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In this work a new MRI modality entitled Relaxation Along a ditious Field in the
rotating frame of rank 4 (RAFF4) was evaluated in its abilitp detect lower myelin

content in lysophosphatidyl choline (LPC)-induced demymlating lesions. The lesions
were induced in two areas of the rat brain with either uniforrar complex ber orientations,

i.e., in the corpus callosum (cc) and dorsal tegmental tracfdtg), respectively. RAFF4
showed excellent ability to detect demyelinated lesions ahgood correlation with myelin
content in both brain areas. In comparison, diffusion tensoimaging metrices, fractional
anisotropy, mean diffusivity and axonal and radial diffusty, and magnetization transfer
(MT) metrices, longitudinal relaxation during off-resomae irradiation and MT ratio, either
failed to detect demyelination in dtg or showed lower correltion with myelin density
qguanti ed from gold chloride stained histological sectios. Good specity of RAFF4 to

myelin was con rmed by its low correlation with cell densityassesed from Nissl stained
sections as well as its lack of sensitivity to pH changes in thphysiological range as tested
in heat denaturated bovine serum albumin phantoms. The exdkent ability of RAFF4 to
detect myelin content and its insensitivity to ber oriention distribution, gliosis and pH,
together with low speci ¢ absorption rate demonstrates the promise of rotating frame
of rankn (RAFFn) as a valuable MRI technique for non-invasive imagiof demyelinating
lesions.

Keywords: RAFF, DTI, relaxation, myelin, demyelination, whi  te matter damage, lysophosphatidyl choline

INTRODUCTION

The quantitative assessment of myelin in the brain is highiportant for both diagnostic and
monitoring purposes of a variety of disorders, including nipli sclerosis (MS), traumatic brain
injury (TBI), and stroke. However, conventional magnetsonance imaging (MRI) approaches
currently used to detect demyelination are suboptimal in thedility to detect myelin. To date,
the identi cation of speci ¢ pathological processes involyidemyelination by conventional MRI
methods is not possible. This is because many di erent patholdgirocesses result in similarly-
appearing lesions in conventional MR, e.g., in ammatory delimgtion, infection, stroke or tumor
may all appear as bright lesions op-Weighted images.
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Advanced MRI modalities such as di usion tensor imagingdi usion in local eld gradients and exchange between spins
(DTI) (Schmithorst et al., 2002magnetization transfer (MT) with dierent chemical shifts and the cross-relaxations. On
(Does et al.,, 1998 T1/T, ratio (Glasser and Van Essen, the other hand, CEST and MT provide direct measure of
2011, multiexponential B (McCreary et al., 2009and direct the saturation transfer or exchange between o -resonance
detection using ultra-short echo timeéA{lhelm et al., 201p spins and water. We have shown that for adiabaticr T1
have potential in assessing tissue organization and myelithe contribution of cross relaxations (origin of MT) between
However, these methodologies just partially address thelpnob spins within the bandwidth of the adiabatic pulse is minor
of myelin detection Glasser and Van Essen, 2011; Nossin{Michaeli et al., 2008 The contribution of o -resonance
Manor et al., 2018 For instance, although DTI is sensitive saturation to RAFFn relaxation may originate also from side
to tissue microstructure, it is not speci ¢ to myelini¢ Bihan bands at frequencies de ned by the duration of the RAFFn
and Johansen-Berg, 2Q1because metrics derived from DTI pulses (iimatainen et al., 20)5 a mechanism which may
data are in uenced also by the underlying macroscopic levetnhance sensitivity of RAFFn to multiple spin pools within the
organization of myelinated bers. On the other hand, MT hasmyelin component. These frequencies are determined by the
contributions from Ty in di erent water pools, and the results assembling of the RAFFn pulses into P-packets, which refecuse
are dependent on experimental parameters such as o -resonantiee magnetization in the form of rotary ech&glomon, 1959
frequency and saturating 1B eld strength. For example, the Formation of the rotary echoes in the rotating frame during
MT ratio (MTR) showed equally strong correlations with both RAFFn pulses is an additional distinction from MT and CEST
the degree of myelin loss and the extent of axonal loss itechniques.
postmortem samplesSchmierer et al., 2004T1/T» ratio has RAFFn generates exible MRI contrast with low specic
been shown to provide good correlation with myelin in normal absorption rate (SAR) and is thus particularly safe for human
gray matter Glasser and Van Essen, 2)1but just like T,  applications. We have demonstrated that by changing the rank
and Ty, it is inuenced by the change of multiple dierent of the rotating frame and the orientation of the ctitious ld
factors such as edema and paramagnetic ion concentratian the rotating frame of reference, RAFFn MRI contrast can
in the pathological brain Firko and Johnson, 2008; Beer be sensitized to various motional regimes. In particularARA
et al., 2015 Furthermore, in a recent study by Dula and co-and RAFF5 are exquisitely sensitive to slow/ultra-slow motion
workers Qula et al., 201)) myelin water fraction, an often characterized by the correlation times)in the millisecond time
cited multiexponential 3 relaxation metric, varied by almost a scale. This is important for sensitive and speci ¢ myelin détec
factor of 2 between two regions in the spinal cord while theas the highly organized structure of myelin contains multi-
myelin volume fractions di ered by only approximately 12%. Thecompartment water environments: myelinic, intra-axonaldan
proposed explanation for such observation relied on variation interaxonal. These pools are characterized by di erent mdkecu
microanatomy and intercompartmental water exchange. Gijera mobilities and T relaxation components which correspond to
no currently available MRI technique or other noninvasiveultra-short (50ms—1 ms), short- (1-50 ms), intermediate (50 ms—
methods have proven capable of speci cally signaling the myeli0.5 s), and long-lived Zcomponents ¥ 0.5s) Does et al., 1998;
loss. Bonilla and Snyder, 200.7The short  component is attributed

Recently, we introduced a novel MRI relaxation methodmainly to myelin water, whereas an ultra-short component
entitled Relaxation Aong a Fctitious Held (RAFF) (iimatainen is thought to arise from carbon-bound methylene protons.
et al., 2010, 20)1in the rotating frame of rankn (RAFFn) Extensive experimental and theoretical studies by Mefed and
(Liimatainen et al., 20)5With RAFFn, the ctitious elds are coworkers have demonstrated that relaxation measurements
created by a non-adiabatic modulation of the RF amplitudehigh—rank rotating frames of # and Tiy (second and third
and frequency. The particular case of the ctitious elds, frame longitudinal relaxations, respectively) allow the pngb
of rank n which are stationary in the rotating frame of of slow-ultra slow motion with the characteristic corretat
rank (n-1) was detailed in L(imatainen et al., 20)5 We times up to 107-10 3 s (Mefed, 1999, 2001 Our previous
have shown that frequency modulated pulses operating ianalysis, in agreement with those by Mefed, also shows that
the nonadiabatic regime in the 1st rotating frame, and thughe sensitivity of RAFF4 and RAFF5 is shifted to the motional
producing a large ctitious magnetic eld in the 2nd rotating regime in the millisecond time scale as compared to adiabatic
frame, can be used for generating novel MRI contrast iy, (Michaeli et al., 2006which has a maximal sensitivity to
living samples. RAFFn is conceptually dierent from more the correlation times in the microsecond time scetaizer et al.,
conventional rotating frame MRI methods. With continuous 2015.
wave spin lock and adiabatic; Tand T, methods, relaxations Utilizing the sensitivity of RAFF4 and 5 to slow molecular
are governed solely by longitudinal or transverse relaxati motion, we have recently embarked on measuring myelin canten
in the rotating frame. On the other hand, relaxations duringin the normal brain and in complex mucopolysaccharidosis type
RAFF2 comprise contributions from bothyTand Ty, relaxation | (MPS-I) pathology including demyelinatiorS@tzer et al., 2015;
pathways. Similarly, RAFFn comprises both (R) and Ty (n)  Hakkarainen et al., 20)6Importantly, the highest correlation
relaxation channels. Moreover, RAFFn is also conceptuallyetween relaxation time constants and myelin content asasse
di erent from chemical exchange saturation transfer (CEST)y quantitative histology was achieved with RAFF4 and RAFF5
and/or MT since RAFFn is sensitive to all contributing techniques, as compared to other relaxation based contrasts
relaxation mechanisms including dipole-dipole interactipns (Satzer et al., 2015; Hakkarainen et al., 3016
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In the present work, we further focused on intracranial MRI
lysophosphatidyl choline (LPC) injections in the rat brairath All the animals were imaged 3 days after injection, whenéher
have been used previously to model focal demyelination Issiotis already signi cant demyelination in this animal modelhite
in MS (Waxman et al., 1979; Ransoho, 2012PC injection in ammatory reaction and remyelination typically develojsdr
causes demyelination in the white matter within 3-5 dayshwit (Waxman et al., 19799 All MR experiments were performed
only mild in ammatory response, thus allowing a clean modelusing a horizontal 7 T magnet system (Bruker Pharmascan,
to study demyelination. Another important feature of the med Entlingen, Germany).
is that location of the white matter lesion can be freely @mgs The sites of injections were localized usingWeighted fast
thus allowing to study the in uence of underlying macroscopi spin-echo (FSE) images with the following parametersDI4Rs,
structure of the myelinated bers on MRI contrasts. The optimalecho spacing 12 ms, TED 48.0ms, BchoD 8, FOVD 25.6
MRI contrast for detection of demyelination would be sensitiv ~ 25.6 mn?, matrix sizeD 256 256, number of sliceB 20 and
the amount of myelin regardless of macroscopic level ardggtr  slice thicknes® 0.75mm. The imaging slice for RAFFn, MT

The aim of this study was to characterize the ability ofand DTI (middle slice) was centered to the FSE slice next¢o th
RAFF4 to detect demyelination processes in presence of ditereimjection site to avoid including mechanical damage indiibgy
underlying tissue macrostructure and to compare that witmgo the injection.
of the approaches currently used to detect white matter lesion
in advanced human studies. To achieve these goals, we iddud®@ AFFN Technique
demyelination by injecting LPC in the rat corpus callosum)(cc A detailed description of the RAFFn technique was presented
and dorsal tegmental tract (dtg), measured RAFF4, DTl anélsewherel(imatainen et al., 20)5We chose to use RAFF4, as
MT parameters, and performed histology validation to assess tHRAFF4 and 5 showed highest correlation to myelin content in
ability of the various MRI modalities to detect demyelination.normal rat brain in our previous study-{akkarainen et al., 20}6
Furthermore, in uence of pH on RAFF4 contrast was evaluatedind as RAFF4 relaxation is faster than RAFF5 thus requiring
using bovine serum albumin containing phantoms. shorter pulse train duration than RAFF5. With RAFFn, the

sindcosingulses were used for the modulation of the amplitude
and frequency, respectively. The orientation of the e ectie&

MATERIALS AND METHODS of RAFFn in the rotating frame of rank (n-1) relative to the
_ z™ D axis of quantization is de ned by the anglé™: as was
Animal Model previously detailedL(imatainen et al., 2010, 2011, 201Here,

Male Spraque Dawley rat: (D 21, Charles River, Germany; the (" was set to 45in each rotating frame of rank n-1,

300-3500) were used in the experiments. Rats were groagmd the amplitude of the e ective eld | was maintained at

housed with a preserved 12h light/12h dark cycle el the same level. During RAFFn pulses, the rotary echoes are

libitum access to food and water. All animal procedures wergenerated when using four pulse elements assembled iRo a

approved by the Animal Ethics Committee of the Provincialpacket according to the scherf@® 1P, Pp1 (Liimatainen et al.,

Government of Southern Finland, and conducted in accoréganc201(. An instantaneous ip of the e ective eld H is indeed

with the guidelines set by the European Commission Directivperformed during eacliP-packet to ensure refocusing df on

2010/63/EEC. the Z™ 1 axis and to form rotating frame rotary spin echo
All surgical procedures were done under inhalation(Solomon, 1950 The peak RF amplitude of RAFF4 pulses was

anesthesia using 1.8-2.2% iso urane in 30%/70%NQ@O. gB; D 323Hz. The Brrle duration of eachP 1P P 1 packet

To induce demyelinated lesions, stereotaxic injectionghef dened asT, D 4=( 2! "®) was set to 4.525 ms. The signal

LPC solution (volume of 1.81; concentration: 10mg/ml; intensity decay was measured by incremental pulse trai of

L-a-lysophosphatidylcholine from egg yolk; L-4129 Sigmaypacket, with an inversion pulse to account for steady staté=FRIA

Aldrich, St. Louis, USA) were performed in selected areapulse train durations were 0, 27, 54, 81, and 108 ms.

of the rat brain, chosen based on their myeloarchitecture. Fast spin-echo (FSE) was used as a readout pulse sequence

The injections were placed either in the ca O 6 and with TR D 4s, TR D 8.3ms, Recho D 8, FOV D 32.0

n D 4, LPC and vehicle, respectively) at the stereotaxi82.0 mn?, matrix sizeD 256 256, number of slice® 1 and

coordinates: 0.4mm posterior from bregma, 1.4mm lateraslice thicknes® 0.5 mm, leading to total acquisition time 21 min

from the midline, and 2.6 mm from the skull. For the dtg ( 20 s for one relaxation time constant map.

D 6 andn D 4, LPC and vehicle, respectively) the injection

coordinates were at 6.3mm posterior from bregma, 0.8 mnComparator Techniques: DTI and MT

lateral from the midline, and 4.3mm from the skull. The MT measurements were conducted using the same FSE readout

cc represents a major white matter bundle with the parallesequence as described above for RAFF4. The modi ed inversio

organization of myelin bundles, while dtg is a typical exampleMT protocol with two consecutive acquisitions was use(igia

of more complex myeloarchitecture with a high density ofet al.,, 201). First, the signal decay during o -resonance

heterogeneously oriented axons. Control animals undetwerirradiation with M oriented alongCZ was acquired, and, second,

identical protocol but were injected with 108 of vehicle the signal recovery was measured whdnwas inverted along

solution [0.1M sodium phosphate buer (PBS)] instead of Z. A square saturation pulse withB; D 200 Hz was placed

LPC. 8kHz o -resonance with an incrementing pulse duration of 0,
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0.3, 0.6, 0.9, and 1.2s. Total acquisition time was 21 min 20second to fth were stored in a cryoprotectant tissue-cditeg
T1sas Steady state magnetizationg¥and magnetization in fully  solution (30% ethylene glycol, 25% glycerol in 0.05M PBS) at
relaxed state, | were solved using pixel-by-pixel analysis with 20 C until further processing.
monoexponential decay and rise functions to the same steady The rst series of sections was stained with Nissl (thionin)
state value, as described Wangia et al. (2011)MTR was to study cytoarchitecture, cell death and gliosis. The second
calculated as MTR 1-MsdMy. series of sections was stained with gold chloride to aséess t
For DTI, segmented spin-echo EPI was used withD'R s, myeloarchitecture. For myelin staining, sections were nied
TED 30.0ms, ghotsD 6, number of averagds 12, FOVD 26.5 on gelatin-coated slides and dried at 8 They were then
18.0 mn?, matrix sizeD 212 144, number of slice® 9, slice incubated in a 0.2% gold chloride solution (HAuCBH,O,
thicknessD 0.5 mm, bD 1,000 s/mm, di usion directionsD 42  G-4022 Sigma-Aldrich, St. Louis, USA) in 0.02M PBS (pH
leading to total acquisition time of 1 h 55 min. Mean di usivity 7.4) containing 0.09% NaCl for 7-8 h at room temperature
(MD), fractional anisotropy (FA), radial and axial di usivifRD, in the dark. Then, the slides were washed twice for 4 min

AD) maps were calculated from DTI data. in 0.02 M PBS in 0.09% NaCl and placed in a 2.5%
. . sodium thiosulfate solution for 5min. After three 10 min
ROI Analysis with MRI washes in the buer solution, sections were dehydrated

Relaxation time constant maps and parametric maps from MThrough an ascending series of ethanol, cleared in xylene and
and DTI data were calculated in MATLAB (MathWorks, Natick, coverslipped with DePeX (BDH, Laboratory Supplies, Dorset,
MA). The regions of interest (ROIs) were hand-drawn usingUK).

the Aedes software package (http://aedes.uef.). Six ROls wer

drawn in the cc, three contralateral (1, 2, and 3) and threddistological Analyses

ipsilateral (4, 5, and 6) to the injection sit€&igure 3. Mean High-resolution photomicrographs of both myelin- and Nissl-
values of ROI 4 further averaged over LPC or vehicle animalstained sections of the cc and the dtg were obtained usindt lig
were used to evaluate the relative contrast (RC) of each aficroscope (Leica DMRB, Wetzlar, Germany) equipped with
the dierent MRI metrics between LPC and vehicle injecteda digital camera (DXM1200F, Nikon Instruments Inc., Japan).
animals. For metrics with lower intensity in vehicles, RBC Three consecutive sections of these areas were analyzsihcpv
[LPC—vehicle]/LPC 100%. For metrics with higher intensity a volume of 450nm that corresponded to the slice thickness in
in vehicles, RM [vehicle-LPC]/vehicle 100%. This approach MRI.

ensures that RC is comparable between techniques regardlessThe optical density on myelin- and Nissl-stained sections
of the direction of change between LPC and vehicle animalsvas quanti ed using ImageJ software (version 1.41 http://
Further, by dividing the di erence with the higher value make rsb.info.nih.gov/ij/). For cc and dtg, ROIs were drawn
RC a conservative approach as it has a maximum of 100%. borresponding in location, size and shape to the MRI ROls.
addition, relative contrast-to-noise ratio (RCNR) was oddted Optical density (OD) was averaged for each ROI over three
so that RCNRD [higher value—lower value]/SD(mean valuesconsecutive sections to cover the volume analyzed in MRI.
of ROI4 of the vehicles). To have a broader dynamic range difter conversion of the images to gray-scale, OD values were
myelinated tissue, all 6 ROIs were used to calculate coiwakat obtained from the ROIs. For correction of possible staining
between MRI and myelin content based on histological stamingdi erences between sections and brains, OD values from
as described below. For the dtg, an ROI covering the lesion wagalthy reference areas were obtained. For the cc lesions,
drawn and copied to the contralateral side to the correspogdinwhite matter in the striatum was used as a reference and
anatomical location. For the vehicle injected animals, lay® for dtg lesions, cc (in the sections of dtg) was used as a
voxel ROl was drawn at the injection site and copied to the sameeference.

anatomical location on the contralateral side. RC betwef L

and vehicle injected animals were then calculated as focthe Transmission Electron Microscopy (TEM)

using the contralateral ROIs. One extra rat, injected with LPC as described above, was used
_ ) to study the ultrastructure of the myelin sheaths in the capu
Histological Procedures callosum 3 days after the LPC injection using TEM-Weighted

Immediately after the MRI scans, all the animals werémages were acquired to verify the presence and consistency
transcardially perfused with 0.9% NaCl (30 ml/min, 2 min,of the demyelinated lesion. After MRI, the rat was perfused
4 C), followed by 4% paraformaldehyde (PFA) solution in 0.1using 0.9% NaCl (30 ml/min) for 2 min followed by 4% PFA
M phosphate bu er (pH 7.4, 30 ml/min, 25 min, £€). Fixed (30ml/min) in 4 C for 50 min. The brain was removed from
brains were removed from the skull, and post- xed for 4 h in 4%the skull, post- xed in 4% PFA/1% glutaraldehyde overnight
PFA. Then, the brains were cryoprotected in 20% glycerold2 0. at 4 C, and sectioned in 1-mm thick coronal sections in a
M potassium phosphate-bu ered saline (pH 7.4) for 36 h, andorain matrix. One 1-mm thick section matching the level of
frozen in dry ice. The frozen brains were stored at0 C until  the MRI analysis was selected based erwEighted images.
sectioning. The corpus callosum of this section was dissected into eight
The brains were cut in ve series of 3@ thick coronal small portions from the level of the injection site to the same
sections using a sliding microtome. The rstseries of sediwas level on the healthy contralateral side. These corpus catlosu
stored in 10% formalin, at room temperature. The series fronsamples were incubated with 4% PFA in 0.1 M cacodylate
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buer (pH 7.4) at 4 C for an overnight. Then, the samples Bovine Serum Albumin Phantoms
were rinsed in 0.1 M cacodylate buer 5 min three times,Heat denaturated bovine serum albumin samples (BSA) were
followed by a post- xation in 1% osmium tetroxide (OgPin  used to investigate in uence of pH on RAFF4. Heat denaturated
0.1 M cacodylate bu er for 2 h. After that, the samples wereBSA has been shown to provide a good model to study in uence
again rinsed in 0.1 M cacodylate bu er for 5 min three times.of pH modulated proton exchanges as relaxation mechanism
Then, the samples were dehydrated in ascending percentaigetissue, while glutaraldehyde crosslinking blocks a isigmt
of alcohols for 10 min, and the last incubation was propylengortion of exchangeable NH-groups in the proteifigkela
oxide twice for 10 min. The samples were then in Itrated withet al., 200). BSA (fraction V, Sigma Chemicals, St. Louis,
a 1:1 mixture of propylene oxide and LX-112 resin (LaddVO) was dissolved in 0.1 M Tris (pH 7.4) to yield a 10%
Research Industries Inc., USA) for 1 h, followed by incubatiorsolution. The pH was adjusted to be 6.2, 6.6, 7.0, 7.4, and
in LX-112 resin overnight. The embedding was done with fresfr.8 in ve BSA samples, respectively, using HCI or NaOH.
LX-112 resin in molds. The polymerization of the sampleBSA phantoms were exposed to 65for 3 min for heat
was done in an oven at 3C for 24h, and then at 6@  denaturation.
for 48 h. The pH phantoms were imaged using a horizontal 9.4 T
Once the samples were embedded in the resin, foumagnet (Magnex Scientic Ltd., Abington, UK) interfaced to
semi-thin sections of fim were sectioned and stained with a Varian (Agilent) DirectDrive console (Agilent Technologjie
Toluidine blue. Toluidine blue stained sections were used®anta Clara, CA). RF transmission and signal reception were
to study the cyto- and myeloarchitecture of the samplesgarried out using a single loop coil with 20 mm diametep- T
and to guide TEM imaging. Six ultrathin sections were cutweighted FSE MR imaging was used as a readout with the
for TEM and mounted in three dierent grips. Imaging parameters as follows: TR4 s, T D 55ms, matrix size 256
was done in a transmission electron microscope JEOR56, FOVD 25.6 25.6 mn?, 8 echoes with 8 ms echo spacing,
JEM-2100F using magni cations between 250 and 10,000iitial TE D 10ms, one slice with slice thickness 1 mm. The
Photomicrographs were taken using a digital camera condectesettings of RAFF4 were same as forvivo studies described
to the microscope. above. B-maps were measured using double spin-echo with two

FIGURE 1 | MRI parameter maps of a representative rat, 3 days after an L®injection into the corpus callosum. Relaxation time consint map of RAFF4(A), T1sat
(B), magnetization transfer ratio, MTRC), fractional anisotropy, FA(D), mean diffusivity, MD(E), and axial and radial diffusivity, AD and RI)F,G). Representative
examples of ROIs for analyzing lesions in the corpus callosuare shown on a grayscale RAFF4 map iifH). White arrowhead points to demyelinated lesion ifA-G).
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3ms adiabatic full passage pulses and echo times of 5, 7, 15, R&I analysis results from MRI and histology of myelin and

31, 39, and 63 ms. Nissl stained sections, respectively. ROIs from both LPC
and vehicle injected animals were included in the analysis
Statistical Analyses including contralateral and ipsilateral ROIls. Correlation

The Mann-WhitneyU-test was used to compare LPC injectedwas calculated separately for all data, cc data and dig
animals to vehicles. The contribution of myelinated axondlata. False discovery rate (FDR) correction was done
and cell density to the MRI metrics was assessed usirlg adjust p-values for ination of error due to multiple
Pearson's linear correlation (two-tailed) between pooledesting.

Agsr o PBigy k © b S
0.4 0.8 0.61
v v 0.51
< 0.31 w 0.61 0.4
L © =
L 0.21 3 0.4 = 0.3;
o | = | 0.21
0.1 0.2 5l
0 0 — 0 L
LPC Veh LPC Veh LPC Veh
D E F G
x 2 x X 0.5
0.8 v 0.8 161 9.
0.6 E 0.6 E 1 o T
£ £ 1.2 £ 0.3
z a s
0.2 = 0.21 = 0.41 0.1
: _ = . < ! % g —
LPC Veh LPC Veh LPC Veh LPC Veh

FIGURE 2 | ROI analysis of MRI parameters in the corpus callosum, ipateral side. Mean and SD using RAFF4A), T154t (B), magnetization transfer ratio, MTRC),
fractional anisotropy, FA(D), mean diffusivity MD(E), and axial and radial diffusivity, AD and RIF,G) values obtained from LPC-induced lesion ROI 4 in the corpus
callosum of LPC injected i D 6) rats and from the corresponding ROI in the vehicle injectie(n D 4) rats. Statistical signi cance; *< 0.05 (FDR adj. for testing 7 MRI

parameters), Mann-WhitneyU-Test.

FIGURE 3 | (A) Representative photomicrograph of myelin-stained secties of the corpus callosum.(B,C) are high magni cation images of ROIs 3 and 4 fron{A).
(D) Representative photomicrographs of Nissl-stained sectias of the corpus callosum.(E,F) Are high magni cation images of ROIs 3 and 4 in(D). Scale bars: (D,F)

200 and 50 mm, respectively.
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RESULTS contralaterally 0.05 0.15 mm from the midline in mediolateral
T . direction, due to di usion of the LPC along the tract.

Corpus CaIIosum—ngyellnatlon In a Major In the ROI analysis, all MRI metrics showed statistically

white Matter Track with Parallel Axons signi cantdi erences p< 0.05) between lesions induced by LPC

MRI in the ipsilateral cc (ROI 4, iffigure 3) and the corresponding

Representative parametric maps from relaxation, MT andirea in vehicle animal$-{gure 2). The RC observed with RAFF4
di usion data obtained from a rat with LPC injection in the cc was 19.7%. The RC of MTR andysk were 7.4 and 4.7%,
are shown inFigure 1L The imaging slice was chosen to be 0.7%espectively, thus exhibiting smaller RC than RAFF4. On the
mm posterior from the injection site to avoid the in uence of other hand, MD and FA showed the largest RC: 29.8 and 22.5%,
mechanical damage caused by the injection needle. The lesicgspectively. Reduced MD and FA were explained by decrease
was clearly visible in all quantitative MRI maps as well as iin axial di usivity (AD) by 41.3%, while radial di usivity (RD)
myelin and Nissl stained histological slices on the ipsidtsite  did not show a statistically signi cant di erence, consistemith
close to the injection site. In all animals, the lesion wasated axonal damage and contradicting the typical pattern of di usio
within the cc, extending ipsilaterally 1.95 0.24 mm (mean changes often associated with demyelinatior{g et al., 2005

SD; based on Fweighted images) from the midline and While RC of DTI metrics were higher than that of RAFF4, RCNR

B
o
S
Ko
(]
=
3
()
-

FIGURE 4 | (A) In vivoT,-weighted image of a rat used for the ultrastructural analys using transmission electron microscopy (TEM). White s@ues indicate the
location of the images shown in(B,C). Representative photomicrographs of Toluidine blue stagd sections of the normal corpus callosum(B) and demyelinating
lesion (C). White arrows in panel C point at axons with thin myelin sheht Scale bar in(B,C) is 20 mm. Representative photomicrographs obtained in TEM are shen
for the normal corpus callosum(D) and demyelinated lesion(E). White asterisks indicate individual axons in botkD,E). In (D), axons have normal and packed myelin
sheaths (white arrowheads). I{E), the myelin sheaths appear loosely packed and full of pockst(white arrowheads). A black asterisk indicates an axon vhibut myelin
sheath. Scale bar in(D,E) is 200 nm.
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of RAFF4 was higher at 5.7 in comparison to 4.4, 1.8, and 2.6 of In order to understand the unexpected di usion results in
MD, FA and AD, respectively. Correspondingly, RCNR for MTRcc, samples from one additional animal underwent TEM- T

and Tysawas 2.3 and 1.8 respectively. weighted imaging con rmed that the location and extent okth
LPC lesion was comparable to lesions in other cc injected alsim
Histology and Electron Microscopy (Figure 4A). Toludine blue staining showed clearly decreased

An example of myelin- and Nissl-stained section from thestaining intensity around the axons in the ipsilateral cc when
same animal as was presented for MRI Figurel is compared to the contralateral cc, corroborating demyelorat
shown in Figure 3 Three days after LPC injection in the (Figures 4B,Q. In TEM, axonal myelin sheaths appeared thick
cc, a demyelinated area over the whole ipsilateral cc wad tightly packed on the contralateral cc. Intra-axonal gpac
observed (ROl 4 to 6) while the myelin content on theappeared normal with only a few membranes or organelles,
contralateral side appeared normal (ROl 1 to Rgure 3A). such as mitochondria, that could restrict di usion along axon
Also ROI 4, closest to the midline in the ipsilateral side(Figure 4D). In the demyelinating ipsilateral cc, axons were
still presented signs of demyelinationFigure 3C), which  either completely demyelinated or surrounded by thin and
gradually decreased toward the contralateral side and ROI @isorganized myelin sheath&igure 45). In pockets between
(Figure 3B). the myelin sheaths, vacuoles and myelin debris were obderve
On Nissl-stained sections, a slightly increased cell dgmsis  around all the demyelinated axons, forming more boundaries
observed on the demyelinated areéigure 3D), which can be along the axonal length.
attributed to mild gliosis. The cell density was higher in R®I . . .
and decreased toward the midline (ROI 4) and the contralaterd20rsal Tegmental Tract-Demyelination in
side (ROI 3) Figure 3D). Mild gliosis overlapped with the an Area with a Complex Myeloarchitecture
demyelinated area observed in myelin stainirfgigre 3A). MR
Gliosis was di usely distributed; however, a high numbereli€ Lesions with a width of 0.59 0.18 mm were clearly visible
were found surrounding the blood vesseldure 3F. On the in RAFF4, Tisartand MTR maps in the dtgRigure 5). In ROI
contralateral side to the injection site, the density argtdbution  analysis of the dtg, RAFF4 and the MT MRI metrics showed
of cells appeared normaFigure 3B. a statistically signi cant di erencefd < 0.05) between lesions

contra ipsi

FIGURE 5 | Relaxation time constants map of RAFF4A), T1sa (B), magnetization transfer ratio, MTRC), fractional anisotropy, FA(D), mean diffusivity, MD(E), and
axial and radial diffusivity, AD and RIDF,G) of LPC-induced lesion in the dorsal tegmental tract. Repreantative examples of ROIs for analyzing lesions in the dorsal
tegmental tract are shown on a grayscale RAFF4 map ifH). Arrowheads indicate the lesion site.
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FIGURE 6 | ROI analysis of MRI parameters in the dorsal tegmental tradpsilateral side. Mean and SD of RAFFA), T155t (B), magnetization transfer ratio, MTRC),
fractional anisotropy, FA(D), mean diffusivity, MD(E), and axial and radial diffusivity, AD and RIJF,G) obtained from LPC induced lesion ROl in the dorsal tegmental
tract of LPC injected @ D 6) rats and from the corresponding injection site ROI in vetle injected 6 D 4) rats. Statistical signi cance; *< 0.05 (FDR adj. for testing 7

MR parameters), Mann-WhitneyJ-Test.

’

- -

FIGURE 7 | (A) Representative photomicrograph of myelin-stained secties of the dorsal tegmental tract.(B,C) are high magni cation images of contra- and
ipsilateral ROIs from(A), respectively.(D) Representative photomicrographs of Nissl-stained sectios of the dorsal tegmental tract.(E,F) are high magni cation images
of contra- and ipsilateral ROIs from(D), respectively. Scale bars(D,F) 200 and 50 mm, respectively.

induced by LPC and the corresponding area in vehicle injectedemyelinated area ipsilaterally to the injectidfiqure 7C) while
animals, while the di usion metrics did not show a signi cant the myelin content on the contralateral side appeared normal
di erence (Figure 6). The RC of RAFF4 was 26.2% while the RCgFigure 7B).

of MTR and Tisat Were lower at 16.4 and 12.5%, respectively. On Nissl-stained sections, we observed an increased

Corresponding RCNRs were 6.8, 4.8, and 5.6, respectively.  cell density attributed to gliosis, which overlapped with
the demyelinating area F{gure 7D). On the contralateral

Histology side to the injection site, the amount and distribution

Figure 7 shows myelin- and Nissl-stained sections of a rapf cells were normal Higure 7B. Similarly as in the
3 days after LPC injection in the dtg. We observed &£C lesion, gliosis was diusely distributed, and a high
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TABLE 1 | Pearson correlation of MRI parameters with optical densityn myelin and Nissl stained sections including ipsilaterahd contralateral ROIs and both LPC and
vehicle injected animals.

RAFF4 MTR T1sat FA MD AD RD
MYELIN
cc R 0.742 0.741 0.741 0.662 0.708 0.714 0.257
95%, lower 0.838 0.600 0.837 0.490 0.553 0.562 0.003
95%, upper 0.601 0.837 0.599 0.784 0.815 0.820 0.480
|upper-lower| 0.237 0.237 0.238 0.294 0.262 0.257 0.476
p < 0.001 <0.001 <0.001 < 0.001 < 0.001 < 0.001 0.048
dtg R 0.745 0.719 0.705 0.438 0.122 0.279 0.079
95%, lower 0.893 0.405 0.875 - -
95%, upper 0.451 0.881 0.382 - - - -
|upper-lower| 0.442 0.476 0.493 - - - -
p 0.001 0.001 0.001 0.053 0.610 0.233 0.739
Both R 0.743 0.719 0.700 0.473 0.591 0.648 0.039
95%, lower 0.827 0.593 0.797 0.282 0.426 0.499 -
95%, upper 0.625 0.811 0.568 0.627 0.717 0.760 -
|upper-lower]| 0.203 0.218 0.229 0.350 0.291 0.260 -
p < 0.001 < 0.001 <0.001 < 0.001 < 0.001 < 0.001 0.732
NISSL
cc R 0.217 0.306 0.286 0.245 0.169 0.208 0.036
95%, lower - - - - - - -
95%, upper - - - - - - -
|upper-lower| - - - - - - -
p 0.149 0.107 0.107 0.149 0.225 0.149 0.782
dtg R 0.587 0.562 0.580 0.412 0.298 0.396 0.119
95%, lower 0.195 0.804 0.184 - - - -
95%, upper 0.817 0.159 0.814 - - - -
|upper-lower| 0.6224 0.645 0.629 - - - -
p 0.026 0.026 0.026 0.112 0.230 0.112 0.616
Both R 0.343 0.450 0.466 0.415 0.066 0.292 0.295
95%, lower 0.134 0.610 0.274 0.582 - 0.481 0.081
95%, upper 0.524 0.256 0.622 0.215 - 0.078 0.484
|upper-lower| 0.390 0.354 0.348 0.367 - 0.404 0.403
p 0.004 <0.001 <0.001 < 0.001 0.564 0.009 0.008

Statistically signi cant R-values (p< 0.05, FDR adj. for testing 7 MRI parameters) are shown in bold.
Cc, corpus callosum; dtg, dorsal tegmental tract.

number of cells were found around blood vesselwith diusion parameters was lower than that of RAFFn or

(Figure 7B. MT despite larger relative changes in diusion parameters
. than RAFFn and MT Table 1). Importantly, in the dtg,

Correlation between MRI Parameters and RAFF4 and MT parameters had excellent correlation with

Histology myelin staining R > 0.70), while there was no statistically

RAFFn and MT parameters provided good correlatioR ( signi cant correlation between di usion parameters and niyel

> 0.70) with myelin staining optical density when datadensity.

from both brain areas and all ROIs were pooletalfle 1, There was a mild correlation between RAFF4 and Nissl
Figure 8, while the correlation with myelin density was staining intensity in the dtgR < 0.59), however no statistically
clearly lower for FA R D 0.47) and for MD R D 0.59). signi cant correlation in the cc and a weak correlation cakr
When only ROIs in the cc were included in the correlation(R < 0.35). This indicates that cellularity is not the determigin
analysis, all MRI parameters, except RD, markedly correlatdactor to contrast, but may have a small contribution for ensde

(R > 0.66) with myelin density. However, the correlationin the case of profound gliosiggble 1).
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FIGURE 8 | Pearson correlation between MRI metrics and optical dengitmeasured from myelin stained sections including all ROlIsei LPC and vehicle injected
animals, contralateral and ipsilateral ROIs. Linear regrsisn line between optical density of myelin angA) RAFF4,(B) MTR, (C) T1gat, (D) FA, (E) MD, (F) AD overlaid
on the corresponding scatter plot of the ROI data. RD did not Bow statistically signi cant correlation.

In uence of pH in Protein Phantoms of myelinated axons and had a dierent amount of gliosis
Relaxation time maps were measured with di erent techniquesifter LPC injection. Furthermore, RAFF4 provided excellent
from a BSA phantom with varying pH values. While $howed correlation with myelin content in both cases, while DTI
clear dependence on pH, due to altered proton exchange, agms unable to reliably assess demyelinated area in the dtg,
expected, RAFF4 was virtually unaected by pH at valuesikely due to its sensitivity to underlying cytoarchitectu
around a physiological pH of 7.4, in the range of 6.2-7.&nd gliosis. Interestingly, MT parameters measured
(Figure 9). with a recently introduced modied inversion technique
(Mangia et al., 2001 were able to detect demyelination
in both the cc and dtg and showed good correlation
DISCUSSION with myelin content, though the overall ability of MT at
detecting demyelination was slightly lower than that of
In the present work, the value of the RAFF4 technique folRAFFA4.
detection of demyelination in the brain was investigatedain Excellent correlation of RAFF4 to myelin content can be
well-controlled LPC-injection rat model. Our major nding attributed to sensitivity of RAFF:n to correlation time et
was that RAFF4 was able to robustly detect demyelinatiom the ms-range $atzer et al., 2015; Hakkarainen et al., 3016
in both the cc and dtg, which have a dierent organization which likely corresponds to exchange and dipolar interaction
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increased RD %ong et al., 20Q05as water molecules can pass
axonal membranes more freely in the absence of myelin. In
our study, demyelination, 3 days after LPC injection, was
con rmed by quantitative analysis of myelin stained histgical
sections. Our results indicate substantial but not complete
demyelination at this subacute time point. A previous electron
microscopy study in LPC injected rats showed signi cant
thinning of the myelin sheaths around axons, but not complete
dissolution of myelin especially in the early time points
(Foster et al.,, 1990 0Our TEM data showed similar changes
3 days after LPC injection. In spite of clear demyelination,
some disorganized myelin sheaths were still observed, which
preserved RD close to normal. Furthermore, disorganized myeli
sheaths with pockets, myelin debris, and vacuoles increased
the number of diusion restricting boundaries in the intra
axonal space explaining the decreased AD, FA, and MD. These
ndings emphasize the complexity of using simple di usion
metrics as markers for a speci c pathological feature such as
demyelination. On the other hand, DTI, and especially more
advanced high angular resolution di usion-weighted imagin
type diusion imaging approaches, clearly have potential to
provide information that goes far beyond the myelin content
and warrants further studies. The optimal MRI protocol to
assess white matter pathology should contain both a teckniqu
with high sensitivity and speci city to myelin and capability
characterize microstructural changes.

Importantly, RAFF4 and RAFF5 have been shown to
correlate with myelin density to a greater extent than MT
in normal brain (Hakkarainen et al., 20)60ur results here
of myelin water and dipolar interaction with carbon-bound show that using advanced MTR mappindg/dngia et al.,
methylene protons. In our previous study, there was nd201), MTR can also provide excellent correlation with myelin
signi cant dierence between RAFF4 and RAFF5 in theirin LPC induced demyelination although lower than that
ability to detect myelin in normal brainHakkarainen et al., of RAFF4. In addition to anisochronous and isochronous
2019 indicating that contribution of myelin to spectral density rotating frame relaxation pathways contributing to RAFF4
function is relatively at in this correlation time range. sA and 5, RAFF4 and 5 may share with MT cross-relaxation
RAFF4 has shorter relaxation time constant than RAFF5jathways. Therefore, these two techniques could provide
and therefore requires shorter magnetization preparatiorspul complementary information for characterizing tissue intiégr
train, RAFF4 was chosen over RAFF5 for sensitizing MRI fowhich could be utilized by proper modelingJ(derhill et al.,
myelin. In our previous studies, RAFF1-3 showed sensitivit01)).
to shorter correlation time regime than RAFF4-5, with A benet of the LPC model is that it causes demyelination
reduced gray/white matter contrast and reduced sensjtitét ~ without signi cant edema formation and only mild to moderat
myelin (Liimatainen et al., 2010; Satzer et al., 901bhe gliosis. Therefore the LPC model allows assessment of
di erent sensitivities of RAFFn techniques indicate how she demyelination without multiple simultaneous contributing
techniques can be tuned to detect di erent motional regimedactors. In practically all human pathological conditions,
corresponding to di erent cellular components and pathologica demyelination is co-localized with a number of other
processes. pathological processes including in ammation, edema and

A conventional DTI approach was used as a comparativacidi cation. There was more gliosis in the dtg than in cc afte
method, as it is one of the most commonly used advancedPC injections, which likely explains why there was statidijic
MRI approaches in clinical settings for assessment of whitsigni cant correlation with Nissl staining in dtg but not ircc.
matter abnormalities. In the cc, DTI was able to detect LPCHowever, in both cases correlation with myelin content rémeal
lesion even better than RAFF4 based on contrast betweeyood, and in general RAFF4 correlation with myelin densitgwa
LPC and vehicle injected animals. However, large vartgbili higher than with other MRI methods studied. Importantly, the
of the DTI metrics led to worse contrast-to-noise ratio correlation of RAFF4 with Nissl stain proves that mechanisms
between the two groups in comparison to RAFF4. In additionpther than myelin must contribute to the RAFF4 contrast.
the pattern of diusion changes was unexpected: decreasetherefore, RAFF4 is not entirely speci c to myelin, as expecte
MD, which was associated with decreased AD, while RDor any relaxation parameters that unavoidably depends on
was unchanged. Demyelination is classically associatéd wimultiple biological processes. Yet, the insensitivity of RAFF4

FIGURE 9 | Effect of pH on(A) RAFF4 and(B) T, in a bovine serum albumine
phantom. RAFF4 is essentially unaffected by changing pH. Er bars indicate
the standard deviation across voxels inside the ROI drawn ithe phantom.
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to at least some processes such as pH changes, along Wit THOR CONTRIBUTIONS
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