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Abstract—Remyelination is common under physiological conditions and usually occurs as a response to a patholo-
gical demyelinating event. Its potentiation is an important goal for the development of therapies against pathologies
such as multiple sclerosis and white matter injury. Visualization and quantification in vivo of demyelination and
remyelination processes are essential for longitudinal studies that will allow the testing and development of pro-
myelinating strategies. In this study, ethidium bromide (EB) was stereotaxically injected into the caudal cerebellar
peduncle (c.c.p.) in rats to produce demyelination; the resulting lesion was characterized (i) transversally through his-
tology using Black-Gold Il (BGII) staining, and (ii) longitudinally through diffusion-weighted magnetic resonance ima-
ging (dMRI), by computing fractional anisotropy (FA) and diffusivity parameters to detect microstructural changes.
Using this characterization, we evaluated, in the lesioned c.c.p., the effect of N-butyl-B-carboline-3-carboxylate (-
CCB), a potentiator of GABAergic signaling in oligodendrocytes. The dMRI analysis revealed significant changes in
the anisotropic and diffusivity properties of the c.c.p. A decreased FA and increased radial diffusivity (A,) were evident
following c.c.p. lesioning. These changes correlated strongly with an apparent decrease in myelin content as evi-
denced by BGII. Daily systemic B-CCB administration for 2 weeks in lesioned animals increased FA and decreased
A, suggesting an improvement in myelination, which was supported by histological analysis. This study shows that
structural changes in the demyelination—-remyelination of the caudal cerebellar peduncle (DRCCP) model can be mon-
itored longitudinally by MRI, and it suggests that remyelination is enhanced by B-CCB treatment.This article is part of
a Special Issue entitled: SI: Miledi’s contributions. © 2019 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Myelination is critical for fast and efficient communication
among neurons in the nervous system. Damage that com-
promises the normal myelination process in the central ner-
vous system (CNS) produces demyelinated axons that
undergo swelling and neural degeneration (Kassmann and

der Valk and De Groot, 2000; De Stefano et al., 2001). In
some cases, after demyelination, the adult brain is able to
generate new myelin through remyelination in the lesioned
regions (e.g., Woodruff and Franklin, 1999; Fancy et al.,
2004; Zhao et al., 2008; Gautier et al., 2015). A comprehen-
sive understanding of remyelination could be useful to gen-

Nave, 2008). Several neurological disorders are related to
white matter and lead to hypomyelination and axonal dys-
function (Cammer and Zhang, 1999; McGavern et al.,
1999; Perry and Anthony, 1999; Trapp et al., 1999; Van
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erate new therapeutic tools. In fact, several in vivo
experimental models have been developed to study the
biology of this important healing process.

To produce experimental demyelination, researchers
have used models based on the local or general administra-
tion of autoreactive antibodies against myelin components
(e.g., experimental autoimmune encephalomyelitis; Raine
et al., 1974; Meeson et al., 1994; Dal Canto et al., 1995);
they have also used viral infection tools (e.g., Godfraind et
al., 1989; Miller and Rodriguez, 1996) and generated local
lesions by thermal injury (Sasaki and Ide, 1989) or toxin
administration (e.g., ethidium bromide or lysolecithin; Blake-
more, 1974; Matute, 1998; Woodruff and Franklin, 1999). In
general, after a demyelinating episode, a well-orchestrated


https://doi.org/10.1016/j.neuroscience.2019.06.042

NSC 19156
22 July 2019

No of Pages 12

2 Abraham J. Cisneros-Mejorado et al. / Neuroscience xxx (2019) xxx—xxx

regenerative process is initiated; however, the array of sig-
naling events involved in the phenomenon has yet to be
fully understood (Fancy et al., 2011). Remyelination in vivo
is often incomplete, and a degree of chronic demyelinated
lesions persists (Wolswijk, 1998). Systematic and accurate
assessments of these conditions (i.e., demyelination—
remyelination) in vivo could be highly beneficial to evaluate
and develop novel therapeutic strategies.

An important addition to these models would be to com-
bine a longitudinal analysis strategy with the use of specific
pharmacological tools to assess in vivo the possible effects
of drugs and monitor the (re)myelination time-course and its
efficiency. The non-invasive and innocuous nature of mag-
netic resonance imaging (MRI) affords this approach. More-
over, diffusion-weighted MRI (dMRI) and its analysis
through mathematical models allow a suitable delineation
of white matter structures and the evaluation of its myelina-
tion in subjects under pharmacological treatment at different
stages. The displacement of water molecules is modulated
by the biological barriers they encounter at the mesoscopic
level (e.g., axonal membranes, myelin sheaths) (Beaulieu,
2002). Therefore, water self-diffusion is not free, and the
analysis of the three-dimensional diffusion profile yields
information about tissue microstructure (Concha, 2014). Dif-
fusion tensor imaging (DTI; Basser et al., 1994) provides a
mathematical framework to analyze dMRI and can be used
to infer changes in myelination. Fractional anisotropy (FA) is
a unit-less DTI-derived metric that quantifies the amount of
directionality that water diffusion shows in a particular ima-
ging region (voxel) and is low (zero) when water diffuses
freely, and high (maximum of one) in highly organized tissue
with several spatially coherent tissue boundaries. In the ner-
vous system, demyelination alters the microstructure and
reduces FA in white matter structures with a single axonal
population. This parameter correlates with the induced
damage and has been used extensively in clinical studies
to characterize changes related to damage in the white mat-
ter (e.g., Yurgelun-Todd et al., 2007; Stricker et al., 2009; Li
et al., 2010; Bora et al., 2011; Rodriguez-Cruces et al.,
2018). Also, FA analysis has been used in experimental
models to detect alterations in myelin (e.g., Song et al.,
2002; Song et al., 2003; Larvaron et al., 2007; Fatemi et
al., 2009; Boretius et al., 2012). The development of a
non-invasive and standard method in mammals to differenti-
ate and monitor axonal and myelin damage in vivo could be
useful for experimental pharmacological approaches to
modulate the myelination process.

In this study, we applied dMRI to provide information on
the degree of FA change produced in the demyelination—
remyelination of the caudal cerebellar peduncle (DRCCP
model; Woodruff and Franklin, 1999), and we correlated
the changes with histological Black—Gold Il (BGII) staining.
The c.c.p. tract is especially suitable for monitoring its struc-
ture because it is densely myelinated with large-diameter
axons projecting in parallel orientation (Woodruff and
Franklin, 1999), thus providing dMRI images that can be
evaluated with a high degree of robustness and allowing
in vivo analysis of its microstructure. In addition, since
GABAergic signaling has been recently proposed to

contribute to myelination (Zonouzi et al., 2015; Arellano et
al., 2016; Hamilton et al., 2017), we tested the pharmacolo-
gical effect of GABAergic signaling potentiation on remyeli-
nation. For this purpose, we analyzed the effect of
administering N-butyl-B-carboline-3-carboxylate (3-CCB), a
suggested endogenous B-carboline (Pefa et al., 1986) that
has a positive allosteric modulator effect on the GABA,
receptor expressed in oligodendrocytes (Arellano et al.,
2016). The results indicated that demyelination and remye-
lination can be monitored and evaluated by DTI analysis,
and that B-CCB administration accelerated recovery of DTI
metrics, suggesting a remyelination improvement supported
by BGII histological analysis.

EXPERIMENTAL PROCEDURES
Study Approval

All experiments were performed by trained personnel and
conducted in accordance with the Ethics Committee of the
Instituto de Neurobiologia of the Universidad Nacional
Auténoma de México. The in vivo experiments were con-
ducted with male Sprague—Dawley (SD) rats (280-310 g,
10-12 weeks) in accordance with the Guide for Care and
Use of Laboratory Animals (National Institutes of Health).
All possible efforts were made to comply with 3R standards
and minimize animal suffering and the number of animals
used.

Demyelination and remyelination of caudal
cerebellar peduncle (DRCCP)

The demyelinating lesion was induced as previously described
(Woodruff and Franklin, 1999). Rats were anesthetized with
ketamine/xylazine (a mixture of 70 mg/kg and 6 mg/kg, respec-
tively, dissolved in saline solution) and then positioned on a
stereotaxic instrument (Stoelting Co., Wood Dale, IL, USA) in
a surgery room at room temperature (RT). Demyelination was
induced by injecting 2 pL of 0.05% ethidium bromide (EB) into
the caudal cerebellar peduncle (c.c.p.) of male rats in accor-
dance with the Paxinos atlas (Paxinos and Watson, 2007) as
follows: AP —2.28 mm (from interaural), LR 3.2 mm (from mid-
line), H 7.6 mm, and the incisor bar positioned 3.5 mm below
the center of the aural bars. Surgery control animals were
injected with an equal volume of sterile saline solution. After
the surgical procedure, animals were left in the surgery room
for 1-3 h to monitor the neurological condition caused by the
trauma.

At the time of the experiments, animals were divided into
two main groups: 1) the non-lesioned group (injected with
saline solution) and 2) the lesioned group (injected with
EB in solution). For histological evaluation of myelin, the
non-lesioned group was of 9 animals, 5 were processed
for coronal slices and 4 for sagittal preparations, while the
lesioned group also included the subgroups named 3-CCB
treated (n = 11 animals, 5 coronal and 6 sagittal) and the
B-CCB untreated (n = 10 animals, 5 coronal and 5 sagittal).
For experiments in vivo, the main groups, lesioned and non-
lesioned, were subdivided in the 3-CCB untreated (n = 8, 4
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lesioned and 4 non-lesioned) and the B-CCB treated sub-
groups (n =8, 4 lesioned+p-CCB treated and 4 non-
lesioned +[3-CCB treated).

Black—Gold Il (BGIl) and Luxol fast blue histo-
chemistry for myelin

For histological examination, rats were transcardially per-
fused with 0.1 M phosphate buffer (pH 7.2) followed by
4% paraformaldehyde (PFA) in the same buffer. After
extraction, brains were maintained overnight in PFA. Then,
the tissue was cryoprotected in 25% sucrose at 4 °C for at
least 24 h. Coronal (30 um) or sagittal (40 uym) cryosections
were cut and mounted on electrocharged slides and stored
at —20 °C until staining with the BGII compound (EMD Milli-
pore Corp., Billerica, MA, USA), as previously described
(Schmued et al., 2008). Briefly, tissue sections were rehy-
drated in distilled water for about 2 min at RT. Then, slides
were transferred to a 0.3% BGII solution dissolved in 0.9%
saline vehicle (NaCl) and heated to 60—65 °C. Preparations
were monitored every 5 min until reaching the desired
degree of staining with BGII. Next, the slides were rinsed
for 2 min in distilled water, transferred to a 1% sodium thio-
sulfate solution for 3 min at 60-65 °C, and rinsed two or
three times with distilled water. For the Nissl counterstain-
ing, the slides were transferred to a solution of 0.1-0.2%
cresyl violet (blue; EMD Millipore Corp., Billerica, MA,
USA) in 0.1% acetic acid for 5 min and then rinsed two
times with distilled water. After, the tissue was dehydrated
using sequential graduated alcohol solutions (50, 70 and
96%) and immersed in xylene for 1 min. The slides were
then coverslipped with Permount mounting medium. For
Luxol fast blue (LFB) stain, coronal cryosections were cut
at 5 ym then mounted onto electrocharged slides and
hydrated in distilled water and immersed in ethanol (first in
70% and after 90%). The preparations were incubated over-
night with 0.1% LFB at 60 °C then washed twice with etha-
nol for 2 min. Next, slides were immersed in xylene for
1 min and coverslipped with the mounting media. For mye-
linated zone assessment, tissue sections for BGIl were
visualized and analyzed under a microscope, and represen-
tative images were acquired with a Leica ICC50 HD camera
(Leica Microsystems, Wetzlar, Germany). Optical density of
myelin BGII staining in selected brain areas from c.c.p. was
quantified using ImageJ software (version1.52i). Briefly,
after converting the images to grayscale, optical intensity
was obtained from a given region of interest (ROI) of the c.
c.p. Optical density was calculated by normalizing intensity
values from each c.c.p. ROl against the background inten-
sity value from each section (Hakkarainen et al., 2016),
applying the following relationship: (intensity of background
- mean intensity of labeling in ROIs)/intensity of back-
ground. Then, in coronal slices, the ipsilateral optical den-
sity was expressed as the percentage relative to its
contralateral side. For sagittal slices, the ipsilateral optical
density of c.c.p. was normalized with respect to that
obtained from the spinal vestibular nucleus (s.v.n.), a non-
lesioned tract located just below the c.c.p. (Fig. 5).

Magnetic resonance

Anesthesia was induced with isoflurane (4%, compressed
air) using an anesthetic chamber and maintained under 1—
2% (compressed air) with a facemask during the procedure.
T2-weighted imaging and dMRI were performed at the
National Laboratory for Magnetic Resonance Imaging using
a 7-T magnet (Bruker Pharmascan 70/16US). Data sets for
DTI were acquired using a spin-echo, single-shot echo-
planar imaging sequence with the following parameters:
slice thickness = 0.65 mm, no inter-slice gap, no physiolo-
gical gating, TR =2 s, TE = 26 ms, FOV = 25 x 25 mm,
image size = 167 x 167 mm, resolution = 150 x 150 mm,
64 diffusion directions, b = 650 s/mm?, 1 average. T2-
imaging was acquired with the following parameters: slice
thickness = 0.5 mm, no inter-slice gap, TR =2.5s, TE =
33 ms, FOV = 30 x 20 mm?, image size = 250 x 170 mm-
2 resolution = 120 x 118 mm?, 9 averages and 22 slices.
Pre-processing of dMRI data sets included both reduction
of motion and eddy current-induced geometric distortions
by linear transformation of each volume to the average
non-diffusion weighted volume and denoising via random
matrix theory (Veraart et al., 2016). Total scan time was
36 min per animal. The MRtrix software package (http://
www.mrtrix.org) was used to estimate the tensor model,
from which we derived fractional anisotropy (FA) maps, prin-
cipal diffusion vector (PDV), and radial and axial diffusivities
(A, and A, respectively). DTI parameters were analyzed
using ROI analysis. ROIs of the c.c.p. were manually deli-
neated on PDV images. Sixteen animals, four groups of four
animals each, as described above, underwent this scanning
protocol; first before lesioning and then every week from 14
until 35 days post-lesion (dpl).

Cortical neuronal culture preparation

Primary cultures of cortical neurons (CtxN) were established in
accordance with previously described procedures (Larm et al.,
1996). Briefly, neurons derived from cortical lobes of Wistar rat
embryos (E18) were isolated and digested in Hank's balanced
salt solution (Gibco; Thermo Scientific, Waltham, MA) contain-
ing 0.25% trypsin and 0.4% DNase. A dissociation was made
with needles (21G, 23G, 25G), centrifuged and resuspended
in B27 neurobasal medium (Gibco; Thermo Scientific, Wal-
tham, MA) plus 10% Fetal Bovine Serum (FBS; Hyclone,
Thermo Scientific, Waltham, MA) and seeded at 1 x 10° cells
per well onto poly-L-ormithine-coated 24-well plates bearing
coverslips with a 12-mm diameter. Twenty-four hours later, this
medium was replaced by serum-free medium containing B27
plus antibiotic-antimycotic and glutamine (2 mM). Cultures
were maintained at 37 °C and 5% CO,; recordings were made
in neurons from four different cultures maintained from 10 to
14 days in vitro.

Oligodendrocyte precursor cell (OPC) cultures

First, a primary mixed glial culture was prepared in accor-
dance with the modified method of McCarthy and de Vellis
(1980). Briefly, cortices were isolated from forebrains and
digested by incubation (15 min, 37 °C) in Hank's balanced salt
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solution containing 0.25% trypsin and 0.4% DNase. Dissocia-
tion was made with needles (21G, 23G), centrifuged, and
resuspended in Iscove's modified Dulbecco's medium supple-
mented with 10% FBS and antibiotic—antimycotic solution.
Cells were seeded onto poly-D-lysine-coated flasks (75 cm?)
and maintained in culture at 37 °C and 5% CO,. After 10 days
in culture, the flasks were shaken (400 rpm for 2 h at 37 °C) to
remove loosely adherent microglia. The remaining OPCs were
dislodged by shaking overnight at 400 rpm. The cell suspen-
sion was then filtered through a 10-um nylon mesh and pre-
plated on bacterial grade Petri dishes for 2 h in a chemically
defined medium (OPC medium; Sanchez-Gémez et al,,
2018) consisting of Dulbecco's modified Eagle's medium sup-
plemented with 100 pg/mL transferrin, 60 ng/mL progesterone,
40 ng/mL sodium selenite, 5 ug/mL insulin, 16 pug/mL putres-
cine, 100 pg/mL BSA. Cells were plated onto poly-D-lysine-
coated 12-mm-diameter coverslips in 24-well culture dishes at
a density of 5 x 102 cells per well and cultured in the presence
of the mitogenic factors PDGF-AA (5 ng/mL) and bFGF (5 ng/
mL) to expand their number and prevent their differentiation.
After 1 day in culture, OPCs represented >95% of the total
cells as assessed by immunocytochemistry (Arellano et al.,
2016). Recordings were made in OPCs from five different cul-
tures maintained from 1 to 2 days in vitro.

Electrophysiology

Whole-cell patch-clamp recordings of ionic currents of both
CtxN and OPCs were performed using the Axon 200B
patch-clamp amplifier (Axon Instruments; Sunnyvale, CA,
USA). Currents were regularly recorded at a holding mem-
brane potential of ~80mV. Neurons or OPCs were con-
stantly perfused with external solution containing (in mM)
140 NaCl, 3 KClI, 1 CaCl,, 1 MgCl, and 10 HEPES, adjusted
to pH 7.4 (NaOH). Patch-clamp pipettes (3—5MQ) were
filled with internal solution adjusted to pH 7.4 (KOH) con-
taining (in mM) 130 KCI, 5 NaCl, 2 EGTA, 1 MgCl,, 2 Mg-
ATP, 0.2 Na-GTP and 10 HEPES. Recordings were
acquired and digitized with a Digidata 1440 (Molecular
Devices, Sunnyvale, CA, USA) and analyzed with pClamp
software (v.10; Molecular Devices) (Arellano et al., 2016;
Pérez-Samartin et al., 2017).

B-carboline administration

For in vivo administration of 3-carboline, the vehicle as con-
trol or B-CCB solution was prepared in aliquots and then
coded alphanumerically by an independent researcher.
The preparations of 3-CCB were made daily before the
injection, similar to methods used for other B-carbolines
elsewhere (e.g., Grella et al., 1998; Farzin and Mansouri,
2006). Briefly, B-CCB (1 mg/Kg) was mixed in vehicle con-
taining sterile phosphate-buffer salts (PBS 1x, 70% v/v)
and sunflower seed oil (30% v/v) for a final volume of
200 pL. The mixture was sonicated for 60 min at 37 °C.
Vehicle alone or B-CCB solution was administered by intra-
peritoneal (i.p.) injection after 14 days of c.c.p. injection with
either EB or saline solution; this was done every 24 h from
day 14 until day 28. Treatment with B-CCB for the time
and doses indicated did not cause obvious changes in

animal behavior, such as open-field exploration, freezing
or signs of pain, anxiety or apparent aggression, and the
animals' exploration of the environment was normal. Finally,
rats were randomly assigned to each treatment on the basis
of a blinded analysis.

Substances

N-butyl-B-carboline-3-carboxylate (3-CCB) was obtained
from Tocris Bioscience (Bristol, UK), isoflurane from PiSa
Lab (PiSa, Guadalajara, JAL, México), and Permount
mounting medium from Fisher Scientific (FS, Fair Lawn,
NJ, USA). All other salts, PFA, GABA, EB, acetic acid, sun-
flower seed oil, poly-L-ornithine, poly-D-Lysine and xylenes
were acquired from Sigma-Aldrich.

Statistical analysis

All data are expressed as mean + S.E.M. The means of two
groups were compared using a Student's t-test or, when appro-
priate, an analysis of variance followed by post-hoc compari-
sons of individual means using the Fisher correction.
Statistical analysis was performed using GraphPad Prism soft-
ware. Differences were considered to be significant at
P < 0.05.

RESULTS

The caudal cerebellar peduncle analyzed using
BGIl and MRI

The c.c.p. tract has been chosen as an area of injury and
remyelination analysis because of its characteristics, as
detailed since the implementation of this model (Woodruff
and Franklin, 1999; see also, Fancy et al., 2004; Gautier
et al.,, 2015). Here, the c.c.p. was examined using two mod-
ern techniques: BGII staining and MRI. BGII staining
(Schmued et al., 2008) colored myelinated tracts red to
brownish (Fig. 1, second row) in proportion to the amount
of myelin. The c.c.p. presents a characteristic drop-like
shape observed at —11.04 mm from bregma, according to
the Paxinos atlas (Paxinos and Watson, 2007; Fig. 1, top
row), and can be followed in contiguous slices (Fig. 1 also
illustrates slices at —10.08 mm and - 11.64 mm from
bregma). On the other hand, when using dMRI, although
T2-weighted images in coronal slices had good quality, their
contrast was insufficient to localize the intact c.c.p. (Fig. 1,
third row), however, the c.c.p. was conspicuous on FA and
PDV maps (Fig. 1, bottom two rows).

White matter injury in the c.c.p. (DRCCP model)

A structural analysis using both BGII and MRI techniques
was made at 35 days' post lesion (dpl) after 2 uL EB
(0.05%) injection at the coordinates corresponding to the
c.c.p. Images obtained with both techniques suggested a
significant decrease of c.c.p. myelin; these hypomyelinated
areas were observed up to 6 weeks after the injection,
which is consistent with previous reports using electron
microcopy techniques (Woodruff and Franklin, 1999). For
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Fig. 1. Caudal cerebellar peduncle detection by BGIl and MRI. Upper row diagrams are coronal drawing
sections based on the Paxinos atlas illustrating the caudal cerebellar peduncle (c.c.p., red areas). Each
section (column) was taken at —10.08 mm, —11.04 mm and -11.64 mm from bregma, respectively. The

7N (Fig. 2G). ROIs of the c.c.p. were
drawn on the PDV maps to quantify
the FA from both ipsilateral and con-
tralateral sides to the lesion. The EB
injection caused a decrease in FA of
about 15% (FA = 0.49 = 0.04, and
0.42 £ 0.02, for contralateral and
ipsilateral, respectively; n =4 for
each case). As previously shown
(Arfanakis et al., 2002; Kumar et al.,
2009), an FA decay suggests a cor-
relation with a decrease in myelina-
tion at the lesioned c.c.p. This
finding supports the idea that the
proposed histological and imaging
techniques can be used for longitudi-
nal studies in the DRCCP model.

Effect of -CCB treatment on
the DRCCP model evaluated
by BGIl and MRI

One of the main objectives of this
work was to determine whether the
described structural analysis might
be useful to assess the possible
effects of drugs on myelination or
remyelination. Here, the effect of a
B-carboline was evaluated in the
DRCCP model using BGIl and MRI
techniques. A previous study
showed that B-CCB acted as a posi-
tive allosteric modulator on the

second row shows similar sections where the tissue was stained with BGII and counterstained with Nis-  GABAa receptor expressed in OPCs
sl's stain. The c.c.p. location is indicated by black arrows (bar = 2 mm). The following rows correspondto ~ or oligodendrocytes maintained in
maps derived from MRI analysis as indicated: T2-weighted image (T2); fractional anisotropy (FA) map;  vitro (Arellano et al., 2016). This dif-
and principal diffusion vector (PDV). In FA and PDV, the c.c.p. area is indicated by red lines and arrows,  fered from the original description
respectively. Scales in this and following figures: FA, 0—1 as black—white; PDV, red for left-right, green for that B-CCB (and other B-carbolines)

dorso-ventral, and blue for rostral-caudal direction.

example, the histological evaluation with BGII at 35 dpl
showed a decrease in staining intensity when comparing
the injected c.c.p. and the contralateral c.c.p. in the same
slice (n = 5; Fig. 2A-B); this decrease was quantified esti-
mating the optical density in the BGlI-stained preparations
(Fig. 4E). In sagittal sections, c.c.p. lesions also appeared
as areas with a decreased optical density (n = 5; Fig. 5).
Another technique commonly used to identify changes in
myelin content is LFB staining (e.g., Schmued, 1990; Kut-
zelnigg et al., 2005). Slices processed with this technique
also showed a lower intensity of staining in the EB-
injected c.c.p. than in the contralateral non-lesioned side
(n = 4; Fig. 2C-D).

Using MRI, we built and analyzed structural maps to cor-
relate possible changes in white matter with an EB-
induced alteration. First, T2-weighted images showed a
hyperintense area (red arrow in Fig. 2E) ipsilateral to the
EB injection site and at the c.c.p.; this was important, as it
provided a way to quickly confirm the correct application of
EB. FA maps (Fig. 2F) showed reduced values in the area
corresponding to the c.c.p., as confirmed in the PDV maps

acted as an inverse agonist by
decreasing the GABA, response in neurons and displaying
opposite effects to those shown by benzodiazepines. Here,
we confirmed that B-CCB distinguished between the GABA-
A receptors expressed in either OPCs or CtxN maintained in
vitro. As shown in Fig. 3, GABA responses were monitored
in each cell type under two conditions: the absence or pre-
sence of 10 uM B-CCB. GABA responses were generated
applying GABA near its respective EC,( in each cell type
(10 uM and 3 uM for OPC and CtxN, respectively). The
GABA-response peak amplitude showed that receptors
expressed in OPCs (n = 18) were increased by the co-
application with 3-CCB (407.8 + 30.5%, from the control);
whereas the responses monitored in neurons (n = 11) were
not affected (91.9 + 8.2%). This result confirmed that -
CCB acted differentially in OPCs and CtxN distinguishing
between the GABA, receptors expressed in these cultured
cell types; a characteristic that might be used to potentiate
GABAergic signaling in the oligodendroglial lineage.
Taking these data into account, we explored a potential
effect of 3-CCB on the DRCCP model evaluated by BGII
and MRI techniques. First, at 35 dpl, brains from the different
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Fig. 2. BGll and MRI techniques allow lesion detection in the DRCCP model. Coronal sections containing the c.c.p. (white or black dotted lines) area at 35
dpl, showing both contralateral (A and C) and ipsilateral (B and D) sides. A-B were stained with BGII, while C-D were processed for Luxol fast blue. (E)
T2-weighted images at 35 dpl; red arrow signals a hyperintense area at the ipsilateral c.c.p. location. (F-G) FA and PDV maps also evidence changes in
the ipsilateral c.c.p. at 35 dpl, whereas the contralateral side remained unaffected. (H) Graph shows the value of FA (mean + S.E.M.) for both contralat-

eral (n = 4) and ipsilateral (n = 4) sides. Bar = 100 pm in A-D. In H, *P < 0.05.

experimental groups were cut, and the BGII technique was
applied to either coronal (n = 16) or sagittal (n = 16) prepara-
tions. Coronal images from the lesioned group showed a
decrease in optical density (to 55 + 0.03% of control) of
BGII staining in the ipsilateral versus the corresponding c.c.
p. contralateral area, whereas images from the lesioned
group treated with B-CCB showed a less pronounced
decrease in optical density (to 83 + 0.06%) in the ipsilateral
lesioned side (Fig. 4E). Similar results were obtained from
sagittal slices (at 2.62 mm lateral) in which the c.c.p. area
spanned across a long band (Fig. 5A-B), and images from
lesioned animals showed a decrease to 48 + 0.05% of optical

A B 500
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°\°
—"’—'j o 400+
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T 200+
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Fig. 3. B-CCB differentially modulated the GABA, receptor expressed in
OPCs and CtxN. (A) Traces are responses in OPCs and CtxN elicited
by 10 uM and 3 pM GABA, respectively. Each set shows the control
GABA response (gray trace) in the absence of B-CCB, and the
response to GABA co-applied with 10 uM B-CCB (black trace) in the
same cell. (B) Graph depicts the normalized current response to GABA
in the presence of B-CCB with respect to the control current in OPC
(n=18) and CtxN (n = 11). Histogram shows the mean + S.E.M;
*P < 0.05, different with respect to the control.

density in BGlI-stained c.c.p., with respect to that obtained
from the s.v.n. in the same slices (Fig. 5 D1-D2, and F); also,
images from animals lesioned and treated with 3-CCB
showed a less pronounced decrease to 89 + 0.03% in optical
density (Fig. 5 E1-E2, and F). In general, a decrease in stain
intensity using the BGII technique was detected at around 14
dpl, which was similar to the time-course reported for changes
in myelination in the original DRCCP model characterization
(Woodruff and Franklin, 1999).

Longitudinal DTI-derived maps were analyzed for both
ipsilateral and contralateral sides. FA values for each group
are plotted versus time in Fig. 6A-B, and representative
maps are illustrated in Fig. 6C-D. In lesioned animals, we
observed that FA had substantially decreased by 14 dpl
and remained low throughout the analysis period. Lesioned
animals treated with 3-CCB recovered, reaching FA control
values at around 28 dpl. The corresponding contralateral
images showed a relatively constant FA value throughout
the study (Fig. 6B); in summary, low FA values in the c.c.
p. of the lesioned group were reverted after 2 weeks of -
CCB treatment. Then, considering the behavior of the DTI
maps in the c.c.p., both radial diffusivity (A,) and axial diffu-
sivity (A;) were also analyzed for the ipsilateral c.c.p. for the
experiments described in Fig. 6. These parameters reflect
tract directionality and are directly related to myelin (A,)
and axonal (A;) damage (Song et al., 2003; Song et al.,
2005; Budde et al., 2011). Fig. 7 illustrates the mean values
for A, and A\, for all the experimental conditions. We
observed that in the lesioned group without B-CCB treat-
ment, A, increased more than 35% at 28 dpl and 35 dpl
compared with the non-lesioned group. However, A,
decreased in lesioned rats treated with 3-CCB and was sig-
nificantly different at 35 dpl compared with untreated
lesioned animals and non-lesioned animals. Treatment with
B-CCB in non-lesioned animals did not change A, values
significantly. On the other hand, A values did not show sig-
nificant differences between the experimental groups.
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Fig. 4. Effect of 3-CCB on the DRCCP model visualized by BGII staining. Images are representative cor-
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therefore, animal models have
become useful to investigate the
underlying mechanisms of these
processes. In vivo models for white
matter damage have been devel-
oped using demyelinating agents
injected in specific CNS areas
foid (Blakemore, 1974; Matute, 1998;
Woodruff and Franklin, 1999;
Gautier et al., 2015; Goudarzi et al.,
2016) or by treatment with toxic
agents administered systemically
(Skripuletz et al., 2008; Manterola
et al., 2018). A key goal for the
development of such animal models
is finding strategies to promote oli-
godendrocyte maturation and the

onal sections in the c.c.p. area (dotted line) stained with BGII to identify myelinated tracts: preparations ~ subsequent remyelination. Thus,
were processed 35 days after EB injection in the c.c.p. Contralateral (A and C) sections correspond o longitudinal studies to monitor de-
the non-injected side, whereas ipsilateral (B and D) sections correspond to the injected side. A group  and remyelination phenomena are
of lesioned animals was i.p. injected with vehicle (A and B) every day from day 14 to day 28, and another  of interest to evaluate both the

group (C and D) was i.p. injected with 3-CCB (1 mg/kg, under the same schedule as the vehicle). Bars =
500 pum. (E) Normalized optical density (OD) derived from BGII staining images. Columns show the ipsi-
lateral optical density (mean + S.E.M.) of the c.c.p. area in non-lesioned (n = 5), lesioned (n = 5), and B-
CCB-treated lesioned (n = 5) animals, all normalized against the respective contralateral side (broken
line). **Lesioned vs. Non-Lesioned (P < 0.01), *Lesioned + B-CCB vs. Lesioned (P < 0.05).

Finally, although the non-lesioned group showed constant
FA, the non-lesioned group treated with 3-CCB showed a ten-
dency to increase FA at the end of the study (see Fig. 6A).
Also, the contralateral FA values seemed to be higher in -
CCB-treated animals than in non-treated animals (Fig. 6B).
This suggested that other tracts were affected by systemic
B-CCB administration. To explore this possibility, we ana-
lyzed images of slices obtained from non-lesioned animals
in both non-treated and 3-CCB-treated groups. These slices
included the corpus callosum (c.c.). The analysis was per-
formed on days 0, 14 and 35 of treatment. The FA value for
the c.c. significantly increased (10 £ 1.5%) on day 35 in the
B-CCB-treated group compared with the basal FA on day 0
(before treatment) or compared with FA in the non-treated
group on day 35 (Fig. 8). Treatment with 3-CCB in non-
lesioned animals also caused a significant change in A,
values on day 35; this parameter decreased by 12 + 0.7%
compared with the corresponding values on days 0 and 14
(Fig. 8D). However, A values did not show significant differ-
ences between groups at any time. These findings supported
the idea that 3-CCB treatment had a generalized effect on
myelinated tracts as estimated from the MRI analysis.

DISCUSSION

Several injuries or pathologies in the CNS involve demyeli-
nation in the white and gray matter and axonal damage;
for example, multiple sclerosis and diffuse white matter
injury, which includes damage generated by hypoxic events
during the neonatal period (Back, 2006; Trapp and Nave,
2008; Anjari et al., 2009; Saxena et al., 2011). The complex
mechanisms and functional consequences of CNS demye-
lination and remyelination have yet to be fully understood;

potential effects of novel pharmaco-
logical or genetic strategies and the
mechanisms involved. In this study
we used MRI to quantify abnormal-
ities in the DRCCP model and corre-
late these measures with histological alterations using the
BGII technique.

Histological analysis showed a clear decrease in the opti-
cal density of staining of the c.c.p. that was EB-injected
35 days before. A direct correlation between the strength
of staining (from red to brownish) using BGIl and myelin
content is supported by numerous studies (Chen et al.,
2004; Schmued et al., 2008; Hakkarainen et al., 2016;
Holleran et al., 2017; Yeh et al., 2017); thus, we infer that
the decrease observed in the optical density in the EB-
injected group indicated a decrease in myelin in the c.c.p.
In the study by Woodruff and Franklin (1999), demyelinating
lesions produced by EB-injection in the c.c.p. became clear
around 14 dpl and lasted more than 3 months as studied by
electron microscopy; hence, a decrease in myelin from 14
dpl to 35 dpl is in agreement with this study.

We applied longitudinal MRI analysis techniques that offer
detailed information about the brain microstructure and
function. The c.c.p. is especially suitable for this task
because analysis is more robust in heavily myelinated tracts
that lack crossings or interwoven paths. Our main goal was
to explore whether the changes observed after the EB-
induced lesion could be monitored using image analysis
techniques. DTI analysis provides information about white
matter microstructure in normal or pathological conditions
(e.g., Song et al., 2005; Concha et al., 2006; Laitinen et
al., 2010; Laitinen et al., 2015), and through FA calculation
derived from DTI, this parameter reflects the coherent
microscopic organization of axons. Thus, it is well known
that an FA decrease correlates with lesioned white matter
that might include both a decrease in myelin content and
an increase of axonal damage (Song et al., 2002; Song et
al., 2003; Kumar et al., 2009). Here we observed an FA
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Lesioned + 3-CCB

Lesioned

Normalized OD

Fig. 5. Effect of 3-CCB on the DRCCP model visualized by BGII staining. (A) Sagittal diagram of the brain illustrating the c.c.p. location signaled in red. (B)
Sagittal section of the brain stained with BGII (c.c.p. area, dotted square) to identify myelinated tracts; preparations were processed 35 days after c.c.p.
injection with either saline solution (non-lesioned) or EB (lesioned). The last group was subdivided into animals injected with vehicle or animals treated
with B-CCB. (C) A representative non-lesioned c.c.p. (dotted line), (D) the c.c.p. of a lesioned animal without -CCB treatment, (E) the c.c.p. of a lesioned
animal treated with B-CCB (C-E, bars = 200 um). (G), (H) and (I) are amplified views (bars = 50 um) of corresponding images signaled by black squares
within the c.c.p. in panels C-E, respectively. (F) Columns illustrate the normalized OD (mean * S.E.M.) derived from the BGII images in sagittal sections
of the c.c.p. in non-lesioned (NL; n = 4) animals, as well as lesioned either without (L; n = 5) or with -CCB treatment (L + -CCB; n = 6). The c.c.p. ODs
were normalized against the OD estimated in the respective spinal vestibular nucleus (s.v.n.; see A and C) area. *L vs. NL; L + B-CCB vs. L (P < 0.05).

decrease in the c.c.p. of EB-injected animals scanned at 14
dpl. This decay, monitored every week, was sustained up to
35 dpl. Given that decreases in FA are a clear indicator of
microstructure disarrangement, this result strongly suggests
that a lesioned area was produced in EB-injected subjects.
Thus, both BGIl and MRI analysis supported the idea that
the DRCCP model by EB injection produced a demyelinat-
ing c.c.p. lesion that can be longitudinally followed using
image analysis.

The time-course analysis of this effect is essential to
explore the actions of potential drugs and other therapeutic
tools in the remyelination process, which has shown to

occur several weeks later. Using BGIl and MRI, we explored
the possible effect of -CCB administration; this B-carboline
has been shown to have a potentiating effect on the GABAA
response elicited in both OPCs and myelinating oligoden-
drocytes (Arellano et al., 2016). The effect of B-carbolines
as positive modulators (and as inverse agonists) on GABAA
receptors is not new (e.g., Thomet et al., 1999); however,
we showed that B-CCB acts differentially, displaying a
robust potentiating effect on the receptors expressed in
OPCs, different from its negative or lack of effect on the
response expressed in neurons. We used this differential
pharmacologic outcome to study whether or not
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Fig. 6. FA analysis of the DRCCP model and the effect of 3-CCB. FA quantification was performed for the c.c.p. area for both hemispheres, ipsilateral (A)
and contralateral (B) to the lesion, and for the following four animal groups: lesioned (solid symbols) and non-lesioned animals (empty symbols), and ani-
mals with 3-CCB treatment (circles; treatment schedule was the same as in Figs. 4 and 5) or without treatment (triangles). FA values were calculated from
MRI; first, before the c.c.p. injection (0 dpl; with either control saline solution or EB) and then weekly from 14 dpl to 35 dpl (dotted line from 0 to 14 dpl
indicates a time interval without MRI monitoring). Data are the mean + S.E.M. (n = 4 animals for each case). (C) Representative FA maps at 0 dpl

and 35 dpl in the group of lesioned animals without (top row) or with (bottom row) B-CCB treatment. (D) PDV maps at 35 dpl; the generated c.c.p. ROIls
in C-D were drawn in the zone indicated by dotted lines. *Lesioned + B-CCB vs. Lesioned (P < 0.05); # Non-lesioned vs. Lesioned (P < 0.05).

systemically-administered B-CCB might have an effect intensity estimated as optical density in the lesioned group
related to myelination in the DRCCP model. The results treated with 3-CCB, comparing the ipsilateral and contralat-
strongly suggested that 3-CCB had a clear potentiator effect eral sides of the c.c.p. and also comparing the c.c.p. of the
on the parameters that indicate improvement of myelination. experimental group with that of the non-lesioned group.
This conclusion is more direct from the histological analysis, However, this observation lacks the time-course of the
given that BGIl showed, at 35 dpl, an increase in stain effect as well as the opportunity for objective quantification.
—@— Lesioned + 3-CCB
A 4.5 5 B 859 A Lesioned
o * { —O—Non-lesioned + -CCB
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Fig. 7. Diffusivity (A) during the DRCCP model and the B-CCB effect. Graphs depict the diffusivity values calculated from DTI for both radial (A, in A) and
axial (A, in B) diffusivities, for images captured during the days indicated. Experimental groups are the same as those in Fig. 6A-B. *Lesioned + 3-CCB
vs. Lesioned in 28 and 35 dpl (P < 0.05); There was no statistically significant difference between Lesioned + 3-CCB vs. Non-lesioned + 3-CCB in 35 dpl;
n = 4 for each case.
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Fig. 8. B-CCB promoted FA increase in the c.c. of non-lesioned animals. (A) and (B) correspond to FA and PDV maps, respectively, in rat brain regions
showing the corpus callosum (c.c.; yellow arrow in A). The PDV map was used to draw c.c. ROlIs in order to calculate the corresponding FA values. (C)
Columns represent the mean + S.E.M. of FA for the c.c. in the non-lesioned groups either without or with 3-CCB treatment, calculated at days 0, 14 and
35 after c.c.p. injection with saline (*P < 0.05). (D) Radial and axial diffusivities (A, and A) of c.c. before (0 day) and after the treatment with 3-CCB (n = 4

for each case). *B-CCB-treated vs. non-treated (P < 0.05).

Longitudinal MRI analysis offsets these drawbacks and
offers other advantages. DTI evaluation in lesioned rats
showed an FA decrease analyzed at 14 dpl; this decrease
was not observed in non-lesioned rats or in the contralateral
c.c.p. of the lesioned subjects. The FA decrease in the
untreated lesioned group was sustained at least until 35 dpl,
the last day of analysis; whereas the non-lesioned group
maintained the initial FA value throughout the study. In the
lesioned B-CCB-treated group, a robust recovery of the FA
value was observed at 28 dpl and 35 dpl, although FA
improvement cannot be directly correlated with an increase
in myelination. This result, together with BGIl images at 35
dpl, seems to indicate that at least part of the FA recovery in
the B-CCB group can be explained by an increase in the
amount of myelin. The A, decay in the lesioned B-CCB-trea-
ted group at 28 dpl and 35 dpl also suggested an improve-
ment in myelination (Song et al., 2002; Song et al., 2003). At
the same time, A did not show significant changes during
the period of analysis in all groups, a result that is in agree-
ment with reports suggesting low axonal damage by EB injec-
tion in the c.c.p. (Woodruff and Franklin, 1999).

Moreover, DTI metrics evaluation in the c.c. also showed that
B-CCB administration promoted an increase in FA values, as
well as a slight decrease in A,. This finding indicated that the
effect of B-CCB might be generalized on other tracts. However,
increased FA also has been seen in contexts not directly
related to myelination improvement (Voss et al., 2006; Wilde
etal., 2008; Lo etal., 2009; Budde et al., 2011). Thus, two basic
aspects should be studied further: First, a possible myelin
sheath recovery must be shown using ultrastructural techni-
ques and/or molecular approaches; second, although myelina-
tion improvement might have some relation to the GABAergic
signaling increase in the oligodendroglial lineage, the cellular
mechanism involved in the effect of 3-CCB remains unknown,
and direct evidence for this relationship should be explored in
detail.

In summary, these findings suggest that c.c.p. remyelina-
tion in the DRCCP model can be monitored longitudinally by
MRI, measuring FA and A values; and that 3-CCB treatment
improved the remyelination process. Therefore, they are
useful for the development of animal models to perform
quantitative longitudinal analyses of demyelination and
remyelination processes and to test and validate novel ther-
apeutic strategies.
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