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tissues extracted from 4wk cuprizone-fed and normal-chow fed hCX3CR11249M280 CX3CR1-KO
and CX3CRI1-WT mice. (A) Heat map of mean normalized gene counts (depicted as z-score
expression) of DEGs from cuprizone and normal chow fed mice. Bar graphs depicting the (B) top
upregulated genes and (C) downregulated genes in the SGZ following acute cuprizone treatment
are shown. Average fold changes are relative to cuprizone over normal chow genotypes. D-F, Heat
maps of average fold change expression of (D) transcriptional regulators of neurogenesis, (E)
neurogenic enzymes, and (F) growth factors in neurogenesis are shown. Average fold changes are
relative to cuprizone over normal chow genotypes. Genes that had a p value < 0.05 were deemed
differentially expressed genes (DEGs). Data in A-F are geometric means of each transcript for n
= 3 to 4 mice per group. G, Representative images of DCX+ staining (red or pseudocolored white)
at the SGZ (yellow arrows) of the hippocampus in coronal brain sections from CX3CRI1-WT
(WT), CX3CR1-KO (KO), FKN-KO, and hCX3CR124M280 (hM280) mice following 1 wk
remyelination or in control mice fed normal chow. Nuclei were labeled with Hoechst stain (blue).
Percent area of DCX staining was quantified throughout the SGZ for n = 3 mice per group and
data presented as mean = SEM. *P<(.05, **P<(.01, ***P<0.001 by one-way ANOVA followed
by Tukey's posttest. Scale bars: 50 um.

Figure 7. Fractalkine signaling supports oligodendrocyte differentiation following
cuprizone-mediated demyelination. A-C, Confocal images of (A) IBA1+ microglia (green), (B)
NG2+ cells (red), (C) CC-1+ mature oligodendrocytes (red) at the corpus callosum in sections
from CX3CR1-WT (WT), CX3CR1-KO (KO), and hCX3CR124M280 (hM280) mice following 1
wk remyelination or in control mice fed normal chow. Nuclei were labeled with Hoechst stain
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(blue). Image quantification is shown on right. Data are mean = SEM, n = 3 to 7 mice per group
where each dot represents an individual mouse . *P<0.05, **P<0.01, ***P<0.001 by one-way
ANOVA followed by Tukey's posttest. Scale bars: 50 um.

Discussion

This study demonstrates that hCX3CR124M280 yariant induces aberrant microgliosis in
mouse model of demyelination and plays a role in regulating remyelination and generation of
progreny from the neurogenic niche. By characterizing mice expressing the hCX3CR1249M280
variant following cuprizone treatment, we identified that defective CX3CRI1 signaling drives
inflammatory and oxidative stress gene circuits in CNS lesions, reduces neurogenic precursors and
inhibits OPC differentiation. Our results suggest that enhancing CX3CR1 signaling may be
important for defining the extracellular milieu by limiting toxic mediators released by microglia
that inhibit remyelination and neurogenesis in neurological disorders.

Previous studies have shown that mouse fractalkine is able to signal through hCX3CR1;
moreover, receptor mRNA transcript expression in hCX3CR1-M280 brain and spinal cord tissues
was comparable to those in WT mice (Cardona et al., 2018). Thus our observations in CPZ model
suggest that decreased CX3CRI1 signaling contributes to the associated microglial activation
phenotype. This work shows that hCX3CR1249M280 expressing mice, exhibit the most unfavorable
remyelination phenotype despite increased NG2+ glia. Lower densities of CC-1+ cells relative to
WT mice at 1 wk remyelination, were also observed. Interestingly, similar to naive and CPZ treated
CX3CR1-KO and FKN-KO mice, hCX3CR124M280 mice displayed a noticeable decrease in
DCX+ cells in the SGZ that mark newly formed and migrating neurons. Distinct from CX3CR1
expressing and deficient mice, the demyelinating phenotype of hCX3CR124M280 mice correlated
with increased expression of TLR2, shown to restrain remyelination via recognition of hyaluronan
oligomers that block OPC maturation and remyelination through TLR2-MyD88 signaling (Sloane
et al., 2010); and Lipocalin 2, that with regards to brain autoimmune inflammation was found
abundant in CSF of MS patients, and shown to inhibit remyelination in a rat neuroglial cell co-
culture model (Al Nimer et al., 2016). Furthermore, phagocytic markers CD68, CD36 and TREM?2
were also highly upregulated in hCX3CR11249M280 tissues suggesting that the remyelination defects
were not due to improper housekeeping properties by hCX3CR17249M280 expressing microglia.
Together, these results support the hypothesis that fractalkine/CX3CR1 signaling regulates newly
formed neurons and/or the transition of oligodendrocyte progenitors to myelinating
oligodendroglia. How or whether new born neurons in the SGZ impact remyelination in the corpus
callosum is not clear but has the potential of contributing to cognitive dysfunction.

Cognitive impairments are common clinical manifestations of MS (Rocca et al., 2018).
Neuropathological studies have shown demyelination and neuronal loss in the hippocampus of MS
patients (Dutta et al., 2011), the brain region with key roles in learning and memory and
neurogenesis. A recent study identified hippocampal neurogenesis inversely correlates with the
extent of CPZ-induced demyelination (Zhang et al., 2020). Indeed, our data suggest that
FKN/CX3CRI signaling contributes to the proliferation of NSC following demyelination. Our
study is in line with another report showing membrane-bound FKN induces neurogenesis in model
of Alzheimer's disease (Fan et al., 2019). Thus, it is possible that neuron-microglial interactions
via FKN/CX3CRI signaling is needed for the restoration of neural circuit formation following a
demyelinating event. Future studies are required to identify the precise molecular mechanisms
linking focal demyelination with aberrant neurogenesis.
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The study presented here is in agreement with published data highlighting remyelination
defects in the absence of CX3CRI signaling (Lampron et al., 2015). However, it has been reported
that CX3CR1-KO mice are resistant to cuprizone-induced demyelination in the corpus callosum
due to phagocytic defects by microglia and their associated inability to clear myelin debris
(Lampron et al., 2015). In order to validate the findings of increased demyelination in CX3CRI1-
KO mice, we treated FKN-KO mice with cuprizone and observed a similar phenotype in these
ligand-deficient mice. Overall in our study, CX3CR1-KO, FKN-KO, and hCX3CR1249M280 mpjce
were susceptible to cuprizone-induced demyelination without any major differences in the
expression of phagocytic markers compared to cuprizone-treated CX3CR1-WT mice.

Although fractalkine/CX3CR1 antagonism is beneficial in some pathologies, the
hCX3CR1?4M280 model described in this study will be valuable to address functional differences
in CX3CRI1 variants. Thus we need to clarify whether the observed differences in the models
mentioned above are indeed due to CX3CR1 mediated signaling or to abnormal CX3CR1 function
due to desensitization. Moreover, CX3CRI1 deficiency delays functional maturation of
postsynaptic glutamate receptors in the mouse somatosensory cortex (Hoshiko et al., 2012); leads
to impaired hippocampal cognitive function and synaptic plasticity (Rogers et al., 2011); and
results in deficits in synaptic pruning, weak synaptic transmission and decreased functional brain
connectivity during adulthood (Zhan et al., 2014). Therefore, the signaling via hCX3CR 11249M280
in neuronal processes may provide new avenues to better understand the impact of
fractalkine/CX3CR1 antagonist modalities. Nevertheless, these paradoxical observations in
CX3CR1-KO models highlight complex functions of CX3CRI1 in immune cells versus resident
tissue macrophages, and the functional interaction between neurons and microglia via the
fractalkine/CX3CR1 axis must be carefully defined before utilization of CX3CRI1 antagonistic
approaches. Moreover, it is important to clarify the role of fractalkine isoforms, which exist as a
membrane-bound and as soluble chemokine, to demyelination demyelination processes in a
microglia OPC/OL dependent manner.

The data presented here reveal a decrease in DCX+ immunoreactive area under naive
conditions in CX3CR1-KO and hCX3CR124M280 mjce without significant changes in CPZ-
induced demyelination. Although the effect of cuprizone treatment on hippocampal neurogenesis
has not been extensively studied, our results agree with previous observations of reduced numbers
of DCX+ cells in the cuprizone model (Abe et al., 2015). However, Klein et al found no significant
differences in DCX+ cells after 1 or 2 wks remyelination but determined that DCX-expressing
neural progenitors can contribute to the mature oligodendrocyte pool (Klein et al., 2020). The
observation of increased OPC NG-2+ in hCX3CR1124M280 mjce point to an unexplored area
regarding the use of FKN as an effective mediator for the interaction of new neurons and
oligodendrocytes to enhance remyelination and repair. Recent studies support the involvement of
the fractalkine axis in homeostatic microglia function. Deleting CX3CR1 in the phagocyte system
blocks engulfment of OPCs during development which leads to impaired myelin formation
(Nemes-Baran et al., 2020). Several critical unanswered questions remain. Detailed analyses of
neural lineage and oligodendrocyte lineage progression and distribution in FKN-CX3CRI
expressing, deficient, and hCX3CR1724M280 mice with a focus in differences in NSC growth
factors will be valuable to define the role of the hCX3CR1249M280 gignaling in remyelination and
repair. Lastly, identification of differentially regulated genes in microglia that affect cellular
number and mobilization of neuroblasts and OPCs in CX3CR1-WT and hCX3CR11249M280 mjce
will be valuable to understand further the impact of FKN signaling to subsequent remyelination
events.
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Materials and Methods

Mice

Male C57BL/6 mice were obtained from Jackson Labs and used as wild type animals (referred to
as CX3CR1-WT; RRID: IMSR JAX:000664). Transgenic CX3CRI-GFP reporter mice
(Cx3cr1CFP/GFP; referred to as CX3CR1-KO), hCX3CRI17Z4M280 (referred to as "hM280" in
figures) and Cx3clI~~ (referred to as FKN-KO) mice were bred and maintained as previously
described (Mendiola et al., 2017; Cardona et al., 2018). This study was carried out in accordance
with National Institutes of Health guidelines and approved by The University of Texas at San
Antonio Institutional Animal Care and Use Committee.

Cuprizone-induced demyelination and remyelination model

Seven-to-eight week old male mice were fed 0.2% cuprizone (7012, Red, Rx: 1996698,
TD.150233; Envigo) supplemented chow to induce demyelination (Liu et al., 2010). Each animal
cage received 50-55 g cuprizone chow and food was replaced every 48 hr until animals were
sacrificed. In separate experiments, following cuprizone treatment, food was replaced with normal
chow for 1 week and mice were sacrificed to evaluate spontaneous remyelination. In the text, these
mice will be referred to as 1wk remyelination. Age and gender matched animals that ate normal
chow served as naive controls.

Antibodies used in this study

Microglia and macrophages were detected with markers IBA1 (rabbit, 1:4000; Wako, RRID:
AB _839504) and CD68 to identify activated phagocytic cells (rat, 1:500; eBioscience, RRID:
AB 322219). Myelin detection was done with antibodies against myelin basic protein (MBP;
rabbit, 1:4000; Invitrogen, RRID: AB 1501419) and proteolipid protein (PLP; rat, 1:500; Clone
A3, obtained from Dr. Wendy Macklin). Mature oligodendrocytes and oligodendrocyte precursor
cells (OPCs) were also identified with APC (Ab-7; CC-1; mouse, 1:500, RRID: AB 2057371),
and NG2 (Chemicon; rabbit, 1:500, RRID: AB 91789), respectively. Doublecortin-positive
neuroblasts and immature neurons were marked with anti-DCX antibody (goat polyclonal, 1:2000;
Clone: C-18; Santa Cruz, RRID: AB 2088494). Species-specific secondary antibodies conjugated
to Cy3 or Cy5 were purchased from Jackson Laboratories.


https://doi.org/10.1101/2021.06.06.447262

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.06.447262; this version posted June 7, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

15

Immunohistochemistry and image quantification

Mice were euthanized under anesthesia by transcardial perfusion with HBSS followed by 4%
paraformaldehyde as described previously (Cardona et al., 2015). 30-um coronal brain sections
were generated on a freezing microtome and used for immunohistochemistry. Briefly, 2-3 free-
floating sections from the anterior (front: 0.90 — 0.50 mm) and posterior (back: -1.60 — (-2.70 mm)
of the corpus callosum of each mouse brain were used. Following antigen retrieval for 15 min at
80°C (pH 6.0; DAKO), tissues were incubated in block solution containing 0.3% Triton and 10%
goat serum for 1 hr at room temperature (RT) and incubated overnight with primary antibodies at
4°C. Fluorescently-conjugated secondary antibodies were used to visualize primary antibodies.
Images were acquired on a Zeiss 510 LSM and 3D confocal images were obtained from Imaris
software. For image quantification of myelin (MBP and PLP), IBA1 and CD68 signal, raw images
were uploaded to ImageJ (NIH), converted to 8-bit grayscale, and then an automatic threshold was
applied to the entire image using the plugin otzu thresholding. The intensity of staining was
measured as percent area of the corpus callosum. Data were averaged from 2-3 stained sections
per region of the corpus callosum and per mouse. DCX+ immunoreactive area was obtained in a
similar process with images obtained from the SGZ of the hippocampus. CC-1+ and NG2+ cells
were counted in the corpus callosum from 2-3 images per section (2 sections stained per mouse)
and normalized to the area. For black-gold histology two free-floating sections from the anterior
and posterior of the corpus callosum were stained in a 1.5-mL Eppendorf tube with 500 pL of
0.2% black-gold solution (AG105; EMD Millipore) in a 65°C water bath for 12 min. Tissues were
then mounted, allowed to dry, and staining was completed according to manufactures instructions.
ImagelJ analysis was performed similarly as above with thresholding of blackgold staining in each
gated corpus callosum kept constant throughout tissues. Data represent percent myelination in the
corpus callosum and expressed as black-gold percent area.

NanoString gene expression analysis

Brains were collected from buffer perfused mice as described above and then the corpus callosum,
SGZ and SVZ were separately isolated for RNA extraction. Tissues were homogenized in 1 mL
of Trizol reagent (Ambion) and total RNA was extracted according to the manufacturer's
instructions. The integrity and concentrations of RNA were assessed independently (Baylor
College of Medicine) using Bioanalyzer (Nanochip, Agilent Technologies). nCounter was used to
analyze gene expression in total RNA samples and data were quantified with the nSolver 3.0
software (NanoString Technologies). For corpus callosum gene profiling, the mRNA expression
of 582 genes were analyzed using a custom-designed nCounter GE-Mouse Immunology v1 Kit
and performed by the Genomic and RNA Profiling Core at Baylor College of Medicine
(Department of Advanced Technology Cores). For SGZ and SVZ gene profiling, the mRNA
expression of 117 genes were analyzed using a custom-designed nCounter GE-Mouse
Neurogenesis Kit and performed by Canopy Biosciences. Using nSolver, all data were initially
normalized using positive and negative controls (background subtraction) and housekeeping gene
probes. Then treated samples were further normalized to respective normal chow fed genotypes.
Differentially expressed genes were defined by a cutoff of + 2-fold change and P<0.05. Heat maps
were generated in R software using ggplot2 and pheatmap packages.

Quantitative Real-time PCR
RNA was extracted from the corpus callosum as described above and 1 pg of total RNA was
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reversed transcribed to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Samples were run in triplicate in 10 pL. PCR reactions containing 1X SYBR Green
PCR Master Mix (Applied Biosystems), 250 nM forward and reverse primers, and 14 ng cDNA
template. Results were analyzed by the comparative Ct method, and data are expressed as the
average fold change from AACt for the experimental gene of interest normalized to housekeeping
genes (18s and B-actin mRNA) and presented as fold change relative to respective genotype of
normally fed mice. The following primers were used: /8s (Accession number: NR 003278.3):
CGGCTACCACATCCAAGGAA, GTCGGAAATACCGCGGTC; p-actin (Accession number:
NM_007393) CTCTGGCTCCTAGCACCATGAAGA,
GTAAAACGCAGCTCAGTAACAGTCCG; (Cd68 (Accession number: NR 110993.1):
CTTCCCACAGGCAGCACA, ATTGATGAGAGGCAGCAAGAGG; Cxcll0 (Accession
number: NM_021274.2): TGCTGCCGTCATTTTCTG, GCTCGCAGGGATGATTTCAAG.

Statistical analysis

Data are expressed as mean + SEM when scatter plot is provided to show distribution. Otherwise,
data are expressed as mean = SD when described in the Results section and in the Figures. Data
were plotted in Graphpad Prism (versions 5 and 9) and statistical tests' were performed using
Student's t-test when comparing two groups or One-way ANOVA followed by Tukey's posttest
when comparing multiple groups. Statistical significance was deemed when P<0.05.
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