studie wurde die Dynamik

der Entzindungszellen zwischen dem zentralen Nervensystem und dem lymphatischen System
wahrendder EAEAusbildung untersuchDie Art und Weise der Immunzellinfiltration&hrend der
Gehirnentziindung wurde anhand einer neuartigen Fluor / Prdfén /(*H) MR Neuro



Bildgebungstechnik und der Verwendung von fluoresziererierNanopartikeln untersuchin
dieser Studie war es moglicAnderungenin der Migration der Entziindngszellen durch
Veranderungeres Fluorsignals in den ableitenden Lymphknoten uneéimEhtziindungsregionen

des ZNS, wie Kleinhirn, Hirnstamm und Cortéthe einen ausgedehnten Zeitrazmdetektieren.



Abstract

Central nervous systenfCNS) inflammatory disorderssuch as multiple sclerosis and acute
dissennated encephalomyelitis are associated with the recruitmeningadion of inmune cells
into the CNSthat ultimately leads to white matter demyelination, neurodegeneration and
developmenbf neurological symptoms. Alinical diagnosis is oftemadewhen neurodegenerative
processes are already ongoihgthis work tiree main studies employing statethe-art Magnetic
Resonance (MR)methods were performed in the animal model Expemiad Auoimmune
Encephalomyelitis (EAE), in ordéo study the underlying pathologies of CNS inflammationthe
first study the goal wago seek early indicators of disea8y employingcryogenicallycooled RF
coils to acquiremicro MR imaging (AMRI) in vivo, with superiorspatial resolutionit was possible
to reveal brain pathologgs microscopic changes in the brain parenchypMRI revealed lesions
as hypetintense and hypotense regiondyefore the appearance of clinical symptoifitse lesions
were observedn the cerebellum white mattend the cortexandwere suggestive of immune cell
infiltration as demonstrated mpnventional retology. In the £condstudy, the temporal and spatial
distributiors of brain modifcationsobserved in the previous studsere systematicallynvestigated
during inflammation throughouhe development dAE. Thanks to the reduced scan time achieved
using the cryogenicaltgooled coil technologit waspossible to follow a large cohort of EAE mice
This studyrevealedsignificantenlargementn ventricle sizeand an increase in free water content
within the cerebrospinal fluidCSF) prior to disease clinical manifestatiohpart from this
macroscopiachange this studydemonstratedhat microscopic lesions commonly observed in the
cerebellumalso became evidenprior to disease onsethe data suggest that early changes in
ventricle sizeand lesion presentatiafuring brainautoimmunitycould be anndicator of the events
preceding neurological diseasganifestation and necessitadditional exploration inpreclinical
and clinicalstudes In the thirdstudy, the dynamics binflammatory cells between central nervous
systemand lymphatic systemwereinvestigatedduring development of EAE he nature of immune
cell infiltration during brain inflammatiorwas studied bya novel Fluorine/Proton(**F/*H) MR
neuroimagingtechniqueand application of fluorescentbpgged!®F nanoparticlesin this study it
was possible to detechanges in inflammatory cell migratimver an extensive period of time by
changes in théuorine signalwithin the draining lymph nodesndregionsof inflammation in CNS

such as cerebellum, brain stem and cortex



1. Introduction

Multiple Sclerosis (MS) is an inflammatodisorderof the Central Nervous System (CNS) caused

by a chronic demyelination of axons in the brain and spinal ¢orfduropeMS prevalence ranges

from 20-200 per 100.000 and likewise the incidence varies betwHeh00 per 100.000depending

on the European regipwith a higher prevancein women (2:1)]1]. MSis 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 saptibility to turn on the iHhmmatory response against self
antigenic determinants expressed in the GN8result inmultiple neurological dgfunctiors (e.qg.

limb weakness, visual and sensory disability, bowel symptoms)

That MS is an autoimmungyndrome is corroborated by animal models studies indicating that
autoreactive T cells can cause an inflammatory demyelination of ThSe animal studies have
implicated one or more myelin antigens in brain and spinal cord. Experimental autoimmune
enceplalomyelitis (EAE) is an inflammatory demyelinating disease of the @ldSan be induced

in a number of spdes €.g. rodents and primategnd is used as a model for the human CNS
demyelinating disease since it shares clinical and pathological featiire$/% [2]. Commonly

EAE is inducedby immunization with one of a number of myelin antigens emulsified in complete
Fr eund 6 s[3] ardy tuanstendfeffector T helper cell§4] in susceptible mouse strains

widely usedstrain is theSJL/J] a relapsing/remitting form of EAE can be induced in these mire

to thirteendays followingimmunization with thenyelin proteolipid proteiPLP, ., .,) peptide[3].

Under normal physiological conditiontie CNS is protected against potentially harmfuttuders

by immunologically competent CNS resident cells, such as microglia, or immune cells derived from
the peripheral circulatigrblood-borne immune cells, includg memory T cells, are limited to the
leptomeningeal, perivascular and ventricUBF space$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 damageisthest depicted by the
presence of demyelinating lesions and plago@smonly located in the whitematter, mostly
periventricularand inleukocortical, juxtacortial andorticalregiong[6].

Organspecific autoimmune diseases such as MS are thought to be mediatdtelpeitells (TH)
which activate macrophag¢g]. Naive Ty cells (CD4 T cells) mature after interactioof thar T

cell receptor withantigenbound on the MHC 1l receptor of antigpnesenting cells (APC)After
8



activation Tw cells undergoproliferation and differentiation ino several lineages aéffector Ty

cells includingencephalitogenic 417, which stimulate andnteract with other leukocytascluding
regulatory T cells.The residuatell population will persistas longliving memory T cells[8]. In

the healthy brainijmmune cell such asnemory & cells appear to be limitedo the CSF
compartment[5]. For this reasont was eventually assumed tht#te CSF compartmerttas a
fundamentalole for immunesurveillanceandis the place where activated T cells can intenaith
residem antigenpresenting cellsluring neuroinflammatory diseaf®. Memory Ty cellsreachthe

CSF compartment biypeans ofheir extravasation via microvascular structures of the choroid plexus
into the cerebral ventricles or alternatively via postcapillary venules into leptomeningeal and
perivascudr Virchowi Robin (VRS) spaceglL(]. Inflammation and demyelination evhite matter

imply the enty of immune cells in the CNS. Two different studies showed that two waves of
migratory Ty cells invading the CNS couldkist. The first wave of T cellss through the choroid
plexus,via the bloodCSF barrier (BCSFB) leading toeffector Ty cell (Tw17) 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 anangeer of inflammatory

cells invade the CNS parenchyma via their ign through the blood brain barri@BB) [11].

EAE has also been a necessary tool for the identification of new therapeutic compouv&@s for
some of the therapies discovered through the model are established treatments [b2].MS
Particularlythe discovery ofintibodies againdd 81 integrin (VLA -4) in EAE prevering traffic of
mononuclear leukocytes across the vascular endothadiuthe CNSthrough the inhibition of
activated lymphocytes adhesion to brain blood veg4€lshas been shown to induceapid and

sustained reduction in disease activity in M8] and this therapy is nowDA-approved.

The diagnosis of MS igsually based on thilcDonald criteria Accordingdy, patients witha first
clinical episode suggestive of M&lIinically Isolated Syndrome oClS) will be diagnosedwith
clinically definitive MS if the initial MRI findingdulfill 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 oligocldretds[16] and evoked
potential testind17]. MRI is becominga common toohot only for diagnosing MSbut also for
follow-up studies andor defining endpointswhen studying response tahergy in individual

patients[18]. Although MR is a strong tool in the diagnosis, prognosistardpeutic outcomef



MS, more reliable and robust image analysis methods are still needed to understand and fully exploit
the amount of information thatan be generated9]. Animal modelsof brain inflammation are
therefore also invaluablas benchmarks for new MRI technologies that could become clinical

routine in the future.

In animal modelsof MS, MRI has beeremployed for several yeate studynoninvasivelythe
progressionof encephalomyelitis particularly in association wittantrinflammatory treatment
studies [20, 21] but also to identify signatures between different pathological le§@#sand

different anatomical regions of the CIN&3].

Although preclinical MRI has been valuable to study specific pathologies during brain
autoimmunity, limitations in the technology exi$he mostpredominanproblem is theanatomical
dimensiors of the typical animal species studied, whiotrinsically restrictsthe achievablespatial
resolution By increasing the resolution @chieve a qualitgomparable to humalMR imaging a
decrease in signal to noise raf{eNR) is to be expectethecauseof the reduced voxel sizd.0
overcome this drawbackveragings necessarythis considerably increasesan timeand ultimately
limits the thoroughness of the studye(frequencyof MR scansper animal or number of animals
per study. These limitationsfor small animal MR] as well as thosashared with human MRI
(motion artifacts field inhomogeneityat higher magnetic field strengthsjepresentmajor

challengedor the execution ofnore intensivéViR studies in animal models of disease

Recently, cryogenicalkgooledproton(*H) coils have started gaining momentum in preclini&
studiesdue to aboostedsignatto-noise ratio(SNR) compared to traditionalbbom temperaturéH

coils [24]. With these coilstMRI can be achieved at reasonable scan times; pisIBéfined as
MRI with a spatial resolution <100 proil resistace and therefore thermal noise are reduced due
to coil cooling The resulting SNR increasecompares to an increase ftime magneticfield (Bo)
strength by a factor of at least\&ithout the problems associated witlgher B strengthssuchas

shorter wavelength8: andBo inhomogeneitieand susceptibility artifast

Another emerging use of MRI is immune cell tracking in the lymphatic syatetimflamedorgans
Using nanoparticles rich in fluorinéF) i as MR activenucleusi it is possible to label cells and
locate them with virtually background free signal du¢h®negligible endogenous preserufe'°F

in the body.Fluorine compoundsra commonly used in biomedical applicatiery. asoxygen
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carriers usually these are synthetothemicallyinert perfluorocarbons (PFC#)at are insoluble in
water ancheed tobe emulsifiedor clinical use The '%F particlesachievedby emulsification range
from 100nm to some hundreds nanometeBince nanoparticles are easily taken up by cells of the
mononuclear phagocyte systamch as dendritic cells and macropha@s, it is possible to detect
19 signal inregions of inflammation and draining lymph nodebl$). Thereforé®F nanoparticles

in combination with'®F/*H MR methodshave been used &iudy several modslof inflammation

such as pasischemia inflammatioifi26] and alsdo track immune cell typel7].

The goal of thiswork wasto make good use dhe abovenovel technologies andvolving MR
methodsto further understandhe evolution ofbrain autoimmunityduring EAE particularly the
early stages of the pathophysiology. For thisth uMRI and °F MRI were implementedo study
theearly processesf inflammaton in the EAE. The cryogenic MR technologwas usd duringthe
first studyto acquire high resolved images of mouse bBAE lesiors (UMRI) in an amount of
time suitable forin vivo preclinical longitudinal studyin this first study brain pathologwas
observedn areaqsuch as the cerebral corteriyt commonly detected by comteonal MRlandan
excell ent correspondence bet ween washdonstfaiedmnd i n g s
the secondstudy, the goal was to exploit timeajor advantage of employing thecryogenically
cooled coiltechnology in EAE studies (increased image resolutiorreahiaced scan timeo closely
follow longitudinally changesespecially microscopic alterations,thebrainduring EAE, with the
ultimate aim of identifying pathological changes prior to and ducmmmencement of diseasan

a microscopic level the evolution MR hyper and hypantense regions were observed prior
EAE clinical manifestationSurprisingly the most interestiniinding of the second study wes
macroscopichange;a prominentncreasen ventricle volumewas detectegbrior to disease onset
andin parallelto anincrease in 7T relaxation time of CSFThe cryogenicallycooledtechnology
permitted a significant reduction in acquisition time, thereby enaldioger and more critad
observatios of changegthat were otherwise previously concealed by conventional MR méthods

brain pathology during EAE

The results of the first two studies were a precursor to my motivation to studyne cell
trafficking into CNS during the del@ment of EAE For this the evolving technologies aroutitr
were developed and employedl duaktunable radiofrequency probe foombined!®F andH MR

was developed for mouseeuroimaging Fluorescentlytagged fluorine nanoparticlesere also
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prepared irhouseto label immune cells during the inflammatory procé¥gh these technologies
the in vivo dynamics of inflammatory cells between CNS and lymphatic systaund bestudied
during EAE development.Immune celinfiltrations were observeth regions that are otherwise not

easily visualized by conventional prolohee to limitedsignaldepth penetratian
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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 {&ans@ec

94/20 USR, Bruker Biospin, Ettlingen, Germany) with a bore diameter of 200 mm. The system is
equipped with an activelghielded watecooled BGA12 gradient systergradient amplitude 440

mT/m, with an integrated shim set up to second order. Toramodate 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 abased
software for multidimensional R data acquisition, reconstruction and visualization (ParaVision®

5.1, Bruker Biospin, Ettlingen, Germahy

a. Colil technologies
Two different techologies were used tstudy brain inflammation in EABby MR methodsHigh

resolutionof the brain was achieved by means of a cryogenicaltedH coil (Bruker, Ettlingen,
Germany. Brain inflammationwas studiedoy means ofa duaktunable!®F/AH birdcagein house
built coil (Sci Rep. 2013; 3:1280

i.  Cryogenically-cooled surface coll

For micro MRI of the mouse EAE braia cryogenicallycooled proton (*H) coil, a Transceiver
Mouse Brain CryoProbeCP, Bruker BioSpin, Ettlingen, Germanwas employedThe CryoProbe
is a halfcylindricatshaped zhannel transmit/receive quadrataiéven surface coil, for full
mousebrain coverage with a maximum field of view of c. 30x20x20 roowled by a closedycle
refrigeration systemand operating at around 30 Khe surface of the prolibat isin direct contact
with the animal head is maintained 3f° C via a resistive heater unit (Bruker, BioSpin AG,
Fadlanden, Switzerlandhat monitos and regulatethe temperature.

ii. 1°F/H dual-tunable birdcagecoil

To studybrain inflammation a duaitunable®F/*H birdcage coil was constructed. Thprobe is
composed 082 copper strips arranged in parallel to form a cylinder and overlappingeisijpheral
stripsconnected together lige endrings of the RFeoil. In this way there was no need of solid chip
capacitos (theeby reducimg susceptibility atifacts) because théesignitself provided capacitance
at each overlapping sectioMoreover the selected geometry resultennprovedtransmission field

homogeneity. A recognized limitation with our coil design is that the birdcageot be driven in

13



quadrature and dudélinable mode at the sartime due to its small size, resulting in a lower SNR (
41%) compared to quadrature driven coils.

b. MR acquisition

A number ofRF pulseprogramsavailable onParaVision® 5.1scanner softwar@ruker, Ettlingen,
Germany) were tailored to achieve different contsast order to highlight and detectorain
inflammation in EAE. InMRI the signalis generated bythe reaction of protor(*H) to the
combination of two magneti@elds: the external stat magnetic field (B) and the alternating
magnetic field (B) generated by the coil systefhis signalchangesn different tissuesthereby
producingboundaries and contrast. The most important properties of prttahsnfluence the
signalare theproton density (PD), the spiattice relaxation time (1) and the spirspin relaxation

time (T2). T» and T contrast are related to the relaxation phenomenon. Relaxation describes the
processes that occur when a sample placgde Bo returns to its eqlibrium state(i.e. the initial
magnetizatiopafter aRF pulse excitation. Tis the time constant for the recovery of magnetization
along the direction of 8and T is the time constant for the decay of magnetization in the plane
perpendicular to 8B 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 timetlERlip angle (FA) and

the inversion time (TI).

I MR Imaging

Pre and post contrast: weighted (T:W) imaging was performed using Modified Driven
Equilibrium Fourier Transformation (3D MDEFT: TR3000 ms,TE = 39 ms FA 20°, Tl = 950
ms, matrix 384x 384). Horizontal sectiongime of acquisition (TA) =11 min spatial resolutiors
47 x 47 x 400 pn¥. Coronal sectionsTA = 15 min spatial resolutiorr 47 x 47 x 500 pnt. As Ti-
enhancing contrast agent gadolinium diethylenetriamine emi@mte (GTPA, Magnevist,
BayerSchering Pharma AG, Berlin, Germany) was administered intravenouslyd@seaf 0.2

mmol/kg.

T> weighted T2W) scanswere performed using Turbo Rapid Acqtimn with Relaxation
Enhancemen{2D TurboRARE: TR= 3000 ms, TE= 43 ms matrix 384x384 TA = 5 min were

performed with geometry and spatial resolution identical to thatWfiimaging.
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To image brain tissue in association with the microvasculatilise seighted(T>"W) multislice fast
low angle shomethod(2D FLASH: TR = 473 ms,TE = 18 ms, FA 40°, matrix 51 512) was
applied usingan in plane resolution of (38 35) un?. Horizontal sections: TA = 8 minglice

thickness= 400 um Coronal sections: TA = 11 min, slice thickness = 60

T."W phase mapwere processed in ordey generate susceptibility weighted imaging (SWI). SWI
generates a different contrast compareditorTT, exploiting the magnetic susceptibility of tissues
sincetheir signal vill become out of phaseaith tissues that possess a different susceptibility.

A gradient echavith flow compensatiotGEFG3D FLASH: TR = 30 ms, TE= 5.9 ms, matrix 512
x 256 x 256, TA = 29 min was performedl hr after contrasinjection at an isotqoic spatial
resolution of 59 um. Since thimethodis typically used for MR angiography it was employed to

visualize only the brain vasculature excluding the parenchyma.

To study brain inflammation by combinédF/*H MRI 3D TurboRAREwas employed!H: TR =
1500ms, TE = 53ms, FOV = 40 x 16 x 1m?, matrix = 32 x 128 x 128, RARE Factor = 16A
@25 min. 1% TR = 1000ms, TE = Gms, FOV = 40 x 16 x 16m°, matrix = 100 x 40 x 40, zero
fill acceleration= 2, RARE Factor = 40numberof average (NEX) = 128, TA @45 min. For
overview scans and serving as a reference td*&IRS, it was used 2D FLASH method.!%F:
TR = 15ms, TE = 3.3ns, one sagittal Bim slice, inplane resolution (400 x 406, NEX =
2048 TA = 15min; 'H: TR =473ms, TE = 13ns, 22 slices, in plane resolution (73 x ZB8Y,
NEX = 16 TA = 25min was used

ii.  T2mapping

To investigate podsle changes in water content GS5F, T. mappingwas performedsince changes

in T2 relaxation time directly correlate to water contdedr this purpose multislicemulti-echo
technique MSME: TR = 1500 ms, matrix = 256 256, FOV = 1.8 cm, NEX = 2, slice =TA =15

min) was used. For this purpose TE ranging froni 80) ms were usetb 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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iii.  Single voxelMR spectroscopy

For thein vivo quantification of fluorine in a specific regi@single voxel spectroscopy (SVS) was
performed For this purpose a (3 x 3 x 3) Minoxel was placedwithin the region of intereshside
the mouse cerebellumAfter employing theFastMap37 method from Paravisi@oftware for
volume specific magnetic field @B shimming,the spectra where acquired usin§\&S protocol for
19 MRS PointRESolved Spectroscopy, PRESR = 1500 ms, TE = 11.6 mBIEX =512 TA =

13 min). To quantifylie 1% signalin vivo, a'®F MRS calibration curvevas createdising the same
PRESS protocol with three 15 ml Falcon tubes containing diffémeoivn concentrations of our
PFCE Emulsion (10, 20 and 40 mM).

c. 'F enriched nanoparticles preparation andcharacterization

Nanoparticles with high fluorine!¥) content and Dilfluorescencewere prepared for labeling
inflammatory cellsn vivo. These particles consisted of @M perfluore15-crown5-ether (PFCE,
Fluorochem, Derbyshire, UK) and 68M 1,1-Dioctadecy3,3,3',3* Tetramethyl, indocarbocyanine
Perchlorate (Dil, Molecular Probes®, Invitrogen, Darmstadt, Germany) and were prepared by first
emulsifying PFCE in Pluronic-B8 (SigmaAldrich, Germany) via direct sonication, using a cell
disruptng 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 a¥1a30

to obtain a PFCIDIl nanoparticle emulsion. In order to remove free Dig BFCEDIl nanoparticle
emulsion was then clarified on Sephadex5@ (SigmaAldrich, Germany) columns. The
nanoparticles physical characteristics suchz-averagediameter, polydispersity index and zeta
pot e n twerateter(nieed by dynamic light scating 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 guidgdnoggled and approved

by the Animal Welfare Department of the LAGeSo State Office of Health and Social Affairs Berlin
(Permit G0172/10: MR Bildgebung d. Therapieans&EAE).

Experimental autoimmune encephalomyelitis (EAE) was inducecnmale SJL/J e (Janvier
SAS, Le GenesbtlIsle, Franceps previously describg@]. Mice (12 weeks oldwere immunized
subcutaneously with 250 ug PLE, ., peptide(Pepceuticals Ltd., UK) and 800 ug mycobacterium
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tuberculosis H37Ra (Difco) in 200 pl emulsion containing equal volumes of phosphate/buffered
saline (PBS) and complete Freunds adjuvant-{Bf2o). Pertussis toxin(200 ng List Biological
Laboratories, USyvasadministeredntraperitoneabn 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, moriburebdragimal. 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 mic&or sham immunizationgshe same protocol used for EA#as used except

that thePLP139151 peptidewasomitted from the immunization cocktail.

During MR experiments nee werepositionedon a water circulated heatesimal bedto ensure
constant body temperature of 37 °C amdre kept under constant anesthesia via a controlled
continuous flow of air, oxygen andoflurane 0.51.5% (Abbott GmbH& Co. KG, Wiesbaden,
Germany Body temperature and breathing rate were constantly checked by a remote monitoring
system (Model 1025, SA itrements 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 PL0S One. 20127(3):€32796%

Micro MRI of EAE animals (n = 9jvas performedat baseline (prior t&€AE induction) andon a

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

for all 9 mice was 1.Z 0.7 (= S.D.) and the average day of onset was41.B days (+ S.D.) with

a range of B14 days posimmunization.

The high spatial resolution achieved using a cryogenically cooled RF coil allowed us to identify
lesions priorto the onset of disease symptonitie T.W TurboRARE methodprovided he best
imagecontrastand enabled obseation oflesiors in multiple brain regions, particularly thegbor

vitae of the cerebellum(white matter)but alsoin the cerebral cortex and subcortical regions.
Lesiors could be detected as early as 3 dpsisr to clinical manifestationSeven out of 9 EAE

mice exhibied lesions in the brairin the cerebellum the lesiorappeared fst as hypeintense
regions in the white matter of the arbor vitBemarkably por the manifestation of the disease
hypointense islandsndicative of cellular involvemenbecame evident inside the hypetense

lesions.

Also prior to manifestation of clinical symptomkesiors could be detectenh the cortexCompared

to theT1W scans, TW imagingwas valuabldo detectpunctuatdesions in multiple regiamnof the
inflamed brain (Figure 1). T>*W imaging revealedhese signal changes even greaterdetail,
commonlyin association with intracortical vesseMoreover the susceptibility weighted imaging
(SWI) processd from the T*W phase mapdurther enhancd the contrast between normal tissue,
inflammatory lesion and microvasculature enabling the visualization of small venous irregglarit
(Figure 1) The proximity of thestructural irregularitieso the vasculaturéen the cerebellum and
cerebral cortex @letectedusing LW and B*W imaging was suggestive of inflammatory cell
pathology. These hypimtense areas could indeed be corroboratéth the presence of
inflammauory cell foci inhematoxylin and eosin histologf the same region imagel vivo. This
strong correlation between the MRI data and the histology corroborates the puMRI data and

undersores the utility of IMRI to reveal histologically relevant pathologiesin vivo.
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Figure 1 High resolution MRI reveals focal hypeintense inflammation in the cerebral cortex of EAE mice. (A)
T:W horizontal scan using MDEFT (16 slices, FOV 18x18 mm, Matrix 384x384, 400 untlilitaess).(B) T-W
imaging using TurboRARE ith geometry and resolutidkept the samas for hW MDEFT. (C) T*W imaging using a
FLASH multislicemethodwith same slice thickness as in A and B

To revealdiffuse contrast enhanced lesions in correspondence withidsions T:W imagingwas
preformed preand post contrast (G@DTPA). Lesiors in close proximity to the ventricular system
(asdeteced by T.W and B*W microstructural MR}, resulted in leakage of contrasgent(CA) in
the ventricledollowing administration of GEDTPA. As a result th&€A-enriched ventricular system
could bevisualized threalimensionally together with the brain vasculathyeusingthe GEFG3D
FLASH. The visualization of the ventricular systenm associatiorwith the vasculaturevas only
evidentin EAE mice withperiventrialar lesiongpostCA and was not detectabile healthycontrol
mice following CA application While the precise mechiam still needs to be clarifiethese results
suggest that an inflammatienduced disruption of thBCSFB barrier mightleadto extravasation
of CA into the ventriculacompartmensuch thathe CSFflow could becapturedoy the GEFE3D
FLASH scan

3.2. Second Study:Ventriculomegaly as arly indicator of Encephalomyelitis (PLoS One.
2013 Aug 22;8(8):e7284)

In this study brain modificationsvere investigated IrEAE mice (n = 20) and control sham

immunized mice (n=6)All mice immunized with specific CNS peptideventually developed

symptomatic EAE. The average day of disease clinical manifestation was 1.8+ S.D.) days

post immunization, comparable dar previous studyAnimals started losing weight8 days before
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disease onset and began reverting to norrdatldys after symptoms manifestation. Peak of disease
(average score 1.9 £ 0.7 (£ S.D))wascommonlyreachedafter 3 daysfollowing thefirst clinical

manifestation.

As shown in the previous study the most common lesions detecteiruWRI are hyper and
hypo- intense regions in the white matter of the cerebellum. The temporal charthesefesions
were investigated over tim@ut of 20 animals that developed EAE, 18 showedsgmptomatic
cerebellar lesions on average.2 (x1.09 S.D.) days before the first manifestation of clinical signs.
Lesion appearance could be observed up toy5 before disease onsEixcluding two animals, that

did not show any uMRI visible pathology within the cerebellum, EAE mice commonly displayed

earlycerebellatesions at least one day befonanifestation otlinical disease

One surprising and consigsteobservation 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 volwves observednd in 16 of these 19 animatbe
ventricular expansion was detected prior to manifestation of clinical disease. This early volume
change could be observed up to five days prior the first symg@henges in ventricle volumeere
synchronized to the first day of symptom manifestation, defined as time p@mt &erage, EAE

mice exhibited an increase in ventricle size 1862 (+ S.D.) days before the first symptdaigure

2A shows a representa mousein which ventricle alargement was detected two dgys-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 detectedinterestingy, ore of the EAE mice that developed no evidermemicroscopic
changes(e.g. cerebellar lesior)sin MRI & although clinical symptoms were observeadl also

exhibited no ventricle#olume increase
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Figure 2. Pre-symptomatic ventricle volume changes in aitAE 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 ¢d5) to disease manifestation up t8l days after disease manifestation (8).+(B)
Representative s of anothermouse,depicting the absolute ;Trelaxation time (ms) prior to and after disease
manifestation(C) Differencesin T, relaxation times between the control (CTRL) and EAE groups prior to (Prep(3d),
=0.0386) and after (Post (3¢)= 0.0002) disease manifestation.

Ventricle volume was normalized to thaseline values (before EAE immunization). The average
meansize ofthe ventricle at baseline wa®.7 + 1.1 (+ S.D.) mf In EAE mice the vetricle size
started to expandn averagalready 2 days before disease onset and in some cases growing 2 times
more than baseline volum@f notethe ventricles irB EAE mice started to revert to normal volume
values during disease remissidihe size reduction started at the peak of symptoms on average 3
days after disease manifestatipeak of the diseasbgnce anticipating remission.
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One possible explanation ftine ventricular enlargement could be an impediment in cerebral CSF
flow due toa physical obstruction at the interventter foramen.Changes in volume in all four
ventricleswere thus measured separatety determine whether the ventricles downstreanthef

lateral ventricles also changed in size. The analysis of each separate ventricle revealed that each
ventricular compartmersignificantlyincreased in size prior to clinical symptom anséhough the
expansions of the third and fourth ventricle wéess pronouncedThese findingsprecludd

physical obstructiomt the foraminand suggestthat the increasi volume could be the result of

a dysregulation in CSF homeostasis.

The ventriculomegaly observeat suchan early stage of disease was suggestf an increase in
water content within # ventricles To investigate thisT> relaxometry was perfored to measure
water contentvithin the ventriclesluring the volume changeBata acquired on three consecutive
days prior first symptoswere pooledand compared tdhe pooleddatafrom thethree days after
first symptors, agematched control animaisere also included for comparisdhen compared to
the CSF ?relaxation time of healthy animals, an increaseznelaxation timewas observetioth
prior to (controls = 106.4 £ 5.83 (+ S.D.), EAE mice = 110.8 + 4.18 (= Sy5,0.0586) and
following (controls = 107.3 + 3.10 (x S.D.), EAE mice = 116 % 4.29 (+ Sjp+),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 theobservations made thefirst EAE studiesusing MR cryogenially-cooled coiltechnology
there were indications of immune cell involvement during the early stages of EAE disease. In the
first study hypointense signals in close association with the ventricles were associated with a
leakage into the ventricles and the eatigge entriculomegaly in the second study was associated
with increased water content Tnapping). In the third study’F*H MR technologies were
implemented to study the migration of inflammatory cells during ElsEially a single dose of
nanoparticles conit@ng 40 umol PFCE was administered intravenoutly EAE mice upon
initiation of diseasel8 h prior to**FAH MRI. Combined'®F*H MR measurements were made
using an irhouse builtduattunable radiofrequency prolibat allowedconsecutive acquisition of
both'°F and'H imagesIn order to determine wheth&F labeled inflammatory cells localize to the

cerebellum, which is the region of the brain most commonly affected during EAEK, &3) mm3
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voxel was localized arourttie cerebellunandPRESS performed in order to quantify the amount of

19F within the inflammatory cells localizing within the specified regiosing 2D-FLASH, a slice
thickness of3 mm the dimension used for tHRRESSvoxel, was usedn order to increase théF

signal The ovelay of the T,W H sagittalimagewith the %F imagefrom the same sagittalection
revedled that the'%F signal was localizedwithin the brain stem and thehite matterof the
cerebellum. The imaging session was followed by the extraction of the cerebellum that underwent
electron microscopy examinatioilectron microscopy revealed that macrophkkge cells that

were infiltrating the ceebellar lesion engulfed small round whifkiorine particles within

phagosomes.

To be able toachieve a high enoughF signal in the brainthe protocol for!®F nanoparticle
intravenousapplicationwas altered; th€ FCEdose was reducad 5 pmoland admnistered daily

for 5 days, starting from day 5 following immunizatidine scanning methosasalsoaltered First

anin vivo'H 3D TurboRAREwas acquiredo achieve a 125 pfisotropic resolution. Th&€F MR
TurboRAREwWith a reconstructed 400 #isotropic resolutiorwas performed on the same mouse
after it hadundergonderminal anesthesidZhe subsequent overlaying the 1%F images with théH

scans revead that thel®F signal was mostly localized in areas of inflammatory ceiblvement

such as the spinal cord, the brain stem, the cerebellum and the cerebral cortex, also in close
proximity to the ventriclesA strong®F signal was also observed in the cervical draihiNg, areas

of expectechigh inflammatory cell activity.

To track the dynaics of inflammatory cells during EAE th€F methodused in theex vivo
experimentwas altered toedue the acquisition timeand adapt ito thein vivo study.In agreement
with the '°F signal observed post mortein, vivo '°F signak were locdized within drainingLNs,
spinal cord, brain stenterebellum and cerebral cortekypically, between day 5 and day®st
EAE induction the drainingLNs were the first to give &F signal Immune cell infiltration in the
CNS was usually observedstarting ketween day 8 and day Idbst immunizationFigure 3) By
administeringfluorescentlytagged fluorine nanoparticlethe distribution of distinct immune cell
population in the inflammation areas detected y MRI could be studied ex vivo using
fluorescence based methodgollowing extraction of the brain after **FfH MR,
immunohistological staing for macrophages and lymphocyteas performedspecifically in the

cerebellum, a region where thHéF signal wasparanount °F-Dil nanoparticle cdocalized
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primarily with macrophagdike cells (F480" and Mae2" cells) althougra co-localization of'F-Dil
nanoparticles with CD4T cellswas also detectedhese conclusiwere in agreement with flow
cytometry that in addition displayed a differential contribution to the 19F sighd srand CNS by

myeloid cells (more pronouncéadthe CNS) andCD3" T cells (more pronounced in LN

day 11

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

different sagittal slices of a 3D Turbo RAREan show the kinetics of inflammatory cell migratiof{ MRI) over a
period of 6 days in different CNS andvphatic regions'td 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 scler¢8®. 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 dis¢&sp

To gain a comprehensive and longitudinal view of brain inflammaéitiparticularly during the early
stages of EAH methods employing high resolution brain imaging wouldobeeficial However
longitudinal MRI studies (eg. to follow pathology during the course of E&E)associated with
long scanning procedurdue to signal averaging to achieve enough siginal as a resultless
numbes of animals can be employd@9]. Therefore methods that increase SNiRe valuableto
reducescantime. Compared to room tempéuae coils,the gain in SNR achieved by cryogenically
cooled sgtems that reduce thermal noj2d] is a major advantager studies with animal models
for two main reasongi) the aquisition of higherspatial resolutionmageswithin acceptable scan
times is feasibleandor (ii) the imaging of larger numbers of animals waghbfficient spatial
resolution but within shorter times possible Depending on the design of thedy it is possible to

balance between both bengf

Using thistechnology, inthefirst study, structurathanges in EAE brainsere observed prior to the
onset of neurological symptomsie cerebellum and cerebral corteere affectedThese detailed
and highly resolved morphological changes warngmrtedby subsequent histological examination,
which showed clear evidence of infiltrated immune céNgth the cryogenicallycooled systenit
was feasibléo applyimaging protocols for high spatial resolution (as small ag 35 x 400 pumg,
excellentgrey matterwhite mattercontrastand high SNR with scan times not exceeding 15. min
Thetotal scanning protocdengthwassuitable forlongitudinal andn vivo studies, with acceptable

sample sizes.

As a result othe improved spatial resolutiagained,inflammatory cellswere detectedavithin the
brain parenchymdn combination withthe CA GADTPA, uMRI is valuable taifferentiate lesios
where the BBB is still intacfwhen CA enhancemeris absentpnd lesios with clear indication of

BBB disruption(whenCA leaks into the brain parenchyma)
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In the second studihe reduced scan time achieved by mearnt®fcryogenicallycooled coilwas
capitalizedto methodically followthe evolution of brain changelsroughthe development of the

EAE; bothat amaaoscopic and microscopic levelnd usinga large cohort of animalé&dmittedly,

the macroscopic changes that were observed in the second study (ventriculomegaly) should be
expected to be observed by oth@om temperature coil systentdowever use of theryogenically

cooled coil resulted in significantly reduced scan times and permitted daily observations of the EAE

brain.

Prior to the macroscopic changes in the ventrigtgsfoscopic dkrations in the brain parenchyma
were detectedMicroscopic changesvolved evolving hyper and hypeintense regions in 2F
weighted images, particularly in the cerebellar white matter and as early as three days before
symptom onset. The latter is imé with the first uMRI study in EAE mice whrethe presence of
hypao-intense lesions inzfweighted imagewasconfirmedasareas of immune cell infiltrationsing

histology.

The microscopiccerebellar changes were shpribllowed 8 at a macrosopic leveld by an
increase in ventricular size that walsoaccompanied bgnincreasan water contenas indicated

by increased Frelaxation timedn the CSE Sinceall ventricular compartments increased in size
prior to disease onset, the possibility that the ventricular enlargement was the result of a physical
obstruction wasejected 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
CSFKilled compartmentslt has been demonstrated that during EAE Bi®) an alteration of BBB

tight junctions(TJ) occursin association with the presence of inflammatory c&l3. Besides,it

was already suggested duritigg first studythata CA-enriched ventriculasystemis indicative of

furtherleakage via the blood CSF barrier durlB§E disease

SeveralCSF drainageoutes exist that might be involved in the communicabietween CNS and

the lymphatic systemlmportant communication routes include anatomical sites (such as the
cribriform plate) associated with nasal and cervical lymphdtd$; immune cells, including
memory CD4 T cells, follow these communication routes during autoimmune neuroinflammation
[3232]. In agreement with this study, an extensive accumulation of inflammatorywaeishown

on the ventral side of the forebrain, midbrain and Ilstamusing'®F/*H MRI in the third study
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By using fluorescentiabeled!®F-rich particlesinflammatory cellscould be discernedith °F/H

MRI and the cell typesubsequentlydentified with the help of fluorescent methodsrom these
results it waspossible taconclude that CD1Xcand 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 cortédso CD4 T cells labeledfluorescentlylabeled *%F-rich
particlescould be identified by immunohistological stainghe initial 1%F signals detecteih vivo

were mostly located within draining LN; typically the submandibular LN, superficial and deeper
cervical LN, facial LN andriternal 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 dynamicsirdfammation during EAE. fie use of a cryogenically
cooled coil allowed an increased image spatial resolution permitting the visualization of cellular
infiltratesin vivo, as confirmed by the histologglso in the early stages BAE disease progression.
Taking advantage of the reducacquisitiontime needed by the cryogenic systenscan the animal
brain the collection ofdata from a largeohort of animals during the development of EAR&S
possible The results in the EAE model provide first indicatis that the pragssion of
encephalomyelitigjoes together with substantialentricle volumevariation already in the earliest
stages of diseadmefore clinical signs manifestati@md is accompanied with an increase of CSF T
relaxation time. By using °F-enriched nanoparticles art®/*H MR methodsthe dynamics of
inflammatory cellmigration could be visualized and followeddring EAE Througlout the disease
progression °F signal changes were observed the drainingLNs (starting at day 5 post
immunization)and brain (particularlycerebellum brain stem and cerebellar cex} at later time
points (day 8 post immunization Moreoverinjected fluorescently dbeled®F nanoparticles are
taken uppredominantly bymacrophagdike cells but also CD4" T cells as demonstrated by the
immunohistological staining of the cerebellurRurtherpreclinical investigatiomare warranted to
elucidate the basis leading to ventricular enlargement @fdH MRI in autoimmune
encephalomyelitis andtherneurodegenerative disordefagging of autoreactive i cellswith 1°F,

will be a particularlyappealing method tturther uncovetthe link betweenthe 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
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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.

August 2013 | Volume 8 | Issue 8 | e72841

44



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

PLOS ONE | www.plosone.org

Ventricular Changes in Encephalomyelitis

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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