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Animal models of central nervous system (CNS) demyelination,
including toxin-induced focal demyelination and immune-mediated
demyelination through experimental autoimmune encephalomyeli-
tis (EAE), have provided valuable insights into the mechanisms of
neuroinflammation and CNS remyelination. However, the ability to
track changes in transcripts, proteins, and metabolites, as well as
cellular populations during the evolution of a focal lesion, has
remained challenging. Here, we developed a method to label CNS
demyelinating lesions by the intraperitoneal injection of a vital dye,
neutral red (NR), into mice before killing. We demonstrate that NR-
labeled lesions can be easily identified on the intact spinal cord in
both lysolecithin- and EAE-mediated demyelination models. Using
fluorescence microscopy, we detected NR in activated macrophages/
microglia and astrocytes, but not in oligodendrocytes present in
lesions. Importantly, we successfully performed RT-qPCR, Western
blot, flow cytometry, and mass spectrometry analysis of precisely
dissected NR-labeled lesions at 5, 10, and 20 d postlesion (dpl) and
found differential changes in transcripts, proteins, cell populations,
and metabolites in lesions over the course of remyelination. There-
fore, NR administration is a simple and powerful method to track
and analyze the detailed molecular, cellular, and metabolic changes
that occur within the lesion microenvironment over time following
CNS injury. Furthermore, this method can be used to identify mo-
lecular and metabolic pathways that regulate neuroinflammation
and remyelination and facilitate the development of therapies to
promote repair in demyelinating disorders such as multiple sclerosis.
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he mechanisms of central nervous system (CNS) injury and

repair have been extensively studied to identify strategies that
promote regenerative processes and prevent neurological de-
cline. In multiple sclerosis (MS), CNS lesions of the white mat-
ter, caused by repeated immune-mediated attacks and
destruction of myelin, result in neurodegeneration and pro-
gressive disability (1-4). In the early stage of MS, endogenous
CNS repair through remyelination takes place following de-
myelination and involves the recruitment, proliferation, and
differentiation of oligodendrocyte precursor cells (OPCs) into
myelin-producing oligodendrocytes (5-8). However, at the later,
progressive stage, this regenerative process fails, with most le-
sions remaining demyelinated, leading to chronic axonal dys-
function and clinical deterioration (9-13). The mechanisms that
lead to remyelination failure in MS remain unknown.

To understand the biology of remyelination and develop
strategies to enhance this process in MS, several models of ex-
perimental demyelination are employed (14-19). One of the
widely used approaches is focal injection of lysolecithin into the
CNS white matter of rodents (15). The advantages of this model
include robust remyelination, tractable lesion location, and the
established time course of lesion evolution (20-23). However,
the identification of a lesion site is limited to traditional methods
such as histological or immunostaining and in situ hybridization
on fixed tissue sections and precludes selective dissection of the
entire lesion for quantitative analysis of transcripts, proteins,
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metabolites, and cell populations. A reliable strategy to rapidly
identify and selectively dissect lesions from an intact unfixed
tissue would significantly contribute to our understanding of the
biochemical, molecular, and cellular composition of lesions
over time.

Here, we developed a technique using neutral red (NR), a vital
dye, to label CNS lesions in vivo in mouse models of experimental
demyelination. NR incorporates into live cells and has a prefer-
ence for cellular compartments with low intracellular pH, such as
lysosomes in macrophages (24-26). We reasoned that NR would
label areas of CNS injury in the live animal due to the enrichment
of macrophages/microglia at lesion sites (27-30). We show that a
single intraperitoneal (i.p.) injection of NR into experimentally
demyelinated mice 2 h before sacrifice resulted in specific intense
red labeling of demyelinated lesions on the intact CNS tissue
during remyelination. NR injection successfully labeled focal le-
sions in lysolecithin-demyelinated spinal cord and corpus cal-
losum, as well as multiple diffuse lesions in mice with experimental
autoimmune encephalomyelitis (EAE). Taking advantage of its
natural fluorescent characteristic, we detected NR staining in
immunolabeled activated macrophage/microglia cells and a sub-
population of reactive astrocytes in demyelinated lesions. Im-
portantly, we show that NR-labeled lesions can be selectively
dissected out from unfixed CNS tissues, without the need for tis-
sue sectioning, and processed for flow cytometry, RT-qPCR, and
Western blot analyses. Furthermore, mass spectrometry analysis
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of NR-labeled lesions revealed a significant increase in several
amino acids (AAs) and metabolites following demyelination, and
their subsequent reduction during remyelination. This newly de-
veloped strategy will allow comprehensive analysis of the bio-
chemical, molecular, and cellular composition of lesions over time,
which could uncover novel mechanisms in immunoregulation and
remyelination following CNS injury.

Results

Detection of NR in CNS Lesion following Demyelinating Injury. To
detect and track a lesion site for quantitative analyses of mi-
croenvironmental changes occurring over the course of CNS
injury, we developed a method using NR labeling. NR is a vital
dye (31, 32), which has a preference for incorporating into
cellular compartments with a low pH and has been used to de-
termine cell viability and cytotoxicity (25, 26, 32). We hypothe-
sized that administering NR into mice after spinal cord focal
demyelination would result in the preferential staining of the
demyelinated lesion in vivo, due to the enrichment of activated
macrophages/microglia and astrocytes with high lysosomal con-
tent at the site (30, 33, 34). To determine whether NR selectively
labels the lesion site, focal lysolecithin-induced demyelination
was induced in the mouse ventral spinal cord white matter, and a
single i.p. injection of the dye was performed 2-3 h before killing.
No obvious adverse reactions were observed in mice after NR
administration. The spinal cords were collected at 5, 10, 20, 30,
and 50 d postlesion (dpl, Fig. 14). These time points correspond
to increased inflammation and OPC recruitment at 5 dpl, in-
flammation resolution and oligodendrocyte differentiation at
10 dpl, and remyelination completion after 20 dpl (22, 23, 35).
We found that NR was highly visible on the intact ventral spinal
cord in expected demyelinated lesion sites at 5, 10, and 20 dpl
(Fig. 1 B-D). Moreover, no NR staining was detected outside of
the lesion or in nonlesioned spinal cord tissue (Fig. 1 B-F). We
observed a small area of weak NR staining at 30 and 50 dpl,
suggesting complete inflammation resolution and lesion repair at

these time points (Fig. 1 E and F). To confirm that NR labels
demyelinated lesions, we generated cryosections of NR-labeled
tissues. We detected NR labeling in the ventral white matter
where the focal lesion was expected (Fig. 1G). The staining in-
tensity was generally weaker in thin tissue sections (12 pm thick)
compared with intact tissue. Compared with toluidine blue stain-
ing of adjacent tissue sections, we found that NR highlighted the
same area of lesion as the toluidine blue stain, suggesting that NR
labeled the demyelinated lesion boundary (Fig. 1 G and H).
Therefore, NR injection shortly before tissue collection allows
the rapid and precise detection of the lesion site.

Previous reports have shown that NR can be used as a fluo-
rescent probe with an excitation spectrum of 450-550 nm and a
wide emission spectrum with the maximum range from 550 to
650 nm (31, 36). We utilized NR fluorescent properties combined
with immunohistochemistry to identify labeled cell populations in
lesions. We found that NR displayed intense fluorescence in the
lesion at 5, 10, and 20 dpl, and mainly colocalized with activated
macrophages/microglia labeled by the Ibal marker (Figs. 2 A-C
and 3C), whereas no NR labeling was detected in Ibal™ resting
microglia with ramified appearance in the adjacent nonlesioned
spinal cord (Figs. 2D and 3C). We further examined different
types of macrophages/microglia labeled by NR in the lesion at
5 dpl, using iNOS for proinflammatory macrophages, CD68 for
phagocytic macrophages, arginase 1 (Argl) for antiinflammatory
macrophages, and P2Y12 for resting microglia (SI Appendix, Fig.
S1). We observed NR colocalization in iNOS™ (SI Appendix, Fig.
S14), CD68* (SI Appendix, Fig. S1B), and Argl* (SI Appendix,
Fig. S24) macrophages/microglia, but not in P2Y12* resting
microglia (SI Appendix, Fig. S1C). We further analyzed
Argl immunostaining at 10 and 20 dpl and found decreased
numbers of Argl™ cells at these time points, while NR staining was
still observed in the lesion (SI Appendix, Fig. S2 B and C). To
further determine that NR dye labels the original lesion area
during remyelination, we performed myelin basic protein (MBP)
immunostaining at 5, 10, and 20 dpl (SI Appendix, Fig. S3 A-C).
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Fig. 1. Focal CNS lesion identified by NR labeling. (A) A schematic of experimental paradigm of a spinal cord lesion induced by lysolecithin injection and
labeled with NR 2 h before killing at 5-50 dpl. (B-F) Bright-field representative images of NR-labeled lesion and unlabeled nonlesion tissue (n = 4-6 animals
per time point examined) on the intact spinal cord at 5 (B), 10 (C), 20 (D), 30 (E), and 50 dpl (F). (G and H) Adjacent sections showing NR (G) and toluidine blue
(H) staining of demyelinated area (dotted line). (Scale bars, B—F, 2 mm; G and H, 100 pm.)
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Fig. 2.

Fluorescence detection of NR in demyelinating lesion. Representative confocal images showing NR fluorescence (red) colocalized with Iba1 (green), a

marker of activated macrophages/microglia in a lesion, detected by enhanced DAPI staining (blue) at 5 (A), 10 (B), and 20 dpl (C) (n = 3 animals per time point
examined). (D) An adjacent nonlesion side (N/L) shows no NR labeling in resting macrophages/microglia detected by Iba1 (green). (Scale bar, 100 pm.)

We found that NR labeling remained detectable at the lesion, as
confirmed by clustered DAPI labeling, and covered the remyeli-
nating area with MBP staining at 20 dpl (SI Appendix, Fig. S3C).

At 5 dpl, we also observed NR colabeling in a subpopulation of
activated (or reactive) astrocytes marked by GFAP (Fig. 34). The
number of activated astrocytes was significantly decreased at 10 and
20 dpl, while NR staining remained visible in the lesion at these
time points (SI Appendix, Fig. S4 B and C). At 5 dpl, NR-labeled
astrocytes displayed a foamy cell morphology (Fig. 3C), compared
with the fibrous-appearing astrocytes found in the lesions at later
time points without the NR label. Moreover, we did not find any
NR-labeled oligodendrocyte lineage cells marked by Olig2 in le-
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sions, suggesting that NR does not incorporate into oligodendrocyte
lineage cells (Fig. 3 B and C). The intense intracellular labeling in
activated macrophages/microglia and reactive astrocytes likely cor-
responds to increased lysosomal activity in lesions. Moreover, the
lack of NR labeling in oligodendrocyte lineage cells might relate to
their higher intracellular pH (37) and lower lysosomal content (Fig.
3C). Hence, NR can be used for fluorescent detection of the lesion
site and immunohistological analysis of the various cell populations
present at different stages of lesion evolution.

Transcriptional and Protein Analyses of NR-Labeled Lesions. A major
challenge in evaluating biochemical, molecular, and cellular changes

Baydyuk et al.
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Fig. 3.

overlay

overlay-

NR labels macrophages/microglia and reactive astrocytes but not oligodendrocytes. (A) NR fluorescence (red) and immunostaining (green) for reactive

astrocyte marker GFAP or oligodendrocyte lineage cells, Olig2 (B) at 5 dpl. (C) High magnification images show intracellular NR staining in Iba1* and GFAP* cells. No
NR labeling was detected in Olig2™* cells in lesion or Iba1* resting microglia in nonlesion tissue at 5 dpl (n = 3 animals examined). (Scale bars, B, 100 um; C, 10 pm.)

during remyelination has been the difficulty to precisely isolate le-
sions from unfixed tissues. To characterize the molecular compo-
sition of lesions, NR-labeled lesions and adjacent unlabeled white
matter tissue were selectively dissected from unfixed spinal cord and
subjected to quantitative analyses of transcripts and proteins. RT-
qPCR analysis of purified messenger RNA (mRNA) from isolated
spinal cord tissues revealed a sevenfold reduction in gene expression
for myelin basic protein (Mbp) at 5 dpl in NR-labeled lesions
compared with adjacent nonlesioned tissues (n = 4-6 per group; P =
0.006, Fig. 44), corresponding to the depletion of myelin in lesions
after lysolecithin injection. However, Mbp expression in lesions
gradually increased from 5 to 20 dpl, corresponding to increased
remyelination in lesions over time (Fig. 44). Interestingly, the ex-
pression of Pdgfra, a marker of OPCs, was reduced by threefold
compared with nonlesioned tissue at 5 dpl (n = 6 per group, P =
0.039, Fig. 4B), despite the expectation that OPC numbers would
increase in lesions at this time point (23, 35). Pdgfra expression was
further decreased by 10 dpl, corresponding to the differentiation of
recruited OPCs into oligodendrocytes as previously reported, and
returned to control levels by 20 dpl (Fig. 4B). These results suggest
that under the highly inflammatory demyelinating environment at
5 dpl, Pdgfra expression in OPCs may be lower than expected, but
returns to homeostatic levels in the lesion upon myelin repair
by 20 dpl.

Baydyuk et al.

We also examined the expressions of Scarbl and Argl, which
are markers of activated macrophages/microglia, and found that
both transcripts were significantly increased in NR-labeled le-
sions compared with nonlesioned white matter at 5 dpl (n = 6-§,
P =0.027, and P = 0.03) and returned to control levels by 10 dpl
(Fig. 4 C and D). This result suggests that inflammation reso-
lution has occurred by this time point and is consistent with
published reports showing differential mRNA expression in le-
sions at different stages of remyelination (23, 35, 38-40).

To determine if changes in protein levels associated with remye-
lination and inflammation could be assessed in dissected NR-labeled
lesions, we performed Western blot analysis on NR-labeled and
adjacent nonlabeled tissue for the expression of myelin oligoden-
drocyte glycoprotein (MOG), Ibal, and glial fibrillary acidic protein
(GFAP). We observed reduced MOG expression and increased
Ibal and GFAP expression in NR-labeled tissues compared with
nonlabeled tissues at 5 dpl (Fig. 4E), consistent with the loss of ol-
igodendrocytes and increase in activated macrophages/microglia and
reactive astrocytes in the lesion at this time point (Fig. 4 A-D).
Taken together, these data demonstrate that NR labeling allows for
the quantitative assessment of lesion composition and can be used to
characterize molecular signals over the course of CNS remyelination.

Flow Cytometry Analysis of Cell Populations in NR-Labeled Lesions.
The evolution of a remyelinating lesion consists of dynamic shifts
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Fig. 4. Differential mRNA and protein expression in NR-labeled lesion. NR-labeled lesion and adjacent nonlesion tissue at 5, 10, and 20 dpl were dissected out
and processed for RT-qPCR (A-D) or protein (E) analyses (n = 6-8 animals per time point examined). The expression of oligodendrocyte-specific genes, Mbp (A)
and Pdgfra (B), was normalized to B2m housekeeping gene; macrophage-specific Scarb? (C) and Arg7 (D) mRNA levels were normalized to Ppia. (E) The
amount of myelin oligodendrocyte glycoprotein (MOG), macrophage/microglia marker lba1, and astrocyte marker GFAP in NR-labeled lesion (L) and un-
labeled nonlesion (N/L) tissue at 5 dpl detected by Western blot. p-actin was used for loading control. Data presented as mean + SEM. *P < 0.05, **P < 0.01.

in cell populations from abundant proinflammatory macro-
phages/microglia and recruitment of OPCs during the initial
stages of remyelination to inflammation resolution and increased
oligodendrocyte differentiation at the later stages of myelin re-
pair (2,5, 7,9, 12, 27, 39, 41). Since NR is delivered a few hours
before killing, this method is not expected to induce cell toxicity
and affect the inflammatory microenvironment or remyelination
efficiency (Figs. 2-4). To identify cell populations present in the
lesion, flow cytometry analysis was performed on dissected NR-
labeled and adjacent nonlabeled tissue. The cells were dissoci-
ated and stained with anti-CD45, a marker of leukocytes, at
5 dpl. Flow cytometry analysis revealed a fivefold increase in the
percentage of CD45™" cells in NR-labeled lesions compared with
control (2.12 + 0.23% NR labeled vs. 0.64 + 0.2% nonlabeled;
n = 3, paired ¢ test P = 0.013; Fig. 5 A and B), consistent
with increased inflammation at this time point. Among the
CD45*CD11c¢™ cell population present in the NR-labeled lesion
at 5 dpl, the majority (57.56%) corresponded to F4/80*/CD11b*
macrophages (Fig. 5C). Moreover, among the CD45% F4/80~
cells, we detected mostly CD11b~CD11c* lymphoid dendritic
cells (30.41%) and CD11b*CD11c* myeloid dendritic cells
(37.60%) (Fig. 5D).

To identify different populations of oligodendrocyte lineage
cells present in the lesion, we further analyzed CD45™ pop-
ulation using specific markers for different stages of oligoden-
drocyte maturation: Pdgfra for OPCs, O4 for late progenitors/
newly differentiated oligodendrocytes, and GALC for mature
oligodendrocytes (42). Consistent with previously published
studies, we observed an increase in OPCs marked by Pdgfra
(Pdgfra*O47) in the lesion at 5 dpl compared with nonlesion
tissue (9.58% in nonlesion vs. 13.41% in lesion tissue, Fig. 5 E
and F, respectively). Moreover, we found that the number of
newly differentiated oligodendrocytes in the lesion (Pdgfroa~O4")
was reduced (52.72% in nonlesion tissue vs. 20.95% in the le-
sion, Fig. 5 E and F, respectively). Furthermore, we observed an
increase in mature oligodendrocytes (GALC*YO47) in the lesion
at 10 dpl, indicating oligodendrocyte differentiation and remye-
lination (22.06% at 5 dpl vs. 39.56% at 10 dpl, Fig. 5 G and H,

14294 | www.pnas.org/cgi/doi/10.1073/pnas.1819343116

respectively). These results demonstrate that we could successfully
isolate OPCs and oligodendrocytes at various stages of differen-
tiation in the NR-labeled lesion. Thus, the NR-labeling method
can be used to quantify diverse cell populations present in the
lesion and changes in cellular composition during remyelination.

Changes in Amino Acid and Metabolic Profiles during Remyelination.
Metabolic profiling can be used to elucidate biochemical pro-
cesses associated with cellular state and activity (43-45). To ex-
amine changes in AAs and other metabolites during remyelination,
we performed mass spectrometry analysis of dissected NR-labeled
lesions and adjacent nonlesioned tissue (Fig. 6). The NR dye has a
distinct peak on a chromatogram of signal intensities among vari-
ous metabolites, thus does not interfere with the identification of
metabolites, making it suitable for mass spectrometry. We exam-
ined 21 AAs and found that 5 essential AAs, including histidine
(His), methionine (Met), phenylalanine (Phe), threonine (Thr),
and valine (Val) as well as 3 nonessential AAs, glycine (Gly),
proline (Pro), and serine (Ser), were significantly increased in le-
sions at 5 dpl compared with adjacent nonlesioned tissue from the
same spinal cord (n = 6-9 animals per group, P = 0.039 for His;
P = 0.023 for Met; P = 0.0057 for Phe; P = 0.027 for Thr; P =
0.037 for Val; P = 0.048 for Gly; P = 0.026 for Pro; P = 0.047 for
Ser; Fig. 6 A and B). Moreover, AA levels were reduced to baseline
during remyelination at 10 and 20 dpl (Fig. 6 A and B). Corrob-
orating our mRNA and protein profiles, which show up-regulation
of inflammatory markers at 5 dpl (Fig. 4), these results suggest that
increased AA levels in the lesion may fuel CNS inflammation
during demyelination, while reduction in AAs might be necessary
to promote inflammation resolution and remyelination.
Following demyelinating injury, the lesion site undergoes
metabolic changes that influence cell reprogramming and dif-
ferentiation, leading to oligodendrocyte maturation and myelin
production (45, 46). We performed mass spectrometry analysis
measuring the levels of 21 biogenic amines in NR-labeled lesions
vs. adjacent nonlesion tissue and identified several metabolites
that were significantly increased in the lesion (Fig. 6C). Similar
to the high level of AAs, such as Met and Pro, in lesions at 5 dpl

Baydyuk et al.
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Fig. 5. Flow cytometry analysis of immune cell populations in the CNS lesion. (A) Representative plots of flow cytometry analysis showing the percentage of
CD45™ cells in NR-nonlabeled control (0.33%) and NR-labeled lesion (1.65%) tissue. (B) Quantification of CD45" cells in the lesion compared with adjacent
unlabeled nonlesion tissue at 5 dpl. Data are presented as mean + SEM. *P < 0.05. (C) Representative plots showing a population of F4/80* CD11b* mac-
rophage cells among the cells gated on CD45" CD11¢”, found in the lesion at 5 dpl. (D) Representative plots showing that among CD45" F4/80~ cells, CD11b~
CD11c* lymphoid dendritic cells and CD11b* CD11c¢* myeloid dendritic cells were detected in the lesion at 5 dpl. (E-H) Representative plots showing a
population of CD45~ oligodendrocytes labeled by Pdgfra (progenitor marker) and 04 (intermediate marker) in nonlesion (E) and at 5 dpl in lesion tissue (F).
Green box indicates OPC population (Pdgfrat04~). The percentage of mature oligodendrocytes was assessed by GALC at 5 dpl (G) and 10 dpl (H). Red box
indicates mature oligodendrocytes (GALC*047).
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Fig. 6. Mass spectrometry generated metabolomics of the lesion environment during remyelination. NR-labeled lesion and adjacent unlabeled nonlesion
tissue (n = 6-9 animals per group) were dissected out at 5, 10, and 20 dpl and processed for mass spectrometry of 21 AAs and 21 biogenic amines, using
ultraperformance liquid chromatography electrospray ionization-tandem mass spectrometry analysis. Five essential AAs (A), 3 nonessential AAs (B), and
5 biogenic amines (C) were significantly increased in NR lesion compared with nonlesioned tissue at 5 dpl during active inflammation. All metabolite AAs and
metabolite levels in NR lesion were reduced to control levels at 10 and 20 dpl during remyelination. Data are presented as mean + SEM. **P < 0.01, *P < 0.05.

(Fig. 6 A and B), we observed increased concentrations of me-
thionine sulfoxide (Met-SO, P = 0.048, Fig. 6C), which is the
oxidized form of Met and is considered a biomarker of oxidative
stress, and hydroxyproline (t4-OH-Pro, P = 0.019, Fig. 6C), a
derivative of Pro and a major component of collagen. The levels
of putrescine, a product of AA breakdown, were also signifi-
cantly up-regulated at 5 dpl (P = 0.021, Fig. 6C). We also de-
tected an increase in the levels of taurine and carnosine in
lesions (P = 0.012 and P = 0.046, respectively) at 5 dpl (Fig. 6C).
Interestingly, taurine and carnosine have been previously shown
to be synthesized and released by oligodendrocytes and sug-
gested to regulate their differentiation (45, 47, 48). Together,
these results show that NR-labeled lesions can be subjected to
metabolomic studies, which can provide insights into bio-
chemical changes in the lesion environment over the course
of remyelination.

NR Labeling in Other Experimental Models of Demyelination. We
next determined if NR labeling can be used in other models of
experimental demyelination. EAE is an autoimmune-mediated
inflammatory condition in the CNS that is characterized by de-
myelination and axonal injury and shares several key patho-
physiological features of MS (16, 18). Mice that develop EAE
display a typical profile of disease progression, in which a clinical
score of 0.0 represents no obvious changes in motor function,
while a score of 3.0-3.5 is given to animals that show complete
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hind limb paralysis, which usually appears by 16-18 d after EAE
induction. To determine whether NR can also label lesions in the
EAE model, we administered NR into mice with MOG-induced
EAE at scores 0.0 or 3.5. As a control, NR was injected into wild-
type mice without EAE induction. We found that in contrast to
control mice that did not exhibit NR labeling (Fig. 74), mice with
EAE showed multiple sites of focal NR labeling throughout the
ventral spinal cord at as early as score 0.0, demonstrating in-
flammatory cell activation days before the development of clin-
ical disability (Fig. 7B). Additionally, we found the number of
lesions and intensity of NR labeling increased in mice with a
clinical score of 3.5 and appeared more widely distributed
throughout the spinal cord (Fig. 7C). These results suggest that
enhanced inflammation in the spinal cord contributed to exac-
erbated demyelinating injury and clinical severity. Moreover, the
diffuse nature and variable intensity of NR labeling in lesions
confirms the difficulty to reliably track remyelination in standard
EAE models without a focal injury approach (49).

To determine whether NR can label demyelinated lesions in
the brain, stereotaxic injection of lysolecithin into the mouse
corpus callosum was performed (50, 51), followed by NR in-
jection before sacrifice at 5 dpl. In tissue sections, NR labeling
could be detected in corpus callosum lesions (Fig. 7D), corre-
sponding to lysolecithin-induced demyelination as confirmed by
toluidine blue staining (Fig. 7E). These results demonstrate that
NR labeling can be used to identify inflammatory lesions in mice
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Fig. 7. NR labels demyelinating lesion in the brain and EAE. (A-C) Repre-
sentative images showing NR labeling of spinal cord from control mice
without EAE (A), or with EAE at clinical score 0.0 (B) and 3.5 (C). Note that NR
is not detectable in mice without EAE (control) but is detected in mice with
EAE before clinical deficit. (D and E) NR labels lysolecithin-induced lesion
(square) in the corpus callosum at 5 dpl. Bright field images showing NR (D)
and toluidine blue staining (E) of demyelinated area.

following demyelinating injury and may be used to characterize
the CNS inflammation and remyelination status in functional or
therapeutic studies.

To determine if NR can label possible developmental damage
of white matter tracts, we performed LPS injection to induce
inflammatory responses in the young mice (postnatal day 14).
This method led to the presence of NR-labeled macrophages/
microglia marked by Ibal immunoreactivity (SI Appendix, Fig.
S5). However, we found that the number of these NR™" cells was
low and sparsely located throughout the corpus callosum. Thus,
using NR labeling in this model, or other models where the
immune cell infiltration is diffuse and the lesion size is very
small, may be challenging compared with the robust staining of
lesions induced by focal toxin injection or EAE.

Discussion

The difficulty of rigorously tracking and quantifying the global
metabolomic, molecular, and cellular changes that occur in
lesions over the course of remyelination presents a major
challenge in understanding the dynamic activities and shifts in
glial and immune cell populations during lesion evolution.
Previously, laser capture microdissection was one of the few
methods available for selective lesion isolation from the unfixed
tissue and has been used to track transcriptional and proteomic
changes in tissue sections (35, 52). However, this technique is
time consuming and costly, and may not yield adequate tissue
quantity and quality for Western blots, flow cytometry, or
metabolic analyses. Our newly developed method of labeling
lesions with NR vital dye presents a major advantage in the
field of experimental demyelination and CNS injury, as we now
can precisely locate lesion site in fixed and unfixed tissue, which
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can be used for detailed biochemical, cellular, and molecular
analyses.

In this study, we successfully performed immunohistochemis-
try, RT-qPCR, Western blot, and flow cytometry on NR-labeled
lesions, confirming the corresponding profiles of remyelination
stages in mice. We determined that NR can be used as a fluo-
rescent probe to outline the lesion site and utilized its fluores-
cence characteristics to perform double labeling with several
cellular markers previously found in the lesion. NR’s wide exci-
tation and emission spectrums, ranging from 450 to 550 nm
and from 500 to 700 nm, respectively, have to be considered
for colocalization studies in fixed tissue (31, 36). However, a
destaining procedure may be used to decrease background and
reduce cross-talk between NR and other fluorescent probes (32).
Our immunohistochemistry results showed that NR labels acti-
vated macrophages/microglia and reactive astrocytes, which are
recruited to the lesion site for the clearance of myelin and cel-
lular debris and are part of immunomodulatory mechanism after
demyelination (27, 30, 41, 53). In contrast, NR is not detected in
oligodendrocytes in lesions, or in cells in nonlesioned CNS tis-
sues, thus showing selective labeling of proinflammatory cell
types in demyelinated lesions.

The NR-labeling approach allows the selective isolation of
lesions from freshly dissected, unfixed spinal cords for quanti-
tative analyses of transcripts, proteins, metabolites, and cell
populations. Consistent with previous reports (23, 35), we found
that at 5 dpl the genes and proteins associated with inflamma-
tion were highly expressed, whereas the oligodendrocyte-specific
markers were reduced at this stage. This pattern reverses when
the lesion environment progresses to active remyelination
stages at 10 and 20 dpl. Since NR does not interfere with the
quality of mRNA isolation, this approach can be further used
to generate comprehensive profiles of transcripts associated
with inflammation and remyelination under normal and path-
ological conditions. Moreover, flow cytometry analysis of cell
populations from NR-labeled lesion demonstrates enrichment
in macrophages, lymphoid, and myeloid dendritic cells at 5 dpl.
Importantly, we show that NR labeling is applicable to isolating
and characterizing oligodendrocyte lineage cells at various stages
of differentiation present in the lesion and enables tracking
progression of remyelination associated with oligodendrocyte
maturation in the lesion. These results provide a useful platform
for further assessment of different cell populations in NR-
labeled lesions.

Following NR administration in lysolecithin demyelination
model, we observed an intense red staining at 5-20 dpl. We
found that the lesion size remains detectable throughout the
repair process (up to 20 dpl) because sufficient NR-labeled cells
are detectable to outline the lesion boundary despite known
reduction in inflammatory macrophages at 20 dpl. However, NR
labeling was dramatically reduced and barely detectable by 30 or
50 dpl. These results suggest that NR will label the lesion site
during the repair process but that the staining will diminish upon
inflammation resolution and the completion of repair. There-
fore, future studies would be necessary to confirm whether NR-
labeling correlates with lesion size under various treatment
strategies. In contrast to the easy detection and precise dissection
of focal lesions labeled by NR, the isolation of individual NR-
labeled lesions from intact spinal cords of mice with severe EAE
(disability score 3.0-3.5) might be challenging as they display
multiple sites of diffuse lesions throughout the entire spinal cord.
It may be possible to isolate focal lesions from presymptomatic
or less affected mice, since multiple sites of focal lesions could be
detected throughout the ventral spinal cord at score 0 after EAE
induction. However, examining individual lesions in this model
may not provide meaningful insights due to the heterogeneity of
lesion severity and the likely variability of remyelination status in
each lesion. Importantly, NR labeling in EAE allows the gross
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assessment of the extent of inflammation in CNS lesions and may
be applied to drug studies in multiple EAE models, includ-
ing cortical or callosal inflammation in more aggressive EAE
forms (54). Together, the NR-labeling approach would be highly
valuable for future immunomodulatory drug studies in EAE and
serve as an important complement to the analysis of protein/
RNA/cellular composition in inflamed CNS tissues.

Using mass spectrometry analysis, we examined the levels of
AAs and metabolites that might play a role in cell differentiation
and reprogramming. We found significantly increased levels of
several essential AAs at 5 dpl, suggesting that regulation of AA
metabolism in demyelinated lesions may play a role in control-
ling the function and activity of proinflammatory cell types, such
as T cell activation by phenylalanine (55). Another AA, methi-
onine, and its metabolite, methionine sulfoxide, were also in-
creased in the lesion at 5 dpl and have been previously shown to
induce M1/classical macrophage activation, which is related to
proinflammatory responses characterized by increased iNOS
activity and TNF-a release (56). Interestingly, we also detected
metabolites important for oligodendrocyte differentiation in NR-
labeled lesion. For instance, it has been shown that carnosine is
primarily synthesized by oligodendrocytes and the rate of its
synthesis correlates with the differentiation of these cells in vitro
(47, 48). Previous reports have also found that carnosine scav-
enges free radicals, inhibits inflammation in the CNS, and pro-
tects against ischemic and hypoxic brain damage through its
antioxidative and antiapoptotic actions (57-59). Another me-
tabolite, taurine, has also been shown to play a role in oligo-
dendrocyte differentiation and suggested to increase the serine
pool necessary for lipid biogenesis during remyelination (45, 60).
Therefore, NR labeling could be used for the detailed bio-
chemical, molecular, and cellular analyses of CNS lesions over
time, revealing novel targets for developing therapeutic ap-
proaches to promote myelin repair. Currently, MS treatment
aims to reduce inflammatory relapses but does not prevent ir-
reversible neurological decline due to remyelination failure (61—
63). This strategy could be combined with functional studies to
uncover mechanisms of immunoregulation and remyelination
and used to investigate drug targets for CNS repair.

Materials and Methods

Animals. C57BL/6J mice of both sexes were purchased from The Jackson
Laboratory and Charles River and were maintained on a 12-h/12-h light/dark
cycle with food and water ad libitum. All experiments were performed in
accordance with approved Institutional Animal Care and Use Committee
protocols of Georgetown University.

Focal Spinal Cord Demyelination and NR Labeling. Focal demyelination was
induced by injecting 1% lysolecithin (Sigma-Aldrich) in PBS into the spinal
cord ventral funiculus of 8- to 12-wk-old C57BL/6J mice of either sex as
previously described (22, 64). At 5, 10, 20, 30, and 50 dpl, mice were i.p.
injected with 500 pL of 1% NR (Sigma-Aldrich) in PBS for spinal cord lesion
labeling and perfused intracardially with PBS or 4% paraformaldehyde
(Sigma-Aldrich) (for immunohistochemistry) 2-3 h later. The NR-labeled le-
sion was detected on the ventral side of the freshly dissected spinal cord.
Dissected labeled and nonlabeled tissue from the opposite site of a spinal
cord were immediately processed or stored at —80 °C.

1. A. Compston, A. Coles, Multiple sclerosis. Lancet 359, 1221-1231 (2002).

2. H. Lassmann, J. van Horssen, D. Mahad, Progressive multiple sclerosis: Pathology and
pathogenesis. Nat. Rev. Neurol. 8, 647-656 (2012).

. R. Dutta, B. D. Trapp, Relapsing and progressive forms of multiple sclerosis: Insights
from pathology. Curr. Opin. Neurol. 27, 271-278 (2014).

4. D. S. Reich, C. F. Lucchinetti, P. A. Calabresi, Multiple sclerosis. N. Engl. J. Med. 378,
169-180 (2018).

. R.J. Franklin, C. Ffrench-Constant, Remyelination in the CNS: From biology to therapy.
Nat. Rev. Neurosci. 9, 839-855 (2008).

. M. Bradl, H. Lassmann, Oligodendrocytes: Biology and pathology. Acta Neuropathol.
119, 37-53 (2010).

7. J. K. Huang et al., Myelin regeneration in multiple sclerosis: Targeting endogenous

stem cells. Neurotherapeutics 8, 650-658 (2011).

w

5]

(=2}

14298 | www.pnas.org/cgi/doi/10.1073/pnas.1819343116

Immunohistochemistry. Inmunohistochemistry was performed as previously
reported (23, 64) with modifications described in S/ Appendix, Material and
Methods. Before immunohistochemistry, sections were destained to reduce
NR intensity with a solution of 50% ethanol/1% glacial acetic acid (Sigma-
Aldrich) for 10 min as previously described (32). Sources and dilutions of
primary antibodies were as follows: rabbit anti-lba1 (1:400, Wako), rabbit
anti-Olig2 (1:300, Millipore), mouse anti-GFAP (1:400, Sigma).

RNA Extraction, cDNA Synthesis, and RT-qPCR. Total RNA was isolated using
the TRIzol Reagent protocol (Life Technologies) and reverse transcribed into
cDNA as described in S/ Appendix, Material and Methods. Results were
normalized against peptidylprolyl isomerase A (Ppia) and p-2-microglobulin
(B2m) and were expressed as mean + SEM. Ppia and B2m are recommended
normalization factors for gene expression studies (65).

Flow Cytometry. NR-labeled lesion and adjacent unlabeled nonlesion sites
from the same spinal cord were dissected at 5 dpl and processed for flow
cytometry as described in S/ Appendix, Material and Methods. Cells were
analyzed on the flow cytometer at the Georgetown Lombardi Comprehen-
sive Cancer Center Flow Cytometry and Cell Sorting Shared Resource.

Western Blot. NR-labeled lesion and unlabeled nonlesion sites were dissected
from spinal cords at 5, 10, and 20 dpl as described above. The tissue was lysed
in RIPA buffer (Millipore), separated by SDS/PAGE, and immunoblotted using
the following antibodies: rabbit anti-lba1 (1:500; Novus), rabbit anti-MOG
(1:200; Santa Cruz Biotechnology), and rabbit p-actin (1:5,000 Abcam) for
loading control. Proteins were detected using horseradish peroxidase-
conjugated secondary antibodies and Pierce ECL Western blotting substrate.

Mass Spectrometry Analysis. NR-labeled lesion and unlabeled nonlesion sites
were dissected from spinal cords at 5, 10, and 20 dpl and processed for mass
spectrometry analysis at the Proteomics & Metabolomics Facility at Geor-
getown University as described in S/ Appendix, Material and Methods.

EAE. EAE was induced using the EAE kit (Hooke Laboratories, catalog no.: EK-
2110) according to the Hooke Laboratories protocol (http://hookelabs.com/
protocols/eaeAl_C57BL6.html). The mice were scored according to the pro-
tocol from Hooke Laboratories and as described in SI Appendix, Material
and Methods.

Corpus Callosum Lesion Using Lysolecithin. Lysolecithin-induced demyelination
of corpus collosum was performed as previously reported (50, 51) and described
in S/ Appendix, Material and Methods.

Statistical Analysis. All statistics were performed using GraphPad Prism 6. Data
are represented as mean + SEM. Data significance was determined using 2-
tailed Student’s t tests, or 1- and 2-way ANOVA with Tukey’s range test for
post hoc analysis. EAE clinical score significance was determined using 1-way
Wilcoxon Rank-Sum Test. Statistical significance is reported as *P < 0.05,
**P < 0.01, ***P < 0.001.
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