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Abstract
The notion that myelin remains static during adulthood has been challenged in recent years. Myelin is not
only crucial for proper cognitive function and behavior, but it is vulnerable to alterations from external
factors outside the window of development. Here, in the adult mouse CNS, RNA analysis revealed global
downregulation and subsequent recovery of oligodendrocyte-speci�c transcripts in response to peripheral
in�uenza viral infection. Furthermore, shot-gun lipidomic analysis revealed that infection alters the lipid
pro�le in the prefrontal cortex as well as in puri�ed brain myelin. Finally, treatment with the colony
stimulating factor receptor (CSFR)1 antagonist GW2580 during infection suppressed glial activation and
partially restored oligodendrocyte-speci�c myelin transcripts to baseline levels. Together, these �ndings
reveal a yet unforeseen consequence of peripheral infection on oligodendrocyte homeostasis in the adult
mouse.

Introduction
Myelin, the fatty, insulating substance that constitutes brain white matter, forms compact concentric
sheaths around axons, increasing neuronal conduction velocity by 10-100-fold at a fraction of the energy
demand1,2. In the central nervous system (CNS), oligodendrocytes (OLs) are responsible for internodal
myelin segment formation. Myelin is required for proper motor function and is imperative for higher order
cognition, such as reading, vocabulary and executive decision-making3,4. In contrast, hypomyelination
and demyelination are pathological features of a myriad of neurological diseases. White matter
abnormalities are observed in schizophrenia5-7, cognitive decline due to aging8, Alzheimer’s disease9,
multiple sclerosis10 and depression11.

While it has been known for some time that alterations in OL homeostasis affect cognition and behavior,
the notion that myelin remains static during adulthood has only recently been challenged. Evidence
implicating myelination as an ongoing and dynamic process is illustrated by the �ndings that changes to
white matter structures occur when learning complex motor skills such as playing an instrument12 or
juggling13. Myelin is also affected by other environmental factors such as diet, exercise, and the
microbiome14. Importantly, Yeung et al. found that even though the turnover of OLs is slow, myelin itself
is continuously exchanged15. Interestingly, OLs have the capacity to completely renew myelin membranes
up to three times in one day16, a �nding corroborated by studies in zebra�sh demonstrating the capacity
for OLs to make new myelin sheaths in �ve hours17.

While structural integrity of myelin can be attributed to proteins such as myelin basic protein (MBP)18,
proteolipid protein (PLP)19, or apolipoproteins20, the interaction between lipids within the myelin sheath
also contribute to the formation and function of myelin. Lipidomics has emerged as a powerful tool with
which to elucidate changes to the lipid species of myelin21. Since both the structure and biochemical
pro�le of myelin affect conduction velocity, alterations to myelin thickness, length, or lipid composition
might affect neurocircuitry, modulate synaptic plasticity, and in�uence behavior. Alterations in the lipid
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pro�le alone can result in ultrastructural changes to myelin22, and deletion of particular lipid species of
myelin can have functional consequences on conduction velocity despite overall normal-appearing
structure23,24. However, the in�uence of environmental factors on the myelin lipidome has not yet been
elucidated.

Systemic in�ammation induces behavior modi�cations that mimic those following perturbations to
myelin25. For instance, patients with severe respiratory infections caused by in�uenza or SARS viruses
can develop encephalopathy characterized by confusion, depressed mood, anxiety, impaired memory,
insomnia, mania and psychosis even in the absence CNS invasion26,27. In survivors, these manifestations
may be long lasting27,28. While the underlying factors dictating these behavior changes are unknown,
they are thought to involve high levels of systemic in�ammation. It is known that microglia become
reactive in response to systemic in�ammation29 or viral infection30-32 and that this phenomenon is
correlated to altered behavior. Microglial reactivity is also a prominent feature of most white matter
diseases and the proin�ammatory cytokines they produce during systemic in�ammation in�uence OL
homeostasis33. Whether aberrant in�ammation brought on by viral infection alters myelin plasticity in
adults has not yet been investigated. Since both proteins and lipids contribute to the structure and thus
function of myelin, in the current study, we comprehensively examine how systemic in�ammation
in�uences both the transcriptional and the biochemical pro�le of myelin. Here, we report that respiratory
infection with in�uenza virus suppresses OL-speci�c transcription and alters the lipid pro�le of myelin in
the adult mouse CNS.

Results
Transcripts associated with myelination are temporally suppressed by in�uenza infection.

We recently demonstrated that in�uenza infection, while con�ned to the lung, altered the cerebellum and
spinal cord transcriptome34. Here, using a threshold FDR<0.05, we identi�ed 2093 downregulated genes
in both cerebellum and spinal cord tissues of in�uenza-infected mice compared to saline-inoculated
controls at day 8 post-infection (p.i.) (Fig. 1a). Gene ontology (GO) enrichment analysis revealed these
downregulated genes were associated with 63 GO terms shared between both tissues (Fig. 1b). The most
highly enriched terms included myelination, cholesterol biosynthetic process, phospholipid biosynthetic
process, and sphingolipid biosynthetic process, indicating these lipid biosynthesis pathways might be
impaired as a result of in�uenza infection (Fig. 1c).  The downregulation of these pathways is of great
interest given that the major lipid classes of myelin are 1) cholesterol, 2) phospholipid, including
plasmalogen, phosphatidylcholine (PC), and sphingomyelin (SM), and 3) glycolipid, including
glycosphingolipids such as glucosylceramide (CerG) and sulfatide35 (Fig. 1d). Indeed, expression of
multiple enzymes that are essential for cholesterol biosynthesis including Dhcr7, Hmgcr, and Fdft1 was
decreased in spinal cord and cerebellum tissues of infected mice (Fig. 1e). Likewise, gene expression of
several families of lipids involved in phospholipid biosynthesis such as lysophosphatidic acid
acyltransferases (Agpat) and phosphatidylinositol glycan anchor synthases (Pig) as well as in
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glycosphingolipid biosynthesis such as long-chain fatty acid elongases (Elovl) and 3-hydroxyacyl-CoA
dehydratases (Ptpla) was downregulated in both CNS tissues in response to infection (Fig. 1e). In
addition to these lipid biosynthetic enzymes, genes encoding myelin proteins such as Mag, Mog, and
Plp1 were downregulated in both CNS tissues. Taken together, these results indicate that infection may
act to globally suppress the transcription of genes involved in lipid biosynthesis and myelination.

To validate these results and characterize any regional differences in transcription, we repeated the
experiment and measured expression of select myelination genes in the medial prefrontal cortex (mPFC),
cerebellum, and hippocampus by RT-qPCR (Fig. 2a). By day 8 p.i. infected mice exhibited maximal weight
loss (Fig. 2b). At this time point, we found that expression levels of Plp1, Mag, and Mog were suppressed
in cerebellum, mPFC, and hippocampus (Fig. 2c). Additionally, Mbp, Cnp, and Ugt8a were suppressed in
the hippocampus (Fig. 2c). These data substantiate our previous �ndings and indicate that in�uenza
infection decreases transcription of OL-speci�c genes in multiple regions of the brain. By day 16 p.i., body
weights returned to baseline, indicating that the mice were recovered (Fig. 2b). OL-speci�c genes also
returned to baseline levels of control mice in the mPFC and hippocampus (Fig. 2c). Interestingly, Plp1 and
Mog were still downregulated in the cerebellum (Fig. 2c).

In�uenza infection does not signi�cantly alter PLP levels in the mPFC.

Proteolipid protein (PLP) is the most abundant protein of myelin and is necessary for healthy, compact
myelin as it preserves myelin stability and integrity and prevents axonal pathologies36,37. Since Plp1
expression was decreased in all regions examined as a result of infection, we sought to determine if there
were overt changes to protein expression within the mPFC. Typically, it is challenging to quantify gray
matter PLP levels in an unbiased fashion due to the dense packing of �ne, intricate strands of white
matter. But, along with the important behavioral implications of the prefrontal cortex, evaluation of myelin
in this region is advantageous in that it allows for measuring attributes of many individual myelinated
axons across a large area as opposed to whole white matter tracks where very minor alterations to myelin
protein might go unnoticed. Thus, to obtain unbiased quantitative measures of PLP on a large but
sensitive scale, we utilized CLARITY tissue-clearing and confocal microscopy to stain and image large
areas (850x850x100 µm) of the adult mouse mPFC. Three dimensional (3D) models of the resulting PLP
scaffold of the myelinated �bers were created and analyzed using Imaris software (Fig. 3a). To ensure
changes to myelin could be detected by our method as well as to identify which output measures from
Imaris indicated changes to myelin, we analyzed mPFC tissue of mice after 5 weeks of cuprizone
intoxication, which is known to cause demyelination in this region38. The resulting 3D models of the three
treatment groups (Fig. 3b) produced quanti�able attributes related to myelinated �bers such as �lament
diameter and volume (Fig. 3c). De�nitions of measures generated by Imaris and corresponding data are
published as supporting information (Supplementary Data 1, Supplementary Table 6). Compared to
saline control mice, cuprizone-fed mice had smaller values for mean �lament diameter, a re�ection of
myelin thickness, as well as total �lament volume, which is indicative of total myelin. However, of the 19
measures analyzed, we found no signi�cant differences between the saline- and �u- inoculated mice at



Page 5/30

day 8 p.i. This suggests that in�uenza infection does not considerably alter the levels of PLP in adult
myelin, despite the decrease in myelin gene transcripts.

In�uenza infection alters the myelin lipidome.

We showed that OL-speci�c genes were downregulated in the mPFC at day 8 p.i., with a recovery in
expression at day 16 p.i. Therefore, we sought to determine if there were any lipidome changes in mPFC
due to in�uenza infection. We isolated the mPFC from saline or infected mice at day 8 and day 16 p.i. In
total, 1091 lipid species belonging to 28 major lipid classes were identi�ed in the mPFC. Three pair-wise
comparison analyses were conducted in the following manner: A) Saline vs. Flu Day 8, B) Saline vs. Flu
Day 16, and C) Flu Day 8 vs Flu Day 16. In the mPFC at day 8 compared to saline, there were a total of
215 lipid species that were differentially expressed (Fig. 4a). While a majority of the major lipid classes
increased in Flu Day 8 of the mPFC, three lipid species belonging to So and TG classes were decreased.
On Flu Day 16 of the mPFC 338 lipid species belonging to 25 major lipid classes were differentially
expressed (Fig. 4b). Interestingly, the only major lipid class that was not increased in Flu Day 16 of the
mPFC was cholesterol. When comparing Flu Day 8 to Flu Day 16, there were minimal differences (Fig.
4c). Speci�cally, there were only 16 lipid species that were differentially expressed. These data indicate
that modulation of lipids by infection does not recover to baseline levels by day 16 p.i., despite recovery
of gene expression and body condition score.

To further assess the effects of upper-respiratory infection on myelin, we isolated puri�ed myelin from the
whole brain for lipidomic analysis. Myelin was puri�ed from whole mouse brain by density gradient
fractionation and osmotic shock. Myelin enrichment was veri�ed by SDS-PAGE and western blot, which
con�rmed abundant PLP and negligible levels of the astrocyte protein glial �brillary acidic protein (GFAP)
in extraction myelin fractions (Supplementary Figure 4). A total of 176 lipid species were differentially
expressed out of 1356 total lipid species identi�ed (Fig. 4d). With the exception of LPA, LPS, and PEt
which decreased by nearly 2-fold, most of the affected lipid classes were increased in �u-inoculated mice
compared to saline controls at day 8 p.i. These data corroborate the lipidomic �ndings in the mPFC,
where lipid species are greatly increased as a result of infection.

In addition to the increase of major lipid classes that are differentially expressed in �u-infected mice,
there are other underlying similarities. For instance, lipids that are known to be involved in the structural
integrity of myelin including Cer, CerG, PE, PC, SM and So are all differentially expressed in both mPFC
and myelin isolated from the whole brain. Therefore, we conducted bioinformatic analysis using LIPEA.
Following Bonferroni correction, we discovered that glycerophospholipid metabolism and sphingolipid
signaling pathways were the most highly enriched (Fig. 5). Collectively, these data demonstrate that
in�uenza infection results in alterations of the myelin lipidome.

Infection-induced changes to OL-speci�c transcripts are associated with glial activation and are partially
attenuated following systemic treatment with a CSF1R antagonist.
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Our results strongly suggest that in�uenza infection altered OL homeostasis. We, and others, have
previously shown that in�uenza infection is associated with glial activation30-32,34. However, how resident
CNS cell populations, at scale, are affected by in�uenza viral infection is not known. Therefore, we next
performed a scRNA-seq experiment on cells isolated from saline and in�uenza infected mice at day 8 p.i.
to determine which glial cells were activated. In total we sequenced 4,142 cells from saline and infected
mice. Using cell-speci�c transcripts from published data bases we identi�ed astrocyte, microglia,
epithelial cells, endothelial cells, neurons, myeloid cells and OLs (Fig. 6a). Infection profoundly affected
the transcriptome of each of these cell subsets (Fig. 6b), as indicated by gene ontology analyses
performed on differentially expressed genes (Supplementary Figures 1-2).

Transcriptomic changes were especially apparent for microglia, astrocyte, and epithelial cell populations.
We had previously observed changes to genes that are indicative of proin�ammatory reactive astrogliosis
(‘A1’) that have been described as both damaging to OLs and neurotoxic34,39. Since this astrocyte
phenotype is dependent on microglia TNF, IL-1α and C1q production we determined if the genes encoding
these proteins were induced by infection. The percentage of microglia that upregulated Tnf and Il1a was
increased in infected mice. However, microglia constitutively expressed high levels of C1qa, a �nding that
we con�rmed using both Brain-RNAseq40, the Allen Brain Atlas41 and Tabula muris42  references. We next
questioned whether infection affected transcription of genes associated with astrocyte reactivity. The
percentage of astrocytes expressing ≥1 marker of ‘Pan’ reactivity was increased in infected mice
(62.39%) compared to controls (19.38%). Similarly, the percentage of astrocyte expressing ≥1 marker of
‘A1’ astrocyte reactivity was increased in infected mice (67.4%) compared to controls (25.85%). The
percentage of astrocytes expressing ≥1 marker of ‘A2’ astrocyte reactivity in infected mice (21.53%)
compared to controls (18.0%) was comparable. It is noteworthy that many other cell types, including
microglia, express genes associated with ‘A1’ and ‘A2’ astrocyte reactivity during infection. Therefore, we
sought out upregulated genes that were predominantly restricted to microglia, astrocytes, or that were
indicative of reactivity across cell types in order to use them as surrogate markers for subsequent studies.
Our analyses indicated Tnf, Mfsd2a and Cdkn1a may prove e�cacious as potential markers of
microgliosis, astrogliosis and pan reactivity, respectively, following in�uenza infection (Fig. 6c-d).

We questioned whether inhibiting microglia activation might reverse the effect of infection on the
transcriptomic changes that occur to OLs. Microglia activation, proliferation and survival are, in part,
contingent on constitutive colony stimulating factor receptor (CSF1R) signaling. In fact, oral treatment
with the CSF1R inhibitor GW2580 inhibits disease progression in animal models of multiple sclerosis43,
amyotrophic lateral sclerosis44, Alzheimer’s disease45, promotes recovery after spinal cord injury46,
mitigates chronic in�ammation associated pain47, and attenuates depression-like behavior in MRL/lpr
mice48 without affecting microglia viability45. Notably, analysis of bulk-seq from cerebellar tissue
indicated that Csf1 was increased at day 8 p.i., whereas expression of Il34 was unchanged
(Supplementary Figure 2). Furthermore, Csf1r expression of infected mice was increased at day 4 p.i. and
decreased at day 8 p.i. compared to saline-inoculated controls (Supplementary Figure 2). Analysis of our
scRNA-seq data set con�rmed these �ndings, in that we found the percentage of microglia and astrocytes
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expressing Csf1 was elevated by infection (Supplementary Figure 2). Il34 transcripts were detectable in
endothelial cells and neurons but were not affected by infection (Supplementary Figure 2). The
expression of Csf1r, the receptor for both CSF1 and IL-34, was largely restricted to Tmem119-expressing
microglial cells. Therefore, we questioned whether treatment with GW2580 alleviated changes to OL
transcripts resulting from in�uenza infection. Treatment did not affect recruitment of CD45+ myeloid cell
subsets to the lung at either day 8 or day 16 p.i. (Supplementary Figure 2). As before, infection increased
expression of Tnf and Cdkn1a in the mPFC, cerebellum and hippocampus, but Mfsd2a expression was
only increased in the mPFC (Fig. 6e). Treatment with GW2580 had the most dramatic effect on Tnf, as it
appeared to lower Tnf expression in the mPFC, cerebellum and hippocampus. However, the effect of
treatment was only signi�cant for the mPFC (Fig. 6e). As observed in our previous experiments, infection
decreased transcription levels of OL-speci�c genes Plp1, Ugt8a (Fig. 6f) and Mag (Supplementary Figure
3). Interestingly, treatment with GW2580 tended to increase the expression levels of myelin genes, an
effect that was signi�cant in both the hippocampus and cerebellum (Fig. 6f). Collectively, these data
show in�uenza infection promotes glial reactivity which coincides with the suppression of genes that
encode proteins that are involved in myelin maintenance. Moreover, antagonism of microglial CSF1R
partially inhibits glial reactivity and in part reverses changes to OL-speci�c transcripts.

Discussion
In the current study, we investigated the effect of infection on OL homeostasis. We found infection
invoked widespread downregulation of transcripts involved in myelination in the adult mouse CNS. The
effect of infection on the OL transcriptome was reversed by day 16 p.i. in the mPFC and hippocampus.
Moreover, we found that infection caused changes to the myelin lipidome. These changes were
predominately characterized by upregulation of SM, Cer and CerG, but also entailed downregulation of
the LPA, LPS, and PEt lipid classes. Finally, infection increased gliosis and systemic treatment with a
CSF1R antagonist partially reversed the effect of infection on OL-speci�c transcripts. To our knowledge,
this is the �rst study to demonstrate that respiratory viral infection is capable of facilitating global
transcriptomic and lipidomic changes to OLs and myelin, respectively.

In recent years, it has become clear that myelin is dynamic and subject to remodeling even in
adulthood15,49,50. Myelin can be remodeled by environmental factors such as learning a new task12,13,
social isolation and reintegration51, and by social defeat stress52,53. Stress is considered a potent risk
factor for the onset of depression and mood disorders54. In socially-isolated or stressed mice, OL and
myelin transcripts were decreased in the prefrontal cortex51,52,55, a region that is compromised in
depression and other disorders associated with white matter abnormalities. Moreover, transcriptomic
analysis of brains from healthy controls vs. people suffering from major depressive disorder revealed
suppression of multiple genes involved in myelination. These genes included: UGT8, PLP1, CNP, MAG,
MAL, MOG, MOBP, PMP22, PLLP, ASPA, ENPP2, EDG2, TF and KLK656. Notably, bulk-seq analysis of
cerebellar tissue from infected mice revealed nearly all of these genes (13/14) were suppressed eight
days after infection compared to control mice34. Here, we extend these �ndings and show that myelin
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and cholesterol biosynthesis transcripts were decreased in the mPFC, cerebellum, and hippocampus of
infected mice. Depression is highly comorbid with several in�ammatory disorders57 and
neuroin�ammatory events in�uence depression pathology58. It is notable that, depression and systemic
infection share many of the same symptoms such as lethargy, anhedonia, and social isolation59. It is
plausible that the transcriptional effects observed in response to in�uenza infection and those observed
in mice exhibiting depressive-like behavior after subjection to experimental stressors can be attributed to
the same causal pathway involving activated glia. We recently reported that in�uenza infection
upregulated expression of genes in the cerebellum and spinal cord that were associated with activated
glial phenotypes and under the putative regulatory control of interferon (IFN) activated transcription
factors34. Since IFN transcripts were not detectable in the transcriptome, we hypothesized that the
actions of IFN were a result of peripheral upregulation. With this in mind, it is notable that IFN treatment
in patients with chronic Hepatitis C virus is associated with a high incidence of depression60 and that
deletion of IFN receptor chain 1 (IFNAR1) ameliorates sickness behaviors resulting from experimental
viral infection61. As such, interferon(s) may act independently or in concert with other in�ammatory
mediators to affect myelin plasticity.

Interestingly, despite the transcriptional changes to myelination genes, there were no changes to the
myelin protein PLP in the prefrontal cortex as observed by immuno�uorescence. Given that the half-life of
PLP in the adult mouse is estimated to be 6 months36, it is reasonable to conclude that downregulation
of Plp1 does not immediately translate into signi�cant changes to PLP in infected mice at day 8 p.i.
Furthermore, PLP as well as MBP are major constituents of compact myelin, which turns over at a slower
rate than noncompact myelin62. In the chronic social defeat stress model, there are some con�icting
reports describing either no difference in levels of MBP in the mPFC between groups53 or decreased levels
of MBP in the mPFC of stressed mice52. Given the slow turnover of myelin proteins, this discrepancy may
also have been in�uenced by volume of tissue analyzed or time of sacri�ce. Nevertheless, data generated
from the current set of experiments underscore the need to evaluate both the structural and biochemical
aspects of myelin for a comprehensive understanding of how environmental factors might contribute to
myelin remodeling.

By lipidomic analysis, we found that 13% of total lipid species identi�ed were affected by in�uenza
infection, the majority of which were upregulated. Although RNA analyses revealed the transcription of
genes involved in lipid biosynthetic pathways was downregulated, it is important to recognize that lipids
are often short-lived and precursors are continuously recycled. Thus, downregulation of an enzyme
involved in a lipid biosynthetic pathway may in fact cause a bottle-neck accumulation of certain lipid
substrates. This hypothesis is supported by data that demonstrate brain ceramide levels are increased in
mice that completely lack Ugt8a as well as in those in which Ugt8a is conditionally deleted in
oligodendrocytes, while glycolipids (i.e. galactosylceramide) and sulfatide are diminished63. Furthermore,
in the same study, mass spectroscopy analysis performed on Ugt8a mutants indicated that Ugt8a mutant
mice have an approximate 20% increase in phosphatidylethanolamine, phosphatidylserine and
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phosphatidylcholine. As such, suppression of Ugt8a by infection might promote accumulation of
ceramide and sphingomyelin species.

We observed changes in PC, which aligns with previous studies demonstrating that schizophrenic
patients have dysregulated levels of PC in gray matter64. Furthermore, it has been shown that PC and PEt
plasmalogens were increased in the frontal cortex in Alzheimer’s patients65. Despite these trends, there
are some con�icting data in the �eld. In contrast to previous studies, others have shown a decrease in PC
and PEt lipids in the prefrontal cortex in patients with cognitive disorders66. Αs such, further investigation
will be needed to fully elucidate the speci�c role of lipids in behavioral and cognitive function.
Nevertheless, our data clearly demonstrate the capacity for in�uenza infection to alter the myelin
lipidome.

While shotgun lipidomics have advantages of high throughput, it is di�cult to delineate isobars67.
Additionally, several other critical lipids such as cholesterol that are often stored in their esteri�ed form in
the membranes cannot be detected without de-esteri�cation process that might cause other changes in
the lipids extracted from the myelin of mice. Our results align with previously published work, indicating
that myelin extraction from 8-10 week old mice analyzed via LC-MSMS does not yield high levels of
cholesterol68.

While there are some caveats to scRNA-seq data-sets, such as overrepresentation or exclusion of cell
types (i.e. OLs vs. microglia) as well as small sample size, our data were well aligned with previous bulk-
seq experiments. Data generated by our scRNA-seq experiment outlines changes that occur to speci�c
glial and neuronal subsets during systemic in�ammation. These data also identi�ed the CSF1-CSF1R
axis as a potential target for controlling microglia activation in response to systemic in�ammation, and
thus provided the basis for assessing a CSF1R antagonist on transcriptomic changes to OLs. That
in�uenza-induced changes to OL-speci�c transcripts were partially reversed by antagonizing CSF1R
implicates a role for activated CSF1R+ microglia in this process. Since microglia were not deleted by
treatment, it is possible, albeit unlikely, that microglia activation accounts for all changes to OL
homeostasis either directly or indirectly through astrocyte activation. Importantly other contributing
factors resulting from infection likely in�uence glial responses. For instance, hypoxemia is known to
affect developing OLs69,70. Possible underlying processes are enhanced systemic in�ammation and
increased oxidative stress that can also occur under hypoxic conditions caused by acute respiratory
infection. In this manner, hypoxia may have contributed to infection-induced alterations of white matter in
the current set of experiments. The contribution of these factors on OL homeostasis are the subject of
current investigation.

In conclusion, our results demonstrated that peripheral infection with in�uenza A virus globally altered the
OL transcriptome and myelin lipidome in the adult mouse CNS with partial reversal of OL transcript
changes by a CSF1R antagonist. Overall these observations improve our understanding of the capacity of
peripheral infection to contribute to myelin remodeling.
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Materials And Methods
Animals and viral infection

Male C57BL/6J mice were obtained from Jackson Laboratories (No. 000664). Animals were housed 4-5
per cage under constant 12-h light/dark cycles (10am-10pm) and constant temperature and fed a
standard rodent diet (Envigo Diet No. 2918) ad libitum. Mice (aged 8-11 wk) were anesthetized with 3%
iso�urane and then inoculated with either sterile saline or one haemagglutination unit (HAU) of mouse-
adapted human in�uenza A virus (strain A/Puerto Rico/8/1934 H1N1) diluted in sterile phosphate
buffered saline (PBS). The total inoculation volume was 30 µl. Animals were weighed daily and then
euthanized by CO2 asphyxiation at days 8 and 16 p.i. for follow-up experiments. Weight data were pooled
from all experiments. All animal care protocols were in accordance with National Institutes of Health
Guidelines for Care and Use of Laboratory Animals and were approved by the University of Illinois
Laboratory Animal Care and Use Committee.

 

RNA-sequencing

In the current study, we provide an extensive analysis of down-regulated genes in the cerebellum and
spinal cord of in�uenza inoculated mice using a data-set that we have previously published34. The RNA
sequencing datasets associated with this paper have been deposited into the Gene Expression Omnibus
database (https://www.ncbi.nlm.nih.gov/geo/) and can be accessed using the accession no. GSE96870.
Gene ontology and pathway analyses were performed on downregulated genes that achieved a P-
value<0.05 and FDR<0.05 using DAVID Bioinformatics Resources 6.8 (https://david-d.ncifcrf.gov/). For
single-cell (sc)RNA-sequencing female mice were inoculated with saline (n=1) or in�uenza (n=1; 1.0 HAU).
After 8 days, the mice were euthanized then perfused through the heart with 20 ml of ice cold arti�cial
cerebrospinal �uid then the brain extracted. The brain whole brain was dissociated and vial single cell
suspensions prepared using a MACS dissociator (Milltyni) using neural dissociation, debris/myelin
removal and dead cell removal kits according to the manufacturer's instructions (Milltyni).  Viable cells,
determined to be greater than 80% of the cell population. In total 3000 viable cells were targeted per
condition for library preparation. Libraries prepared using the ChromiumTM Single cell 3’ Library & Gel
Bead kit v2 (10X Genomics) then sequenced on two 150nt lanes using an Illumina Hiseq 4000.
Sequences were then demultiplexed using the mkfastq option from Cell Ranger 2.1.1 and analyzed in
Loupe Browser. The estimated number of cells sequenced were 1,894 and 2,248 for saline and in�uenza
infected mice respectively. The mean reads per cell were 185,309 (saline) and 151,067 (infected) with
87.5% (saline) and 85.9% (infected) con�dently mapped to the genome. The median number of genes per
cell were 1,770 and 1,519 for saline and in�uenza infected mice respectively.

 

Single cell (sc)RNA sequencing analysis
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Data analysis was performed using Loupe Cell Browser (10X Genomics), which creates cell clusters
based on transcriptional similarity and t-SNE plots created. Cell subsets were identi�ed using Tmem119
as a marker for microglia, Aqp4 for astrocytes, Cldn5 for endothelial cells, Igf2 for epithelial cells, Ptprc
for myeloid cells and Sp9 for neurons. Signi�cant up and downregulated genes were identi�ed using the
Loupe 10X genomics server and then gene ontology was used to characterize the gene functionality.
Microglia glia activation was determined by looking at Tnf, Il1a and C1qa gene expression. Reactive
astrocyte subpopulations were identi�ed using transcriptional markers previously described39.
Speci�cally, within the Aqp4+ populations ‘PAN’-reactive astrocyte populations were identi�ed by the
presence of Lcn2, Steap4, S1pr3, Timp1, Hspb1, Cxcl10, Osmr, Cp, Aspg, Gfap, and/or Vim gene
expression; ‘A1’ reactive astrocytes were identi�ed by the presence of H2-D1, Serping1, H2-T23, Ggta1,
Iigp1, Gbp2, Fkbp5, Psmb8, Srgn, and/or Amigo2 gene expression. Finally ‘A2’ reactive astrocytes were
identi�ed by the presence of Clcf1, Ptx3, S100a10, Cd109, Ptgs2, Emp1, Slc10a6, Tm4sf1, B3gnt5 and
Cd14 gene expression.

 

Tissue extraction and gene expression by RT-qPCR

Mice were euthanized at days 8 and 16 p.i., brains were harvested, bisected, and immediately placed in
RNALater (Thermo Scienti�c Cat No. AM7020) at 4°C for 24-48 hours and then stored at -80°C for later
use. The medial prefrontal cortex (mPFC), cerebellum, and hippocampus were hand-dissected with the
aid of a dissection microscope (Leica). The RNA from each brain region was isolated using TRIzol
Reagent (Thermo Scienti�c Cat. No. 15596018) according to manufacturer’s instructions and puri�ed
using GeneJET RNA puri�cation kit (Thermo Scienti�c, Cat. No. K0731). cDNA was obtained using the
Reverse Transcription System (Promega Cat. No. A3500) according to manufacturer’s instructions in a
C1000 Touch Thermal Cycler (Bio-Rad Laboratories). Relative gene expression of select downregulated
genes as indicated by RNA-sequencing results was determined using TaqMan Gene Expression Probe
Assays (Integrated DNA Technologies, SI Table S1) on a QuantStudio 7 real time PCR system (Applied
Biosystems, Thermo Scienti�c). All samples were run in duplicate. Expression levels were calculated as
the average of two replicates for each biological sample from both groups (n=3-7 animals per group)
relative to β-actin expression. Fold change was calculated using the formula 2−∆∆Ct.

 

Cuprizone model

Male C57Bl/6J mice (aged 8 wk) were fed 0.2% cuprizone-laced diet (Envigo Diet No. 140800) for 3
weeks to induce demyelination71, followed by 2 weeks of normal rodent diet. Mice were sacri�ced at 5
weeks post-cuprizone during maximal demyelination phase for subsequent CLARITY tissue processing.
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CLARITY tissue processing and immunostaining

Mice were euthanized at day 8 p.i., brains were harvested, bisected, and post-�xed in PBS containing 4%
PFA (w/v) overnight at 4°C. Halved brains were then incubated in PBS overnight at 4°C. Next, 1mm
sagittal sections were generated using a sagittal mouse brain matrix (Kent Scienti�c). Each section was
then submerged in hydrogel solution (modi�ed from Epp et al., 2015)72 containing �nal concentrations of
3% acrylamide (Bio-Rad Cat. No. 161-0140), 3% formaldehyde (Electron Microscopy Sciences Cat. No.
19200), and 0.25% VA-044 thermal initiator (m/v; Wako Chemicals Cat. No. NC0632395) for 24-48 h at
4°C. Incubated tissues were polymerized in hydrogel solution at -90kPa for 3 h at 37°C, washed three
times with PBS, then actively cleared by electrophoresis using X-CLARITYTM Tissue Clearing System
(Logos Biosystems). After washing overnight in PBS to remove any residual SDS, the tissues were
incubated in PBS containing anti-proteolipid protein (PLP) (clone AA3; hybridoma solution diluted 1/20),
0.1% Triton-X 100 (v/v; Sigma Aldrich Cat. No. T8787; PBST), 2% goat serum (Abcam Cat No. ab7481),
and 0.01% sodium azide (Sigma Aldrich Cat. No. S2002) for 3 days at 50 rpm and 37°C in an orbital
shaker (Thermo Scienti�c Max Q 4000). After washing for 24 h in PBST, tissues were stained with goat
anti-rat IgG (H+L) cross-adsorbed Alexa Fluor 594 secondary antibody (diluted 1:100 in PBST, Thermo
Scienti�c Cat. No. A-11007) under the same conditions as the primary step and subsequently washed for
24 h in PBST. Tissues were then incubated in X-CLARITY mounting solution (RI=1.46, Logos Biosystems
Cat. No. C13101) for 24-48 h before mounting between coverslips (Thermo Scienti�c Cat. No. ) using
iSpacers® (SunJin Lab).

 

Imaris 3D modeling and analysis

Sets of 100 serial images at 1 µm steps in the Z direction, 0.48µm/pixel in the X, Y-plane, and 0.95 µsec
pixel dwell time were acquired with the Zeiss LSM 710 Confocal Microscope and 10x objective, resulting
in whole datasets of 850x850 µm in the X, Y-plane and 100 µm in the Z direction. Three-dimensional (3D)
images were rendered with Imaris 9.3 software (Bitplane, Oxford Instruments) and analyzed with the
software’s automated Filament Tracer module. 3D animations were created with the Animation Feature of
Imaris. All images were analyzed in the same fashion by a rater blinded to condition.

 

Myelin extraction

Animals were euthanized via CO2 asphyxiation and perfused with PBS. Whole brains were harvested and
�ash frozen under liquid nitrogen within 2 minutes of euthanasia. Myelin was extracted from brains
under sucrose density centrifugation and osmotic shock as previously described73. All solvents were
prepared fresh at 4°C, and extractions conducted under ice. Additionally, all extractions were conducted
using the same solvents on the same day. Brie�y, brains were homogenized with a dounce homogenizer
in 0.3 M sucrose containing 0.7 M Tris-HCl (pH 7.4), 10 μg/mL Leupeptin (Sigma Aldrich, No. 103476-89-



Page 13/30

7), 10 μg/mL Antipain (Sigma Aldrich, No. 37691-11-5), and 100 μM phenylmethylsulfonyl �uoride
(GoldBio, No. P-470). Homogenized brain samples were layered on 0.83 M sucrose containing Tris-HCL,
leupeptin, antipain and phenylmethylsulfonyl �uoride (PMSF). The dounce homogenizer was washed
twice with 0.3 M sucrose and additionally layered. Samples were centrifuged for 30 m at 75,000 xg, 4°C,
and without brakes to prevent disruption of density gradient layers. Following centrifugation, the crude
myelin interface between 0.83 M sucrose and 0.3 M sucrose was collected and transferred to a new
centrifuge tube containing MQ H2O for centrifugation at 75,000 xg, 4°C for 30 m. Osmotic shocks were
then conducted twice by resuspending myelin in 5 mL MQ H2O and homogenizing thoroughly. Following
a 10 m incubation on ice, samples were centrifuged for 15 m at 12,000 xg, 4°C and without brakes. After
two osmotic shocks, pelleted crude myelin was resuspended in 2 mL 0.83 M sucrose and layered on 16
mL 0.83 M sucrose, followed by a 0.3 M sucrose. The samples were centrifuged for 15 m at 75,000 xg,
4°C and without brakes. The interface was then transferred to a new tube and resuspended in MQ H2O for
�nal centrifugation at 75,000 xg, 4°C and without brakes. The supernatants were carefully discarded to
obtain the puri�ed myelin. The puri�ed myelin was then resuspended in 100 μL 1 M Tris-HCl and stored in
-80°C.

 

Lipid extraction

Total lipids were extracted from puri�ed myelin using the Bligh & Dyer method74. Brie�y, extracted myelin
sheath samples were added to 750 μL 1:2 CHCl3:MeOH and vortexed for 15 m at 25°C. Following 5 m
incubation on ice, 250 μL CHCl3 and 250 μL MQ H2O were added to the sample. Samples were then
vortexed for 5 m at 25°C, and centrifuged for 5 m at 800 xg at 4°C. The organic layer was collected and
dried under steady �ow of N2 gas and resuspended in 90% ethanol for analysis via LC-MSMS.

 

Lipidomics

The samples were spiked with 5 μL of 50 μg/mL internal standard mixture (Ceramide 18:1/12:0;
Phosphatidylcholine 12:0/12:0; Phosphatidylethanolamine 14:0/14:0; phosphatidylglycerol 14:0/14:0;
phosphatidylserine 14:0/14:0) before instrument injection. The samples were analyzed at the
Metabolomics Laboratory of the Roy J. Carver Biotechnology Center of the University of Illinois at Urbana-
Champaign. Samples were injected into the Dionex Ultimate 3000 series HPLC system (Thermo Scienti�c,
Germering, Germany) which included an autosampler, degasser, and a binary pump. Liquid
chromatography separation was conducted on a Thermo Scienti�c Accucore C18 column (2.1x150 mm,
2.6 μm) with a �ow rate of 0.4 mL/min. Mobile phase A (60% acetonitrile: 40% H2O containing 10 mM
ammonium formate and 0.1% formic acid) and mobile phase B (90% isopropanol: 10% acetonitrile
containing 10 mM ammonium formate and 0.1% formic acid) was utilized. The detailed method was
similar to previously published paper from the laboratory75. The following linear gradient was used: 0
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min, 70% A; 4min, 55% A; 12 min, 35% A; 18 min: 15% A, 20-25 min: 0% A, 26-33 min: 70% A. The injection
volume was 10 μL, autosampler was set to 15°C, and column was kept at 45°C. Thermo Scienti�c Q-
Exactive MS system (Bremen, Germany) was used for obtaining tandem mass spectrometry under both
positive (sheath gas �ow rate, 50; aux gas �ow rate, 13; sweep gas �ow rate, 3; spray voltage, 3.5 kV;
capillary temp, 263°C; aux gas heater temp, 425°C) and negative electrospray ionization (sheath gas �ow
rate, 50; aux gas �ow rate, 13; sweep gas �ow rate, 3; spray voltage, -2.5 kV; capillary temp, 263°C; aux
gas heater temp, 425°C). The full scan mass-spectrum resolution was set to 70,000 resolution at m/z 200
with scan range of m/z 230-1,600. The automatic gain control target was 1,000,000 using the maximum
injection time of 200 ms. For MSMS, the mass spectrum resolution was set to 17,500. The automatic
gain control (AGC) target was 50,000 with a maximum injection time of 50 ms. Loop count was 10.
Isolation window was m/z with normalized collision energy (NCE) of 25 and 30 eV.

 

GW2580 treatment

C57BL/6J mice were housed in reverse light-cycle conditions and were fed a diet of normal chow and
water consumption ad libitum prior the treatment. Mice were treated daily with GW2580 (80mg/kg/d; LC
Labs, Cat No. G-5903) diluted in 200µl of 0.1% Tween80, 0.5% Hydroxymethyl Propyl-cellulose or vehicle
alone by oral gavage using plastic feeding tubes (Instech, FTP-18-30-50). Treatment began seven days
prior to inoculation with saline or in�uenza and continued for the duration of the study (to day 8 p.i.). In
total mice were treated for �fteen days. Animal weights were recorded daily.  

 

Serial block face scanning electron microscopy and g-ratio analysis

Immediately upon dissection, prefrontal cortex tissue was drop-�xed in 0.15M sodium cacodylate buffer
containing 2.5% glutaraldehyde and 2% formaldehyde with 2mM calcium chloride (pH 7.4). Tissue was
then post �xed in 2% osmium tetroxide in 0.15 M cacodylate buffer and 1% thiocarbohydrazide solution.
Tissues were stained with 1% uranyl acetate, dehydrated in an ascending alcohol series, and embedded
in Durcupan ACM epoxy resin (Cat. No. 14040). Serial images of the resin embedded samples were
acquired by alternating between imaging the block face and shaving off a layer with a diamond knife
using a Gatan 3View SBF microtome housed in a Gemini SEM column (Sigma VP, Carl Zeiss) equipped
with a Variable Pressure Secondary Electron (VPSE G3) detector. Sets of 200-400 images at 50nm steps,
12k × 12k pixels and 5nm/pixel resolution were obtained, resulting in whole datasets of 60x60µm in the X,
Y-plane and 10-20µm in the Z direction. ImageJ Software was used to manually measure g-ratio (ratio of
the inner to the outer diameter of the myelin sheath). To determine the g-ratios of myelinated axons in the
prefrontal cortex, the total stack of TIFs in each run per animal were �rst divided evenly into 3 block
portions corresponding to beginning, middle, and end of the stack. Ten continuous representative TIFs
were selected from each portion (30 total TIFs per animal) and axons were traced using the “polygon
selections” tool in ImageJ. Axons in the �rst TIF of each portion were labeled alphabetically and utilized
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as a reference to track the same axon through each block. Inner myelin sheath perimeter was traced �rst,
then the outer myelin sheath perimeter. Diameter was calculated using the perimeter measurement.
Axons that were vesiculated, blebbed, detached or oblong myelin sheaths were excluded. For each axon,
5-10 g-ratio measurements taken along the axon were averaged. For each animal, 2-13 axons were
averaged.

 

Flow cytometry

On day 8 p.i., mice were euthanized by CO2 asphyxiation and perfused with 20-30 mL of sterile PBS.
Lungs were collected and processed for �ow cytometry as described by Sauer, et al., 2007. In brief, the
lungs were chopped with a sterile razor blade, placed in 10ml of collagenase digestion buffer (300U/ ml
collagenase type II, 10 ml PBS, 150 ml DNase I of a 10 mg/ml stock) and digested at 37°C for 1h with
constant horizontal shaking at 300 r.p.m. (ThermoScienti�c Max Q 4000). The tissue was passed through
a 40µm sieve and cells were washed with 10ml of RPMI media by centrifugation at 400xg for 5 mins. Red
blood cells were lysed and the cells were suspended in ice-cold �ow cytometry staining buffer (sterile PBS
containing 2% FBS) at a concentration of 1x106 cells per 100µl. Cells were stained on ice with �uorophore
conjugated antibodies to CD45 (APC; clone 30-F11; ThermoFisher, Cat. No 17-0451-82) and CD11b (FITC;
Clone M1/70; ThermoFisher, Cat No. 11-0112-82) for 20 mins. After washing twice in staining buffer, the
samples were acquired on a LSRII Flow cytometer (BD). Gates were determined using unstained and
single-stained samples obtained from the same tissue of origin and compensation beads respectively.
Results were analyzed using FlowJo version 10.6.2 �ow cytometry software (De Novo Software).

 

Data analysis

Lipids were identi�ed with Thermo Scienti�c software LipidSearch (Version 4.1.30) as previously
described75.  The lipid signals were normalized to whole brain mass and the corresponding internal
standard signal responses. For lipid classes without a corresponding internal standard, positive lipid ion
signals were normalized to the signal of Ceramide 18:1/12:0 and negative lipid ion species normalized to
the signal of Phosphatidylglycerol 14:0/14:0. We only focused on monoisotopic species. LipidSearch
software was used to predict the possible fragment ions for lipid species within the precursor ion
tolerance using the accurate m/z values of the precursor ion. The LipidSearch database are built using
the known fragment ions for lipid classes and the intensity pattern based on measured spectra.
Identi�cation was done by using the parent ion that was based on the accurate mass of precursor ion
with the mass shift tolerance of 5 ppm. Identi�cation of the product ion was based on the accurate mass
of precursor ion with mass shift tolerance of 8 ppm and MSMS spectral pattern.
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Statistical testing

For lipidomics, differential expression analysis between saline and �u was carried out using the two-sided
non-parametric Wilcoxon rank sum test. Python SciPy package was used for calculating the rank sum
statistic for each lipid species. Expression fold-change of �u versus saline was computed as a second
measure for evaluating differential expression. We required a P-value<0.05 jointly with fold change>2 or
fold change<0.5 for signi�cant differential expression. Since only a small number of species were
characterized as differentially expressed lipids, the Type 1 error is small and therefore we did not use any
P-value correction method and worked with P-values directly obtained from statistical testing. For RT-
qPCR analysis, two-tailed Student’s t-test was carried out for each gene. A P-value<0.05 was considered
statistically signi�cant.
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Figures

Figure 1
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RNA sequencing reveals in�uenza alters lipid biosynthesis and myelination pathways of the cerebellum
and spinal cord transcriptome. (a) Overlap of signi�cantly downregulated genes between the spinal cord
and cerebellum of �u-infected mice compared to saline-inoculated mice at day 8 p.i. (n=7-8, p<0.05,
FDR<0.05). (b) Overlap of signi�cantly enriched Gene Ontology (GO) terms identi�ed with DAVID
Bioinformatics Resources in the spinal cord and cerebellum corresponding to signi�cantly downregulated
genes of Fig. 1a. (c) Fold enrichment of the 25 most highly enriched GO pathways shared between the
spinal cord and cerebellum at day 8 p.i. (d) Percentage breakdown of major myelin constituents (modi�ed
from Poitelon et al., 2020)35. (e) Fold change (FC) expression of genes encoding myelin proteins and
enzymes involved in cholesterol biosynthesis, glycosphingolipid biosynthesis, and phospholipid
biosynthesis of both the spinal cord and cerebellum of infected mice compared to controls (n=7-8,
p<0.05, FDR<0.05). Data are from Blackmore et al., 2017 (accession no. GSE96870)34.
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Figure 2

In�uenza infection decreases OL-speci�c transcripts in multiple regions of the brain with region-speci�c
recovery of transcripts by day 16 p.i. (a) Experimental design to uncover regional transcriptional changes
to myelin-related genes in the brain at days 8 and 16 p.i. (b) Percent daily weight change (n=18-22
animals per condition, pooled from all experiments) (c) RT-qPCR analysis of myelination genes in the
cerebellum, prefrontal cortex, and hippocampus of adult mice at days 8 and 16 p.i. (n=3-7 animals per



Page 26/30

condition, two-tailed Student’s t test). Data are presented as mean ± SEM. P-value signi�cance *<0.05, **
<0.01, ***<0.001.

Figure 3

In�uenza infection does not signi�cantly alter PLP levels in the mPFC. (a) Schematic overview of
immuno�uorescence technique to evaluate PLP in the mPFC. Dimension bar not drawn to scale. (b)
Representative 3D renderings of PLP-stained mPFC tissue of saline, �u, and cuprizone treatment groups.
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(c) Select measures from Imaris data output related to known biological attributes of myelinated �bers of
saline, �u, and cuprizone treatment groups at day 8 p.i. (n=4-7 animals per condition). Data are presented
as mean ± SEM. P-value signi�cance *<0.05.

Figure 4

Lipidomics analyses reveals lipid changes in puri�ed myelin. (a-c) Left; Differential expression of lipid
species between saline (n=4), �u day 8 (n=4), and �u day 16 (n=3) in the mPFC. 2-3 animals were pooled
for each mPFC sample. Values above histogram represent number of individual lipid species unique to its
respective major lipid class. Right; Differentially expressed lipids (p<0.05) of overall major lipid classes
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plotted as fold change of saline, �u day 8, and �u day 16. (d) Differential expression of lipid species
between saline (n=12), and �u day 8 (n=12) in puri�ed myelin isolated from whole brain. Differentially
expressed lipids (p<0.05) of overall major lipid classes plotted as fold change of saline and �u day 8.

Figure 5

LIPEA Bioinformatics reveal changes in signaling pathways. (a-c) Left; number of unique lipids in saline,
�u day 8, or �u day 16 groups in the mPFC. Right; Differentially expressed lipids with biological pathways
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analyzed by LIPEA with Bonferroni correction. Values represent number of lipid species involved in each
pathway. (d) Left; number of unique lipids in saline or �u day 8 in puri�ed myelin isolated from whole
brain. Right; Differentially expressed lipids with biological pathways analyzed by LIPEA with Bonferroni
correction. P-value signi�cance is as follows * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.

Figure 6
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Infection-induced changes to OL-speci�c transcripts are partially attenuated following treatment with a
CSF1R antagonist. (a-d), C57BL/6J mice were inoculated with saline (n=1) or in�uenza (n=1; 1.0 HAU). At
day 8 p.i. brain cells were isolated and subjected to single cell (sc)RNA-seq (a-b), t-distributed stochastic
neighbor embedding (t-SNE) plots showing identi�ed cell types (a) and effect of in�uenza infection (b).
(c-d) Upregulated genes associated with infection-induced changes to microglia (Tnf; left), astrocytes
(Mfsd2a; middle) or all cell types (Cdkn1a; right). Results are from 4,142 total cells (Saline, n=1894; Flu,
n=2248). (e-f) C57BL/6J mice were treated with vehicle or the CSF1R inhibitor GW2580 (80mg/kg/d) by
oral gavage for 8 days then inoculated with saline or in�uenza (n=6 per group). Brain regions were micro-
dissected at day 8 p.i. and gene expression analyzed. Effects of infection and treatment on expression of
in�ammatory (e) and OL-speci�c (f) genes in the mPFC (top), cerebellum (middle) and hippocampus
(bottom) are shown. Results are means ± S.E. Individual mice are depicted. Signi�cance was determined
by two-way ANOVA. Bars represent main effect of infection. P-value signi�cance *<0.05, **<0.01, ***
<0.001. Main effect of treatment is indicated by the symbol §.
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