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Microglia are considered both pathogenic and protective during
recovery from demyelination, but their precise role remains ill defined.
Here, using an inhibitor of colony stimulating factor 1 receptor (CSF1R),
PLX5622, and mice infected with a neurotropic coronavirus (mouse
hepatitis virus [MHV], strain JHMV), we show that depletion of
microglia during the time of JHMV clearance resulted in impaired
myelin repair and prolonged dinical disease without affecting the
kinetics of virus clearance. Microglia were required only during the
early stages of remyelination. Notably, large deposits of extracellular
vesiculated myelin and cellular debris were detected in the spinal cords
of PLX5622-treated and not control mice, which correlated with de-
creased numbers of oligodendrocytes in demyelinating lesions in drug-
treated mice. Furthermore, gene expression analyses demonstrated
differential expression of genes involved in myelin debris clearance,
lipid and cholesterol recycling, and promotion of oligodendrocyte func-
tion. The results also demonstrate that microglial functions affected by
depletion could not be compensated by infiltrating macrophages. To-
gether, these results demonstrate that microglia play key roles in de-
bris clearance and in the initiation of remyelination following infection
with a neurotropic coronavirus but are not necessary during later
stages of remyelination.

microglia | virus-induced demyelination | coronavirus |
neuroinflammation | remyelination

Viral infections of the CNS require a delicate balance of pro-
and anti-inflammatory factors in order to clear infection while
causing minimal immunopathology. A variety of human CNS viral
infections, including those caused by JC virus, HHV6, HTLV-1,
and measles virus, are known to result in demyelinating diseases
(1-4). Viral infection, among other environmental factors, is also
thought to be involved in the etiology and recrudescence of
multiple sclerosis (MS) (5-8), an autoimmune demyelinating dis-
ease of the CNS.

Microglia are the yolk sac-derived resident macrophages of the
CNS parenchyma (9). While these cells play an important role in
maintaining CNS homeostasis, they are additionally known to play
critical roles surveilling the CNS, allowing for detection of patho-
logical events (10-12). As myeloid cells, they are known to engage
in antigen presentation, secrete pro- and anti-inflammatory cyto-
kines and chemokines, phagocytose pathogens, as well as cellular
debris (13-15). Dysfunctional microglia, however, have been ob-
served to contribute to a variety of neurodegenerative disorders in
the CNS (16). In the context of autoimmune and chemically in-
duced demyelinating diseases, such as experimental autoimmune
encephalomyelitis (EAE) and MS, microglia are thought to play
disparate roles (17). Microglia are present and highly activated in
lesions of demyelination where they have been described to have
both harmful roles, such as production of cytotoxic cytokines,
contribution to oxidative damage, and promotion of pathogenic
T cell responses, as well as beneficial roles, including promotion of
oligodendrocyte differentiation and clearance of myelin and
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cellular debris (14, 17-19). Because microglia are the primary
immune sentinels of the CNS parenchyma (12), they are uniquely
positioned to respond to viral infection and contribute to the
immune-mediated events that follow.

Neurotropic coronaviruses, such as the JHMYV strain of MHYV,
cause acute and chronic demyelinating encephalomyelitis (20).
MHYV, a betacoronavirus, is related to SARS-CoV, MERS-CoV,
and SARS-CoV-2, the newly identified cause of pandemic
pneumonia (21). Following infection with the neuroattenuated
rJ2.2 variant of JHMYV (called JHMV herein) (22), mice develop
mild acute encephalitis around 5-10 d postinfection (dpi), which
80-90% of mice survive. Surviving mice go on to develop
immune-mediated demyelination and hind-limb paresis/paralysis
as a consequence of viral clearance, beginning 7 to 8 dpi and
peaking at 12-14 dpi. These mice, then, begin to recover from
demyelination and undergo remyelination as the antiviral im-
mune response resolves. Microglia are known to be activated
following JHMYV infection and play a critical role in the early
immune response to the virus; in their absence during the first
3 d of infection, mice uniformly succumb to the infection (23).
However, little is known regarding their role in recovery from
demyelination that follows. It is known that microglia along with
blood-borne infiltrating macrophages are present and activated
within lesions of MHV-induced demyelination and that depletion

Significance

Microglia are the resident phagocytic cells of the central nervous
system (CNS). During demyelination, a condition in which myelin
sheaths are damaged and removed from neurons due to in-
flammation, microglia can play both harmful and beneficial
roles, but their exact functions are still unclear. Using a drug that
depletes microglia, we demonstrate that, after infection with
JHMV, a coronavirus that infects the CNS of rodents and causes
immune-mediated demyelination, microglia are essential for re-
pair following demyelination. We found that microglia played
critical roles in initiating this repair process by clearing myelin
debris and producing prorepair factors, both of which promote
the presence and the function of oligodendrocytes, the cells re-
sponsible for repairing and replacing myelin sheaths within
areas of damage.

Author contributions: A.S. and S.P. designed research; AS., S.M., and M.-G.A. performed
research; AS.,, C.M,, Y.Z, Q.Z, X.Z, J.EAA, D.K.M,, and S.P. analyzed data; and A.S. and S.P.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.

"To whom correspondence may be addressed. Email: stanley-perlman@uiowa.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2007814117/-/DCSupplemental.

First published September 14, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2007814117


https://orcid.org/0000-0002-3127-0543
https://orcid.org/0000-0002-4931-5930
https://orcid.org/0000-0001-5294-0764
https://orcid.org/0000-0002-9074-4307
https://orcid.org/0000-0003-4213-2354
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2007814117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:stanley-perlman@uiowa.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007814117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007814117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2007814117

of those peripheral macrophages does not alter demyelination
(24, 25); however, whether microglia play a pathogenic or pro-
tective role following demyelinating encephalomyelitis is largely
unknown.

To better understand the role that microglia play in virus-
induced demyelination and subsequent remyelination, we treat-
ed mice with PLX5622, an inhibitor of CSF1R tyrosine-kinase
activity, which results in microglia depletion (23, 26). Depletion
of microglia at the peak of the adaptive immune response to
JHMYV allowed mice to clear the virus and survive the acute
encephalitis, while also allowing for study of the role of microglia
in the demyelination and subsequent remyelination that follows
these early events. Here, we show that microglia are critical for
the resolution of demyelination and initiation of remyelination
and recovery following JHMYV infection. Mice in which microglia

were depleted in the later stages of virus clearance failed to re-
cover clinically from hind-limb paralysis and or resolve lesions of
demyelination. However, delayed PLX5622 treatment indicated
that microglia function was most critical in the early stages of
remyelination but was dispensable at later times in the remyelination
process.

Results

Depletion of Microglia after Viral Clearance Exacerbates Disease. To
assess the role of microglia in the processes of demyelination and
remyelination that follow JHMV clearance, we infected mice
intracranially with 700 plaque forming units (PFUs) of JHMV.
We, then, treated them beginning at 7 dpi with dietary PLX5622,
which results in depletion of microglia but not monocyte-derived
macrophages if provided to naive animals or prior to infection
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Fig. 1. Exacerbated disease in mice depleted of microglia. Mice were infected intracranially with 700-PFU JHMV, then fed at day 7 p.i. with PLX5622-
containing or control chow (A-F). Representative flow plots of spinal cords showing gating for lymphocytes (CD45*CD11b~), monocytes/macrophages
(CD45MCD11b*, M®), and microglia (CD45™CD11b*) at day 14 p.i. (B). Summary of numbers of microglia in spinal cords at day 14 p.i. (C). Clinical scores at
indicated days p.i. (D). (B-D n = 10 mice/group). Expression levels of viral genomic RNA (gRNA) as assessed by qPCR (E) (n = 4-13 mice/group) and infectious
virus titers as determined by plaque assay in the spinal cord (F) (n = 4-9 mice/group). Mice were infected and fed at day 10 (G and H) or day 15 (/ and J) p.i.
with PLX5622-containing or control chow. Mice were infected and fed PLX5622-containing or control chow at day 7, followed by replacement of PLX5622-
containing chow with control chow at 14 dpi (K and L). Clinical scores at indicated days p.i. (H, J, and L) (n = 5-10 mice/group). Data represent the mean + SEM,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Mann-Whitney U test.
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(26, 27). Drug was added at 7 dpi (Fig. 14) because microglia are
critical for virus clearance in the first few days after infection
(23). JHMV is largely cleared from the brain by 7 dpi (SI Ap-
pendix, Fig. S1) (20). At day 14 postinfection (p.i.), 7 d following
the administration of PLX5622, microglia (CD45™CD11b™)
were depleted by 70-75% in spinal cords compared to control
diet-treated mice as assessed by flow cytometry (Fig. 1 B and C).

While mice that underwent microglia depletion reached the
same peak clinical scores as mice treated with a control diet,
these mice failed to undergo the recovery from clinical disease
seen in control mice beginning at day 9-12, the time of peak
disease (Fig. 1D). Mice lacking microglia continued to show signs
of hind-limb weakness or paralysis through day 50 and beyond,
while control mice were mostly fully recovered by 35 dpi. While
infectious virus was cleared from the brain by 11 dpi (SI Ap-
pendix, Fig. S1), clearance from the spinal cord was incomplete
by 14 dpi (Fig. 1F). To assess the effects of drug treatment on
viral clearance, we next assessed viral titers in control- and
PLX5622-treated mice. We observed no substantial differences
in viral genomic material or in infectious virus as measured by
plaque assay between control- and PLX5622-treated mice at 14
or 21 dpi in the spinal cord or brain (Fig. 1 E and F and SI
Appendix, Fig. S1). Infectious virus was fully cleared by 21 dpi in
both brain and spinal cord, while levels of gRNA were greatly
decreased. Together, these results demonstrate a critical role for
microglia in recovery from clinical disease that is independent of
virus clearance and that virus clearance is able to proceed in the
absence of microglia following the initiation of the adaptive
immune response.

These data demonstrating impairments in recovery after
PLX5622 treatment suggested that microglia played a role in the
initiation of this process, so we next sought to identify the tem-
poral window in which microglia perform this role. Delaying
initiation of treatment with PLX5622 to 10 dpi (Fig. 1G) resulted
in clinical scores similar to those observed in mice treated at 7
dpi (Fig. 1H). However, when depletion of microglia was delayed
until 15 dpi (Fig. 11), clinical signs of hind-limb paralysis were no

different from control mice (Fig. 1J), suggesting that there is a
limited window following the onset of demyelination in which
microglia are critical for mitigating disease, following which they
are dispensable. Withdrawal of PLX5622 treatment is known to
result in a rapid and robust repopulation of microglia via self-
renewal (28, 29), so we next provided PLX5622 at 7 dpi and,
subsequently, removed the drug and replaced it with control feed
at 14 dpi in order to determine whether microglia could perform
their role in mitigating disease after delaying their presence
(Fig. 1K). Following initially exacerbated disease while on
PLX5622 treatment, these mice ultimately recovered similar to
control-treated mice (Fig. 1L), suggesting that microglia are
critical for the initiation of disease recovery rather than at a
specific time after disease onset.

Mice Lacking Microglia Have Exacerbated Demyelination and Fail to
Recover. The prolonged presence of hind-limb paralysis sug-
gested that myelin destruction was ongoing or that remyelination
was impaired. To begin to evaluate these possibilities, we next
determined the impact of microglia depletion on the extent of
demyelination in the spinal cord after Luxol fast blue (LFB)
staining. Demyelination was present throughout the spinal cord
especially in the cervical region at day 14 dpi. Modestly more
myelin destruction was detected in PLX5622 compared to
control-treated mice at day 14 dpi, but these differences were not
statistically significant. By day 21, a time point at which control
mice have begun to recover both clinically and histologically, we
found that demyelination in the spinal cords of mice lacking
microglia was unchanged while it had decreased substantially in
controls (Fig. 2 4 and B). By 50 dpi, a time point at which most
control mice have fully recovered from clinical signs of disease,
PLX5622-treated mice underwent little to no recovery in terms
of demyelination with lesion sizes comparable to those at 21 dpi
(Fig. 2 A and C). Furthermore, when we assessed mice treated
with PLX5622 beginning at 15 dpi, which did not affect clinical
disease (Fig. 1J), we observed no differences in the degree of
demyelination in control- and PLX5622-treated mice when
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Fig. 2. Prolonged and exacerbated demyelination following microglia depletion. Mice were infected and fed with PLX5622-containing or control chow
starting at day 7 p.i. Demyelination was quantified at indicated times p.i. (A). Representative images of LFB and hematoxylin and eosin (H&E) stained thoracic
spinal cords at day 21 (B) and cervical spinal cords at day 50 (C) p.i. Mice were infected and fed at day 15 p.i. with PLX5622-containing or control chow and
demyelination quantified at day 28 p.i. (D). Mice were infected and fed PLX5622-containing or control chow at day 7, followed by replacement of PLX5622-
containing chow with control chow at 14 dpi, and demyelination was quantified at day 28 p.i. (E). (Scale bars, 500 pm.) Except for two images on the right
hand side of panel B where scale bar, 100 pm. Data shown in A are representative of two independent experiments with 5-7 mice per group. Data represent

the mean + SEM, *P < 0.05, **P < 0.01 by Mann-Whitney U test.
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assessed at 28 dpi (Fig. 2D) further reinforcing the notion that
microglia are essential for initiating steps leading to reduced
demyelination and increased remyelination. In addition, treat-
ment with PLX5622 at 7 dpi and subsequent replacement with
control chow at 14 dpi (Fig. 1 K and L) resulted in comparable
levels of demyelination to mice receiving control chow and sig-
nificantly less myelin destruction relative to mice that remained
on PLX5622-containing chow when assessed at 28 dpi (Fig. 2E).
Together, these data reinforced the notion that microglia are
critical for the initiation of recovery from demyelination and that
this process does not need to occur at a fixed time after infection.

Reduced Populations of Inmune Cell Effectors Following Depletion of
Microglia. The increased severity of demyelination in PLX5622-
treated mice suggested a potential exacerbation of the inflam-
matory response, which could continue the process of immune-
mediated demyelination and impair recovery (30-32). To assess
the role of microglia in regulating the immune response fol-
lowing viral clearance, we first measured the numbers and fre-
quency of infiltrating monocytes/macrophages (CD45"CD11b™*
Ly6G™) in the spinal cord at 14 dpi, 7 d after the onset of
PLX5622 treatment. In mice depleted of microglia, monocytes/
macrophages were reduced in both frequency and number
compared to control mice (Fig. 34). Furthermore, we observed
an increase in the relative expression of Ly6C on these cells,
suggesting a potential impairment in differentiation from in-
flammatory monocytes to mature macrophages. Of note, MHCI
and MHCII expressions on macrophages were unaltered in the
presence of PLX5622 treatment (Fig. 3B). Next, we measured
the CD4 and CD8 T cell responses during demyelination as these
cells play nonredundant roles as effectors of demyelination fol-
lowing JHMYV infection (30). In the absence of microglia, we
found decreases in the number of CD4 T cells (Fig. 3C), al-
though the frequency of CD4 T cells specific for epitope M133,
the immunodominant CD4 epitope (33), was the same as in
control mice (Fig. 3 D and E). However, total numbers of M133-
specific T cells were reduced in the drug-treated mice (Fig. 3E).
Additionally, the number of Foxp3™ Tregs was also diminished
in mice lacking microglia, reflecting an overall reduction in the
numbers of CD4 T cells (Fig. 3F). CD8 T cells were similarly
decreased in terms of total numbers (Fig. 3G), although an in-
creased frequency (but not number) was virus specific as mea-
sured by the response to the immunodominant CD8 T epitope
(S510) of JTHMV (Fig. 3 H and I) (34, 35). These data, which
indicate that the depletion of microglia results in a reduction in
the total and virus-specific T and myeloid cell immune responses,
were unexpected because these cells are required for demyelin-
ation (25, 30).

Microglia Up-Regulate Factors Involved in Remyelination Following Viral
Clearance. This decreased number of immune cells suggested, in-
stead, that microglia played an important role in remyelination. To
better understand the role of microglia in myelin repair, we isolated
microglia from spinal cords of JHMV-infected mice at 14 dpi,
corresponding with the peak of demyelination, onset of recovery, 21
dpi, a time when recovery and remyelination had substantially oc-
curred, and from mock-infected mice. PLX5622-treated mice were
not included in this experiment because microglia numbers were
very low in these mice. We, then, performed next-generation RNA
sequencing (RNA-seq) on these microglia to compare their tran-
scriptomes and identified 1,818 total unique differentially expressed
genes among the three pairwise group comparisons with 1,413 dif-
ferentially regulated genes between microglia from mock-infected
mice and mice at 14 dpi, 1,266 genes between mock and 21-dpi
microglia, and 91 between 14- and 21-dpi animals. Most of the latter
differences represented genes returning to mock-infected levels
by day 21 p.i. (Fig. 44). Several genes proposed to be involved in
promoting remyelination were found to be generally up-regulated at
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both 14 and 21 dpi relative to mock-infected mice (Fig. 4B). Some
of these genes encode for proteins that are purported to play a role
in promoting oligodendrocyte maturation and proliferation, such as
Igfl and Lgals3 (Galectin 3) (36-39). Unexpectedly, Cxcl12, which is
involved in remyelination (40), was down-regulated following in-
fection. Furthermore, microglia at both 14 and 21 dpi up-regulated
genes critical for the uptake and degradation of cellular and myelin
debris, such as Apoe, Clec7a, and Axl (41-43). Accumulation of
debris within lesions has been demonstrated to inhibit oligoden-
drocyte recruitment and differentiation (18, 41, 44) and, thus, delay
recovery/remyelination. To confirm these results, we performed
gPCR analyses for several of these genes using isolated microglia.
As shown in Fig. 4D, we confirmed the up-regulation of IGF1, Axl,
ApoE, Tgm2, Lgals3, and Itgax (CD11c) mRNA and the down-
regulation of CXCLI2 mRNA at 14 dpi compared to mock-
infected cells (Fig. 4C).

While microglia were depleted in mice treated with PLX5622,
it is possible that infiltrating monocytes/macrophages compen-
sated for some functions of microglia. To examine this possibil-
ity, we first focused on a single gene IgfI, which was up-regulated
in our transcriptome study and is well described as important in
both developmental myelination and remyelination (36, 37). In
the CNS, IGF1 is primarily expressed by CD11¢* microglia (37);
however, in other tissues, CD11c* macrophages express IGF1
(45). We found that the gene encoding for CD11c¢ (Itgax) was up-
regulated by microglia at both 14 and 21 dpi (Fig. 4B). When
isolated monocytes/macrophages (CD45h'CD11b+Ly6G’) from
PLX5622-treated and control mice were analyzed for Igf]
mRNA and CD11c expression, we found a reduction in relative
CDl1lc expression in PLX5622-treated mice (Fig. 4D) when
assessed by flow cytometry but no significant difference in Igf!
mRNA expression when assessed on a per cell basis (Fig. 4C).
Analysis of mRNA levels of other purported promyelination
genes identified in our RNA sequencing analyses in isolated
monocytes/macrophages revealed no differential expression of
these genes between control- and PLX5622-treated mice
(Fig. 4C). Based on gene expression patterns in microglia after
infection, we expected to find a decrease in the genes described
above following microglia depletion. When whole spinal cords
were analyzed, we observed statistically significant differences in
Igf1 and Clec7a messenger RNA (mRNA) expression and trends
toward decreased expression in ApoE and Axl (SI Appendix, Fig.
S2). Collectively, these data indicated that macrophages in drug-
treated mice were unable to compensate for these promyelina-
tion functions in the absence of microglia, recognizing that some
of this inability may stem from the decreased numbers of mac-
rophages present in drug-treated spinal cords.

Increased Cellular Debris in Lesions of Mice Lacking Microglia. The
transcriptome analyses identified potential roles for microglia in
myelin and cellular debris removal and in myelin synthesis.
Furthermore, the data in Fig. 2B suggest that more vacuolization
occurs in PLX5622-treated compared to control mice, indicative
of extensive white matter (WM) destruction. In order to assess
the effects of the absence of microglia on debris clearance within
lesions and to quantify vacuolization, we stained spinal cord
sections with toluidine blue or LFB and hematoxylin and eosin
(H&E at 21 dpi), a time when remyelination is ongoing in con-
trol mice. Sections stained with toluidine blue revealed extensive
remyelination in control mice at 21 dpi as demonstrated by axons
with thin myelin sheaths (Fig. 54, arrowheads). However, in le-
sions of drug-treated mice, fewer axons were detected, and pri-
marily unmyelinated axons and large vacuoles (Fig. 54, arrows)
were readily observed. Using the same LFB staining conditions
shown in Fig. 2, we quantified the extent of damage within areas
of demyelination and observed increased numbers and sizes of
vacuoles within these lesions (Fig. 5 B-D, arrows). Furthermore,
increased amounts of cellular debris, evidenced by fragmented
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Fig. 3. Decreased immune infiltration in PLX5622-treated mice. Mice were infected and treated at 7 dpi as described above, and flow cytometry was used to
analyze cells from the spinal cord at 14 dpi in PLX5622-treated and control mice. Number and frequency of monocytes/macrophages (CD45"CD11b*Ly6G™)
(A), CDA T cells (C), Foxp3™* Tregs (F), and CD8 T cells (G). Normalized geometric MFI (gMFI) of Ly6C, MHCI, and MHClII staining in monocytes/macrophages (M®)
(B). Virus-specific CD4+ T cell frequency and number were determined by IFN-y intracellular cytokine staining (ICS) after stimulation with M133 peptide (D and
E). Virus-specific CD8 T cell frequency and number were determined by IFN-y ICS after stimulation with S510 peptide (H and /). Data represent combined
results from two to three experiments with a combined total of 8-16 mice per group. Normalized gMFI (B) calculated as fold change over the mean of the
control group for each experiment. Data represent the mean + SEM, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Mann-Whitney U test.

and pyknotic (e.g., condensed chromatin) nuclear debris, was
observed within these lesions, suggesting a defect in phagocytic
function in the absence of microglia (Fig. 5B, arrowheads;
Fig. SE). Together, these results also indicate that, in the absence
of microglia, infiltrating myeloid cells were unable to compen-
sate for the role of microglia in clearing cellular debris from the
lesion and creating a suitable environment for the recruitment of
oligodendrocyte progenitor cells to the lesion or for their dif-
ferentiation into myelinating oligodendrocytes.

Increased Myelin Debris in Demyelinating Lesions of Microglia-Depleted
Mice. Since myelin debris presence is believed to inhibit remyeli-
nation, we next investigated myelin accumulation in the spinal cord
at 21 dpi using electron microscopy (EM). Representative images of
control (Fig. 6 A-D) and of drug-treated (Fig. 6 E-H) spinal cords
are shown. Within areas of demyelination, more dystrophic axons
were obvious in PLX5622-treated compared to control mice
(Fig. 6 A-C and E-H arrows). Most remarkably, large amounts of
vesiculated honeycomblike myelin debris were present in the drug-
treated spinal cords, which were not observed in control spinal cords
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(Fig. 6 E-G, asterisks). Vesiculated myelin debris has been previ-
ously identified as closely associated with microglia or other
phagocytic cells and is considered readily internalized (46, 47).
However, in the absence of microglia, this myelin debris was largely
observed in the absence of any obvious association with demyeli-
nated axons or myeloid cells. In control mice, nucleated cells,
probably microglia or infiltrating macrophages, were readily ob-
served containing lamellar myelin debris and degenerating axons
(Fig. 6 A-C, arrowheads, Fig. 6D, high magnification of the boxed
region in Fig. 6C), emphasizing the key role that microglia rather
than infiltrating macrophages play in myelin debris removal.

In order to further assess remyelination, g ratios, which are the
ratios of inner axon diameter to the total myelinated axon di-
ameter, were measured for axons in these electron micrographs
of demyelinated regions. This allows for a measurement of
myelination on a per-axon basis with lower ratios representing
more myelination. Depletion of microglia resulted in a signifi-
cantly increased g ratio relative to control mice (0.844-0.806,
respectively), suggesting decreased remyelination (Fig. 74). This
further corroborates the reduced remyelination observed in Fig. 54
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Fig. 4. Microglia express proremyelination and myelin debris removal genes. Microglia from mice at 14 and 21 dpi as well as mock-infected mice were
isolated by a fluorescence-activated cell sorter for RNA-seq analysis. Heat maps show the 1,818 unique differentially expressed genes across each pairwise
comparison (A) and selected genes involved in debris clearance and remyelination (B). Isolated microglia at 14 dpi and after mock infection and isolated
monocytes/macrophages (M®) at 14 dpi from control- and PLX5622-treated mice were analyzed for the indicated mRNA transcripts by gPCR (C). Following
infection and treatment with PLX5622-containing or control feed at 7 dpi, flow cytometry was used to analyze the geometric gMFI of CD11c in monocytes/
macrophages at 14 dpi (D). Data in A and B were derived from four mice per group and analyzed as described in Materials and Methods. Data in C represent
4-9 mice per group. Data in D represent combined results from two to three experiments with a combined total of 5-17 mice per group. n.d.: undetermined
Ct values. Data represent the mean + SEM, *P < 0.05, ***P < 0.001, ****P < 0.0001 by Mann-Whitney U test.
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Fig. 5.

Increased vacuolization and cellular debris in PLX5622-treated mice. Mice were infected and fed with PLX5622-containing or control chow starting at 7

dpi. Representative images of toluidine blue-stained spinal cords at 21 dpi (arrows: vacuoles; arrowheads: remyelinating axons) (A). Representative images of LFB-
stained spinal cords at 21 dpi with vacuolization (arrows) and pyknotic nuclear debris (arrowheads) (B). Graphs show quantification of vacuole numbers (C) and
size (D) as well as quantification of cellular debris (E). Images in A are representative of three mice per group. Images and quantification in B-E are representative
of two fields per mouse and four mice per group (Scale bars, 20 pm.) Data represent the mean + SEM, *P < 0.05 by Mann-Whitney U test.

and suggests a critical role for microglia in remyelination in this
model.

Reduced Oligodendrocyte Numbers in Demyelinating Lesions of
Microglia-Depleted Mice. To assess whether the absence of micro-
glia resulted in a change in numbers of ohgodendrocytes in the
spinal cord, we quantified the number of Olig2* cells/mm? in the
WM of mice at days 14 and 21 p.i. When we analyzed spinal cords
at 21 dpi, we observed a twofold reduction in the number of oli-
godendrocytes in WM demyelinating lesions (WMLs) in PLX5622-
treated mice compared to control mice (Fig. 8 4 and C). The
number of oligodendrocytes identified within lesions in PLX5622-
treated mice was comparable to those observed in NAWM in
control mice; too little NAWM was observed in drug-treated mice
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to allow quantification. We observed no significant differences in
the numbers of Olig2* cells spinal cords at 14 dpi (Fig. 8B). Col-
lectively, these results demonstrate that microglia are required for a
limited time during the recovery phase and that part of their
function is facilitating oligodendrocyte recruitment to lesions of
demyelination.

Discussion

Here, we demonstrate that microglia play a critical protective
role in promoting remyelination and ameliorating immune-
mediated demyelination prior to 15 d p.i., which is the period
of maximal myelin destruction. Analysis of PLX5622-treated mice
demonstrated important roles for microglia in myelin and cellular
debris removal and in promoting oligodendrocyte function. Most
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Fig. 6. Myelin debris clearance is impaired in PLX5622-treated mice. Mice were infected and fed with control (A-D) or PLX5622-containing (E-H) chow
starting at 7 dpi. Shown are representative electron micrographs of spinal cord demyelinating lesions at 21 dpi with vacuolization (v), dystrophic, or
degenerating axons (arrows), glial cells containing myelin or axonal inclusions (arrowheads), and vesiculated myelin debris (asterisks). Micrograph shown in D
is a high magnification micrograph of the boxed region in C, demonstrating lamellar myelin debris within a glial cell. Micrographs are representative of three

mice per group. Scale bars as indicated in the figure.

prominently, large deposits of extracellular myelin debris were
evident in the spinal cords of PLX5622-treated mice and not in
control mice, while phagocytosed myelin debris was detected in
microglia and other cells to a much greater extent in control
compared to drug-treated mice (Fig. 6). To provide quantification
of the defect in phagocytosis and myelin damages, we assessed
WM destruction and the presence of apoptotic debris in sections
stained with LFB and identified significantly more debris and
vacuolization in drug-treated mice. By EM, some of these vacuoles
(Fig. 6, labeled “v”) resemble “myelin balloons,” which are fluid-
containing myelin structures observed in aged animals and be-
lieved to result from degenerating axons (48). We also observed
vacuoles that were not surrounded by myelin and may represent
degenerating neuronal cell bodies or swollen dendrites (49).
Most striking in the EMs (Fig. 6 E, F, and H) were expansive
regions of vesiculated myelin debris, that were not in apparent
direct association with any specific axons, PLX5622-treated mice.

Sariol et al.

This pattern of myelin degradation has previously been described
in peripheral nerves of patients with lacquer thinner-induced
neuropathy and in mice and primates with autoimmune demye-
lination (47, 50, 51). In general, vesiculated myelin debris in these
studies is present in dystrophic axons and is associated with or
present in phagocytic cells. In the absence of microglia, however,
these large fields of debris are readily observed in the absence of
nearby phagocytes, supporting a key role for microglia in debris
clearance. Increased axon g ratios (Fig. 74) additionally support
the finding that the absence of microglia results in impaired
remyelination as a lower ratio suggests more extensive myelina-
tion. These data are in agreement with a recent study of microglia
depletion prior to MHV infection of the CNS (52).

These results also demonstrate the lack of redundancy of
macrophages and microglia in the demyelinated CNS. While
monocytes/macrophages were reduced in number in the CNS of
PLX5622-treated mice (Fig. 34), this was likely not due to direct
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Fig. 7. Remyelination is impaired in PLX5622-treated mice. Infected mice
were fed PLX5622-containing or control chow starting at 7 dpi. EMs of spinal
cord demyelinating lesions were analyzed at 21 dpi. Calculation of the g
ratio and scatter plot depicting the g ratio as a function of inner axon di-
ameter (A). Myelin thickness and scatter plot depicting myelin thickness
relative to inner axon diameter (B). n = 265 axons analyzed per group. Data
represent the mean + SEM, *P < 0.05, ****P < 0.0001 by Mann-Whitney
U test.

killing by the drug as previous studies using PLX5622-treated
mice demonstrated little to no depletion of monocytes/macro-
phages in the periphery (23, 27). Furthermore, we observed in-
creased numbers of these cells in the CNS if PLX5622 treatment
was initiated prior to infection with JHMYV (23). These results are
consistent with others describing distinct functions for microglia
and hematogenously derived macrophages in CNS pathologies

A
Control NAWM

v
vs Vo)

(53-55). In one EAE study, macrophages were associated with
demyelination, while microglia were anti-inflammatory and re-
quired for debris removal (53).

In addition to up-regulation of genes involved in clearance of
myelin debris, our RNA sequencing analysis revealed that, at the
peak of demyelination and during recovery, microglia up-regulate
a number of factors described as proremyelinating, including those
that have been proposed to promote oligodendrocyte maturation,
proliferation, and localization (18, 38, 56). However, like the genes
involved in myelin debris removal, microglial expression of these
genes also appears to be required only for a limited period of time,
prior to 15 d p.i. We show that numbers of Olig2+ cells at sites of
demyelination at 21 dpi are decreased in PLX5622-treated spinal
cords when compared to control spinal cords in which remyeli-
nation is partially or nearly completed. Notably, the numbers of
Olig2+ cells in lesions in the drug-treated spinal cords were
comparable to those in healthy WM from control mice. These
results are consistent with the notion that oligodendrocyte pro-
genitor cell migration into these sites of demyelination is dimin-
ished in the absence of microglia.

The role of microglia in CNS infection as well as other neuro-
inflammatory conditions appears variable, and these cells have
been demonstrated to have a wide variety of roles in different
disease contexts. During acute encephalitis caused by West Nile
virus, TMEV, Dengue virus, Japanese encephalitis virus, pseu-
dorabies virus, or MHYV, depletion of microglia prior to infection
uniformly resulted in worse outcomes with decreased kinetics of
virus clearance and survival (23, 57-63). In mice that serve as a
model for Alzheimer’s disease, microglia depletion was generally
beneficial by decreasing plaque formation (26). In the context of
EAE or cuprizone-induced demyelination, microglia depletion
resulted in enhanced or no change in remyelination, contrary to
the results that we obtained in virus-induced demyelination (64,
65). However, other studies show that knockout of specific genes
expressed by microglia in the demyelinated spinal cord contrib-
uted to suboptimal remyelination. Genetic deletion of proteins,
such as Trem2 (66, 67), and those involved in cholesterol me-
tabolism, such as Apolipoprotein E, Abcal, Abcg, and Lxra
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Fig. 8. Diminished oligodendrocyte accumulation in demyelinating lesions of PLX5622-treated mice. Infected mice were treated at day 7 p.i. with PLX5622-

containing or control feed. Representative images of Olig2 immunostaining in

normal appearing WM (NAWM) and WMLs of control-treated mice and WMsL

of PLX5622-treated mice at 21 dpi, Scale bars, 100 pm. (A). Quantification of Olig2 staining in WMLs at 14 dpi (B) and in NAWMs and WMLs at 21 dpi (C). Too
little NAWM was detected in drug-treated mice at day 21 p.i. to allow quantification. GM: gray matter; WM: white matter. Data in B are representative of
three to four mice per group. Data in C show individual mice with four to five mice per group and represent the mean + SEM, *P < 0.05 by Mann-Whitney

U test.
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resulted in impaired myelin debris removal in vitro or in vivo (41).
Trem?2 expression is additionally required for optimal expression
of Igfl and remyelination (66). Microglia-specific deletion of li-
poprotein lipase resulted in impaired debris uptake and exacer-
bated EAE (68). Collectively, these results indicate that microglia
are essential for optimal myelin repair, although when microglia
are completely absent in mice with autoimmune or chemically
induced demyelination, their role is not as clear cut.

To summarize, our data, in conjunction with a previous report
(23), indicate distinct roles for microglia in mice with a neuro-
tropic coronavirus, facilitating early virus clearance and, then,
later by enhancing myelin debris removal and enhancing oligo-
dendrocyte accumulation at sites of demyelination. Given the
variability with which patients recover from demyelinating dis-
ease, one explanation is that microglial dysfunction may con-
tribute to both the tempo and the extent of remyelination.

Materials and Methods
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