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Transfer of nuclear and ribosomal material from
Sox10-lineage cells to neurons in the mouse brain

Florian Mayrhofer'@®, Angela M. Hanson'@®, Manuel F. Navedo*®, Yang K. Xiang>*®, Athena M. Soulika’>®, Wenbin Deng>>¢®, and

Olga V. Chechneva2®

Material transfer is an essential form of intercellular communication to exchange information and resources between cells.
Material transfer between neurons and from glia to neurons has been demonstrated to support neuronal survival and activity.
Understanding the extent of material transfer in the healthy nervous system is limited. Here we report that in the mouse
central nervous system (CNS), neurons receive nuclear and ribosomal material of Sox10-lineage cell (SOL) origin. We show
that transfer of SOL-derived material to neurons is region dependent, establishes during postnatal brain maturation, and
dynamically responds to LPS-induced neuroinflammation in the adult mouse brain. We identified satellite
oligodendrocyte-neuron pairs with loss of plasma membrane integrity between nuclei, suggesting direct material transfer.
Together, our findings provide evidence of regionally coordinated transfer of SOL-derived nuclear and ribosomal material to
neurons in the mouse CNS, with potential implications for the understanding and modulation of neuronal function and

treatment of neurological disorders.

Introduction

Neurons are long-living cells that perform high energy-consuming
functions such as firing action potential, axonal transport, protein
synthesis, release, and uptake of neurotransmitters to process and
transmit information through electrical and chemical signals,
thought to be the basis for learning, memory, and behavior
(Attwell and Laughlin, 2001; Harris and Attwell, 2012; Shulman
et al., 2004). Material transfer from neuron to neuron and
glia to neuron plays a critical role in the modulation of
neuronal activity and fulfilling energy demands of neurons
(Chamberlain et al., 2021; Frithbeis et al., 2013; Pearson et al.,
2016). Transfer of cytoplasmic and membrane-bound mole-
cules through tunneling nanotubes has been reported between
photoreceptors in vitro and in vivo and demonstrated to restore
visual function after photoreceptor precursor transplantation
into the diseased neuroretina (Kalargyrou et al., 2021; Ortin-
Martinez et al., 2021; Pearson et al., 2016). To a bigger part,
extracellular vesicles have been shown to transfer molecules or
pathogenic proteins between glia and neurons (Asai et al., 2015;
Friihbeis et al., 2013; Guo et al., 2020; Luarte et al., 2020; Patel
and Weaver, 2021; Rostami et al., 2017). Increase in transfer of
ribosome-containing extracellular vesicles from Schwann cells

to injured axons has been demonstrated in the peripheral
nervous system (Court et al., 2008; Lopez-Verrilli et al., 2013;
Miiller et al., 2018; Shakhbazau et al., 2016). Material transfer
of RNA- and protein-carrying exosomes from myelinating
oligodendrocytes to axons has been shown in vitro and in vivo
and demonstrated to enhance axonal energy metabolism after
oxidative stress or starvation (Chamberlain et al., 2021; Friihbeis
et al., 2013; Friihbeis et al., 2020). While glia-to-neuron material
transfer is mostly viewed as a mechanism to support neuronal
survival and recovery after injury, understanding the extent of
material transfer in the healthy central nervous system (CNS) is
limited.

Sox10 is a member of the high-mobility group gene family of
transcription factors involved in the regulation of embryonic
development and determination of cell fate (Bowles et al., 2000;
Kuhlbrodt et al., 1998). In the postnatal and adult CNS, expres-
sion of Sox10 is established as a marker of oligodendrocyte-
lineage cells, including oligodendrocyte precursor cells (OPC),
pre-myelinating and myelinating oligodendrocytes (Kuhlbrodt
et al., 1998). While myelination is considered as the main role
of Sox10-lineage cells (SOL; Stolt et al., 2002), in the adult brain
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only about 1% of OPC become myelinating oligodendrocytes
(Hughes et al., 2013), as other functions of SOL in the CNS re-
main unclear.

In this study, we report nuclear and ribosomal material
transfer from SOL to neurons in the mouse CNS and provide
evidence of coordinated nuclear interaction between satellite
oligodendrocytes and neurons.

Results and discussion
Neurons receive SOL-derived nuclear and ribosomal material
Using the Cre-LoxP system for the expression of ribosomal
Rpl10a fused to enhanced GFP (Rpl10a-EGFP; Liu et al., 2014) or
inner nuclear membrane protein Sunl fused to superfolder GFP
(Sun1-sfGFP; Mo et al., 2015), in the oligodendrocyte-lineage cell
SoxI0-Cre mouse line (Philips et al., 2021; Zhang et al., 2020), we
unexpectedly found the presence of nuclear and ribosomal re-
porters not only in oligodendrocyte-lineage cells but also in
neuronal cell bodies throughout the entire adult CNS (Fig. 1,
A-C; and Fig. S1, A-D). Cell quantification in the mouse brain
using immunohistochemistry showed regional differences in the
distribution of reporter-positive neurons between cortex, stri-
atum, and thalamus (Fig. 1 F). Analysis by fluorescence-activated
nuclei sorting of nuclei isolated from the cortex or thalamus
showed similar results (Fig. S1, E and F). The proportion of
reporter-positive Olig2* oligodendrocyte-lineage cells was con-
sistently high in all examined areas (Fig. 1 G). In control adult
Sox10-Cre:EYFP reporter mice expressing unfused enhanced
YFP (EYFP; Srinivas et al., 2001), we detected strong expres-
sion of EYFP reporter in oligodendrocyte-lineage cells (Fig. 1,
D and E). In contrast to nuclear and ribosomal reporter mice,
only few weakly fluorescent neurons were found in control
Sox10-Cre:EYFP mice (6.8 + 1.5% in the cortex, 1.7 + 0.9% in the
thalamus, and 2.0 + 1.0% in the striatum; Fig. 1, D-F), as de-
scribed earlier (Kougioumtzidou et al., 2017). In the cortex,
reporter-positive neurons were predominantly glutamatergic
(Fig. 1, H and I). Some reporter-positive astrocytes were de-
tected in the hippocampus and deep gray matter, including
striatum, thalamus, and hypothalamus (Fig. S1 G). We did not
find reporter-positive microglia, a dominant phagocytic cell
type in the CNS (Fig. S1 G; Damisah et al., 2020).
Cre-expressing oligodendrocytes have been demonstrated to
release Cre protein-containing exosomes in vitro that were in-
ternalized by neurons after in vivo transplantation (Friihbeis
et al., 2013). To test for misexpression of reporter protein in
neurons due to unexpected transient expression or transfer of
Cre, we crossed Sox10-Cre mice with Sunl-sfGFP nuclear reporter
mice carrying the inducible diphtheria toxin (DT) receptor
(iDTR) transgene. In the resulting offspring, Cre-dependent ex-
pression of iDTR mediates cell lineage ablation after DT ad-
ministration (Buch et al., 2005). Stereotaxic injection of DT to
the cerebral cortex or thalamus of SoxI0-Cre:iDTR Sunl-sfGFP
double reporter mice resulted in specific ablation of Olig2*
oligodendrocyte-lineage cells at the injection site 3 d after treat-
ment (Fig. 2, A-C). The presence of neurons at the injection site
with location and numbers similar to neurons in control SoxI0-
Cre:Sunl-sfGFP mice (Fig. 2, B, D, and E) supports the conclusion

Mayrhofer et al.
Neurons receive material from Sox10-lineage cells

that neurons in Sox10-Cre mice do not express reporter protein.
While we found no decrease in the numbers and mean fluores-
cence intensity of reporter-positive neurons at 3 d after DT
treatment (Fig. 2, E and F), likely due to the short time window
after SOL ablation, rapid SOL repopulation (Déng et al., 2019)
needs to be considered when investigating the long-term effects
of SOL-neuron material transfer using depletion models.

Using other available nuclear and ribosomal reporter con-
structs in SoxI0-Cre mice, we detected similar regional distribution
of neurons positive for core histone H2B fused to mCherry (H2B-
mCherry; Fig. 2, G and I; Peron et al., 2015; Roh et al., 2017), ri-
bosomal Rpl22 fused to hemagglutinin (Rpl22-HA; Fig. 2 H; Sanz
etal., 2009), and nuclear pore complex component RanGAPI fused
to mCherry (RanGAP1-mCherry; Fig. 2 J; Roh et al., 2017).

Supporting our findings on SOL-derived material transfer,
abundant accumulation of ribosomal Rpl10a-EGFP was found in
neurons in another oligodendrocyte-lineage cell reporter mouse
line PDGFRa-Cre:Rpll0a-EGFP (Fig. S2, A, C, and D). No EYFP*
neurons were found in control PDGFRa-Cre:EYFP mice (Fig.
S2, B-D). Of note, PDGFRa-Cre:Rpll0a-EGFP mice displayed
pathological phenotype, including slow growth and seizures.
In possible relation to overexpression of ribosomal reporter
Rpl10a-EGFP, runty appearance and craniofacial abnormalities
were observed in Sox10-Cre:Rpll0a-EGFP and Sox10-Cre:RpllOa-
EGFP H2B-mCherry mice (Fig. S2, E and F). During embryonic
development, Sox10* migrating neural crest cells give rise to cra-
niofacial connective tissue, cartilage, and bone (Bronner and
Simdes-Costa, 2016). Craniofacial abnormality and developmental
delay are common characteristics of ribosomopathies, caused
by alterations in the structure or function of ribosomal com-
ponents (Achilleos and Trainor, 2015; Farley-Barnes et al., 2019;
Shi et al.,, 2017). Further characterization of these mice is
needed to understand the relevance between Rpl10a-EGFP ex-
pression in SOL, craniofacial abnormality, and related devel-
opmental disorders.

SOL-neuron material transfer in the postnatal mouse brain
Most CNS neurons are generated before birth (Antén-Bolafios
et al., 2018; Gotz and Huttner, 2005; Rakic, 2009). Early after
birth, the CNS undergoes rigorous remodeling with formation of
synaptic connections and neural circuits, growth of dendrites,
primary myelination, and neuronal specification in the thalamus
preceding cortical neuronal specification (Antén-Bolafios et al.,
2018; Jernigan et al., 2011; Kroon et al., 2019; Lépez-Bendito and
Molndr, 2003; Rice and Barone, 2000; Semple et al., 2013).
During late postnatal development, from postnatal day (P) 14 to
P30 in the rodent brain, thalamocortical circuit maturation and
a refinement of synaptic connections direct the development of
cognition and coordinated motor function (Downes and Mullins,
2014; Foran and Peterson, 1992; Mizuno et al., 2018; Paolicelli
et al., 2011; Rice and Barone, 2000).

Using Sox10-Cre:Rpll0a-EGFP mice, we found a gradual in-
crease in the numbers of reporter-positive Olig2* cells in the
cortex, hippocampal dentate gyrus (DG), striatum, and thalamus
during early postnatal development from P5 to P14 (Fig. 3, A-G),
supporting Olig2 regulatory function upstream of Sox10 ex-
pression in OPC, as previously reported (Kiispert et al., 2011). At
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Figure 1. Accumulation of nuclear and ribosomal reporters in neurons in Sox10-Cre mice. (A) Homozygous mice carrying transgene with a loxP-flanked
DNA STOP sequence preventing expression of the downstream reporter protein were crossed with Sox10-Cre mice to remove the STOP sequence in SOL.
(B and C) Ribosomal Rpl10a-EGFP or nuclear Sun1-sfGFP reporter was found in oligodendrocyte-lineage cells (arrows) and neurons (yellow arrowheads)
in the cortex, thalamus, striatum, and the subcortical white matter corpus callosum of adult Sox10-Cre:Rpl10a-EGFP and Sox10-Cre:Sun1-sfGFP mice. The
region of the yellow box is enlarged and shown as a single plane image with orthogonal projection. (D) EYFP reporter protein was found predominantly
in oligodendrocyte-lineage cells (arrows) and few weakly fluorescent neurons (arrowheads) in adult Sox10-Cre:EYFP mice. (E) Quantification of EYFP mean
fluorescence intensity (MFI) in neurons and oligodendrocyte-lineage cells in the cortex of adult Sox10-Cre:EYFP mice. (F and G) Quantification of NeuN*GFP*
neurons and Olig2*GFP* oligodendrocyte-lineage cells in the cortex, thalamus, and striatum of adult Sox10-Cre:Rpl10a-EGFP, Sox10-Cre:Sun1-sfGFP, and Sox10-Cre:
EYFP mice. (H) Reporter-positive neurons in the adult mouse cortex were predominantly glutamatergic and rarely GABAergic (arrowheads). (I) Quantification of
GFP* glutamatergic and GABAergic neurons in the cortex of adult Sox10-Cre:Sun1-sfGFP mice. All data are presented as mean + SEM. Each circle represents an
individual animal in F, G, and | and an individual cell in E. Data are representative of two (H and I) and three (B-G) independent experiments. P values were
determined by two-way ANOVA with Bonferroni post hoc test for E-G and unpaired t test for I. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ****, P < 0.0001. Scale bars:
500 um for B; 50 pum for H; 20 um for enlargements in B, and C and D; 5 um for orthogonal projections in B and C. A.U., arbitrary units; CC, corpus callosum; Cx,
cortex; Hy, Hypothalamus; ns, not significant; Stri, striatum; Thal, thalamus.
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Figure 2. CNS neurons receive nuclear and ribosomal material from SOL. (A) 1 ng of DT was injected into the cerebral cortex or thalamus of 8-12-wk-old
Sox10-Cre:iDTR SunI-sfGFP and control Sox10-Cre:Sun1-sfGFP mice. (B) Selective ablation of oligodendrocyte-lineage cells at the injection site in Sox10-Cre:iDTR
Sunl-sfGFP mice 3 d after DT injection. Neuronal density at the injection site in Sox10-Cre:iDTR Sunl-sfGFP mice was indistinguishable from neuronal density in
control Sox10-Cre:SunI-sfGFP mice. (C-E) Quantification of Olig2* oligodendrocyte-lineage cells, NeuN* and NeuN*GFP* neurons in the cortex or thalamus 3 d
after DT injection. (F) Quantification of GFP MFI in individual neurons in the cortex or thalamus 3 d after DT injection. (G-J) Nuclear and ribosomal reporters in
oligodendrocyte-lineage cells (arrows) and selective neurons (arrowheads) in the cortex of adult Sox10-Cre:H2B-mCherry, Sox10-Cre:Rpl22-HA, Sox10-Cre:Rpl10a-
EGFP H2B-mCherry, Sox10-Cre:Rpl10a-EGFP RanGAP1-mCherry mice. The region of the yellow box is enlarged and shown as a single plane image with orthogonal
projection. All data are presented as mean + SEM. Each circle represents an individual animal in C-E and individual cell in F. Data are representative of two (G-J)
and three (B-F) independent experiments. P values were determined by two-way ANOVA with Bonferroni post hoc test. ns, P > 0.05; **, P < 0.01; ***, P <
0.001. Scale bars: 100 um for B; 20 um for G-J and 5 pm for the enlargements in G-J. A.U., arbitrary units; CC, corpus callosum; Cx, cortex; HA, hemagglutinin;
Hy, Hypothalamus; ns, not significant; Thal, thalamus.
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Figure 3. SOL-neuron material transfer in the postnatal mouse brain. (A) Schematic representation of regional distribution of nuclear and ribosomal
reporter-positive neurons and reporter-positive Olig2* oligodendrocyte-lineage cells at P5, P14, and P30. (B-F) Representative images showing Rpll0a-EGFP*
neurons (arrowheads) and Olig2* oligodendrocyte-lineage cells in the cortex, hippocampal DG, striatum, and thalamus during postnatal development. (G and H) Quantification
of Olig2*GFP* oligodendrocyte-lineage cells and NeuN*GFP* neurons in the postnatal brain of Sox10-Cre:Rpl10a-EGFP mice. All data are presented as mean +
SEM. Each circle represents an individual animal. Data are representative of three independent experiments. P values were determined by one-way ANOVA
with Bonferroni post-hoc test. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001. Scale bar: 500 um for C; 100 pm for F; 50 um for B, D, and E. A, amygdala; CP,
caudate putamen; CC, corpus callosum; Cx, cortex; Hip, hippocampus; Hy, hypothalamus; Th, thalamus.

P14, the numbers of reporter-positive Olig2* SOL were estab-  adult mouse brain (Fig. 1 F and Fig. 3, A-E and H). In contrast,
lished in all examined areas (Fig. 3 G). Concurrently, very few the numbers of reporter-positive neurons in the thalamus re-
reporter-positive neurons were found in the cortex, hippo- mained stable throughout postnatal development and compa-
campal DG, and striatum at P5, but their numbers gradually rable with the numbers found in the adult brain (Fig. 1 F and
increased until P30, reaching the numbers found in the mature Fig. 3, A, F, and H). Because the visualization of SOL-neuron

Mayrhofer et al. Journal of Experimental Medicine
Neurons receive material from Sox10-lineage cells https://doi.org/10.1084/jem.20221632

5 of 15


https://doi.org/10.1084/jem.20221632

material transfer in our system is dependent on expression of
Sox10 in oligodendrocyte-lineage cells, it remains unknown
whether material transfer is happening to a bigger extend ear-
lier in development. Together, we conclude that SOL-neuron
material transfer establishes during postnatal maturation. How
SOL-neuron material transfer is regulated during development
and its role in brain maturation remains to be determined.

SOL-neuron material transfer in the adult brain

To study SOL-neuron material transfer in the adult brain, we
employed the inducible CreER™?/LoxP system. In this system,
activation of CreERT? recombinase by synthetic estrogen re-
ceptor ligand tamoxifen (TAM) allows controlled expression of
reporter protein (Fig. 4 A). We used oligodendrocyte-lineage cell
mouse line Sox10-iCreER™ (McKenzie et al., 2014; Zhang et al.,
2020). After TAM injection to nuclear Sox10-iCreERT2:Sunl-sfGFP
or ribosomal Sox10-iCreERT2:Rpll0a-EGFP reporter mice, in ad-
dition to reporter-positive oligodendrocyte-lineage cells, we
found Sunl-sfGFP* or Rpl10a-EGFP* neurons in specific areas of
the adult mouse brain: cortical layers 2-3 and 6, DG, septum, and
amygdala (Fig. 4, B-D; and Fig. S3 A). Single reporter-positive
neurons were detected in the hippocampal CA1-3 pyramidal
layer (Fig. S3 A).

Cre protein was selectively expressed in oligodendrocyte-
lineage cells, and we did not find reporter-positive neurons
immunoreactive for Cre (Fig. 4 E). Cell quantification using im-
munohistochemistry showed that around 97% of Olig2* cells in
the cortex of Sox10-iCreERT:Sunl-sfGFP mice expressed fluores-
cent reporter at 4, 8, and 30 d after TAM induction (Fig. 4 F). In
contrast, the numbers of reporter-positive neurons found in the
cortex at 4 d after TAM were reduced at 8 d and remained stable
at 30 d after TAM (Fig. 4, G and H), which may be explained by
transient acute increase in material transfer in response to TAM-
induced cellular stress (Denk et al., 2015) and the documented
rapid protein turnover in neurons, with the half-life of 6 d for
Sunl (Buchwalter et al., 2019) and 6-11 d for ribosomal proteins
(Dérrbaum et al., 2018). During examination of reporter-positive
neurons in the cortex of Sox10-iCreERT%Sunl-sfGFP mice, we
frequently found satellite Olig2*Sunl-sfGFP* SOL forming nu-
clear pairs with reporter-positive neurons (Fig. 4, C and I). The
numbers of Sunl-sfGFP* SOL-neuron nuclear pairs positively
correlated with the numbers of reporter-positive neurons (Fig. 4,
I and J), suggesting a possible function in SOL-derived material
transfer to neurons.

SOL-neuron material transfer responds to neuroinflammation

Reactive gliosis and neuroinflammation trigger and perpetuate
pathogenesis in a variety of genetic and age-related neurode-
generative disorders associated with aggregation and spreading
of pathogenic proteins in neurons, including Alzheimer’s, Hun-
tington’s, Parkinson’s disease, and amyotrophic lateral sclerosis
(Batista et al., 2019; Heppner et al., 2015). LPS, a major compo-
nent of the outer membrane of Gram-negative bacteria, has been
widely used to model neuroinflammation, and LPS was found
in the postmortem human brain tissue of patients with pro-
gressive accumulation of protein aggregates (Batista et al.,
2019; Brown, 2019; Zhan et al., 2016; Zhang et al., 2009).

Mayrhofer et al.
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Systemic administration of LPS causes rapid pro-inflammatory
activation of microglia and lasting neurotoxic reactive astrocytes
in the CNS (Hasel et al., 2021; Hoogland et al., 2015; Liddelow
etal., 2017; Zamanian et al., 2012). To investigate the response of
SOL-neuron material transfer to neuroinflammation, we i.p. in-
jected LPS or saline as control to adult Sox10-iCreERT%Sunl-sfGFP
and Sox10-iCreERT2:RpllOa-EGFP reporter mice 3 d after TAM
(Fig. 4 K). As described earlier, LPS administration resulted in
microglia and astrocyte activation (Fig. 4, L-N; Hasel et al., 202;
Kloss et al., 2001; Liddelow et al., 2017; Zamanian et al., 2012).
At 24 h after LPS injection, the numbers of microglia increased
in the cortex and microglia appeared with thick processes
displaying reactive phenotype (Fig. 4, L and M; Jonas et al.,
2012). Microglia numbers returned to control level at 5 d af-
ter LPS injection (Fig. 4 M). Hypertrophic reactive astrocytes
and astrogliosis assessed by GFAP immunoreactivity were ev-
ident at 24 h and persisted at 5 d after LPS administration
(Fig. 4, L and N). Acute systemic inflammation triggers proteomic
and metabolic changes causing sickness behavior, including
fever, lethargy, and hypophagia (Kealy et al., 2020; Mittli et al.,
2023). Concurrently, at 24 h after LPS, we found a reduction in
the numbers of cortical neurons positive for nuclear reporter
Sunl-sfGFP compared to saline-treated control (Fig. 4, L.and O).
In contrast, increase in numbers of Sunl-sfGFP* neurons
compared to saline-treated control was found after recovery
from acute response, at 5 d after LPS, in association with early
chronic neuroinflammation (Fig. 4, L and O). Similar changes
were observed in numbers of Sunl-sfGFP* SOL-neuron nuclear
pairs in the cortex (Fig. 4 P). No changes in the numbers of
reporter-positive oligodendrocyte-lineage cells were found in
the cortex at 24 h or 5 d after LPS injection (Fig. 4 Q). In SoxI0-
iCreERT%Rpl10a-EGFP ribosomal reporter mice, changes in
numbers of Rpll0a-EGFP* neurons in response to LPS were
less prominent (Fig. S3, B and C). We conclude that SOL-neuron
material transfer dynamically responds to LPS-induced neu-
roinflammation. How SOL-neuron material transfer may be
regulated by microglia and/or astrocyte reactivity and involved
in acute and chronic response to neuroinflammation need to be
further investigated.

Satellite SOL-neuron nuclear pairs in the adult mouse brain

Satellite oligodendrocytes are uniquely positioned in intimate
contact with the neuronal soma and have been shown to provide
metabolic support to neurons, protect neurons from apopto-
sis, buffer extracellular potassium, and can be myelinating
(Battefeld et al., 2016; Kruger and Maxwell, 1966; Takasaki et al.,
2010; Taniike et al., 2002). Given the close positioning of sat-
ellite SOL and reporter-positive neurons, we examined SOL-
neuron nuclear pairs as possible site of material transfer. In
SOL-neuron nuclear pairs found in the cortex of nuclear re-
porters Sox10-iCreERT2:Sunl-sfGFP and Sox10-Cre:RpllOa-EGFP
H2B-mCherry mice, we observed dense chromatin in satellite
SOL compared to dispersed chromatin of neuronal nucleus
(Fig. 5 A and Fig. S3 D). SOL-specific proteins, such as Cre re-
combinase and Olig2, were confined to SOL (Fig. 5 B). Satellite
SOL in reporter-positive SOL-neuron nuclear pairs in the corti-
cal layers 2-3 of adult Sox10-iCreER™:Sunl-sfGFP mice were
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Figure 4. SOL-neuron material transfer in the adult mouse brain. (A) Sox10-iCreER™ mice carrying Sunl-sfGFP or Rpl10a-EGFP reporter transgene with an
upstream loxP-flanked DNA STOP sequence were used to induce nuclear or ribosomal reporter expression in Sox10-expressing cells by injection of TAM.
(B) Experimental timeline and schematic of regional distribution of reporter-positive neurons at 4 d after TAM injection. (C and D) Reporter-positive
NeuN* neurons (arrowheads) in cortical layers 2-3 of Sox10-iCreER™:Sun1-sfGFP or Sox10-iCreER™:Rpl10a-EGFP mice at 4 d after TAM. Note the close positioning of
SOL and reporter-positive neuronal nuclei (yellow box). The region of the yellow box is enlarged and shown as maximum intensity projection for individual channels
and single plane image with orthogonal projection. (E) Cre expression was specific to Olig2* SOL (arrows) in the cortex of Sox10-iCreER™:Sun1-sfGFP mice. No Cre
expression was detected in reporter-positive neurons (arrowheads). (F) Quantification of reporter-positive Olig2* SOL in the cortex of Sox10-iCreER™:Sun1-sfGFP
mice at 4, 8, and 30 d after first TAM injection. (G and H) Quantification of reporter-positive NeuN* neurons in the cortex of Sox10-iCreER™:SunI-sfGFP or Sox10-
iCreER™:Rpl10a-EGFP mice at 4, 8, and 30 d after first TAM injection. (I) Quantification of Sun1-sfGFP* SOL-neuron nuclear pairs in the cortex of Sox10-iCreER™:Sun1-
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sfGFP mice at 4, 8, and 30 d after first TAM injection. (J) Positive correlation between the numbers of Sunl-sfGFP* neurons and SOL-neuron nuclear pairs in the
cortex after TAM injection determined by Pearson correlation analysis. (K) LPS (4 mg/kg) or saline were i.p. injected to 4-6-wk-old transgenic mice 3 d after TAM to
induce systemic inflammation. (L) Sun1-sfGFP* neurons (arrowheads), Ibal* microglia, and GFAP* astrocytes in the cortex of Sox10-iCreER™:SunI-sfGFP mice at 24 h
and 5 d after saline or LPS injection. (M) Quantification of Ibal* microglia numbers in the cortex after saline or LPS injection. (N) Quantification of GFAP MFI in
astrocytes in the cortex after saline or LPS injection. (O-Q) Quantification of reporter-positive NeuN* neurons, SOL-neuron nuclear pairs and oligodendrocyte-
lineage cells in the cortex at 24 h and 5 d after LPS injection. All data are presented as mean + SEM. Each circle represents an individual animal. Data are rep-
resentative of three independent experiments. P values were determined by one-way ANOVA with Bonferroni post hoc test. ns, P > 0.05; *, P < 0.05; **, P < 0.0L;
P < 0.001; ****, P < 0.0001. Scale bar: 50 pm for E and L; 25 um for C and D and 10 um for enlargements in C and D. A, amygdala; A.U., arbitrary units; CP,

caudate putamen; Cx, cortex; Hip, hippocampus; Hy, hypothalamus; N, neuron; ns, not significant; Th, thalamus.

immunoreactive for pan oligodendrocyte-lineage cell markers
Olig2 and Sox10, and OPC marker NG2 (Fig. 5, A, C, and E;
Barateiro and Fernandes, 2014; Rivers et al., 2008). About 60% of
satellite SOL were positive for OPC marker PDGFRa and 40%
expressed CCL (Fig. 5, C and E), a marker of postmitotic oligo-
dendrocytes (Hill et al., 2014). None of these satellite SOL ex-
pressed myelin basic protein (Fig. 5, D and E), suggesting that
satellite SOL in reporter-positive SOL-neuron nuclear pairs are
not myelinating oligodendrocytes.

Super-resolution confocal imaging of inner nuclear mem-
brane component Sunl in the cortex of Sox10-iCreERT2:Sunl-sfGFP
mice confirmed close positioning of satellite SOL and neuronal
nuclei in SOL-neuron nuclear pairs (Fig. 5 F and Video 1). To
visualize the ultrastructure of SOL-neuron nuclear pairs and
their plasma membrane contact site, we performed transmission
electron microscopy (TEM) in the cortex and thalamus of adult
Sox10-Cre:Rpl10a-EGFP mice. Neurons were identified by large
round euchromatic nucleus and pale cytoplasm, nuclei of satel-
lite SOL appeared with dense rim of heterochromatin and ruf-
fled edges, as previously described (Nahirney and Tremblay,
2021). In addition to satellite SOL-neuron pairs that were sep-
arated by plasma membrane (Fig. S3, E and F), as has been
previously shown (Battefeld et al., 2016; Nahirney and Tremblay,
2021; Takasaki et al., 2010), we found SOL-neuron nuclear pairs
with loss of plasma membrane integrity between nuclei (Fig. 5,
G-I). In these pairs, SOL and neuronal nuclei were positioned
within 250-1,000 nm distance range. Intact plasma membrane
continued outlining SOL and neuronal cell bodies (Fig. 5 H).
Some neurons extended a protrusion embracing the body of SOL
(Fig. 5, G and H). Organelles of SOL appeared shifted away from
the SOL-neuron contact site. Mitochondria were found in in-
ternuclear space close to the neuronal nucleus. The presence of
vesicles and free ribosomes in the SOL-neuron internuclear
space suggests that material can be transferred directly between
nuclei without passing the plasma membrane. Fusion and do-
nation of genetic material to neurons have been reported in the
mouse and human brain after stem cell transplantation and
are especially common between cerebellar Purkinje neurons
(Alvarez-Dolado et al., 2003; Martinez-Cerdefio et al., 2017;
Weimann et al., 2003a; Weimann et al., 2003b). However, strict
confinement of SOL-specific proteins to SOL and specificity of
Cre and reporter protein expression to SOL argues against
complete cell fusion and supports the concept of selective SOL-
neuron material transfer. The detailed mechanism of coordinated
SOL-neuron nuclear interaction and material transfer remains to
be determined.
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Together, our study provides evidence of SOL-neuron nu-
clear and ribosomal material transfer linked to satellite
SOL-neuron nuclear interaction in the mouse CNS. While the
notion of material transfer from glia to neurons has been pre-
viously postulated (Chamberlain et al., 2021; Court et al., 2008;
Frithbeis et al., 2013; Lopez-Verrilli et al., 2013; Miiller et al.,
2018; Shakhbazau et al., 2016), such accumulation of SOL-
derived nuclear and ribosomal material in neurons as reported
in our study is novel. Our findings suggest that SOL may play a
more diverse role in neuronal function, which was previously
believed to be largely limited to generation of myelinating
oligodendrocytes and axonal support (Morrison et al., 2013).
Although neurons likely retain the ability to express nuclear
and ribosomal proteins on their own, it is conceivable that
SOL-derived material transfer can support neuronal health and
activity, and can contribute to neurodegeneration when dys-
regulated (DiFiglia et al., 1997; Glenner and Wong, 1984; Kosik
et al.,, 1986; Ling et al., 2015; Neumann et al., 2006; Spillantini
et al., 1998; Thomas et al., 2017). Determining the regulatory
mechanisms and biological function of SOL-neuron material
transfer should prove to be an interesting area of research that
will open new avenues for exploration of glia-neuron interac-
tion and the development of novel therapeutic interventions
for neurological disorders.

Material and methods

Mice

Animals were maintained in accordance with the National In-
stitutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals. Experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee at the University of
California, Davis.

All transgenic lines used in this study are commercially
available and were obtained from the Jackson Laboratory (see
below for Jax stock numbers). Female or male reporter mice
were bred with Cre-positive mates. Offspring were genotyped for
the presence of the reporter transgene and Cre and screened
for absence of germline transmission. Offspring heterozygous
for the reporter transgene and Cre-positive were used as reporter
animals in this study. Littermates carrying the reporter trans-
gene and either Cre-negative or non-induced CreERT2-positive
were used as negative control. For DT experiments, Sunl-sfGFP
mice were crossed to iDTR mice. F1 heterozygous offspring
were then crossed to generate F2 offspring. F2 male offspring,
homozygous for both Suni-sfGFP and iDTR alleles were used for
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Figure 5. SOL-neuron nuclear pairs in the adult mouse brain. (A) Confocal analysis of inner nuclear membrane reporter Sunl-sfGFP revealed SOL-neuron
nuclear pairs in the cortex of adult Sox10-iCreER™:Sun1-sfGFP mice at 4 d after first TAM injection. Note, dense DAPI-labeled nucleus of SOL and diffuse DAPI-
labeled neuronal nucleus in SOL-neuron nuclear pair. (B) Cre recombinase (cyan) and Olig2 (red) immunoreactivity were confined to SOL in the cortex of adult
Sox10-iCreER™:Sun1-sfGFP mice at 4 d after first TAM injection. (C) Oligodendrocyte-lineage cell marker expression in SOL (arrowhead) in Sun1-sfGFP* SOL-
neuron nuclear pairs in the cortex of adult Sox10-iCreER™Sun1-sfGFP mice. (D) MBP-negative satellite SOL in Sunl-sfGFP* SOL-neuron nuclear pair (D1) and
MBP* satellite SOL in proximity to Sunl-sfGFP-negative neuron (D2). (E) Quantification of cell marker expression in SOL in Sunl-sfGFP* SOL-neuron nuclear
pairs. (F) Super-resolution image and orthogonal projection of Sunl-sfGFP* SOL-neuron nuclear pair in the cortex of adult Sox10-iCreER™:Sun1-sfGFP mice at
4 d after first TAM injection. (G) TEM image of SOL-neuron nuclear pair with pseudocoloring to highlight satellite SOL and neuron with body protrusion (arrow)
in the cortex of adult Sox10-Cre:Rpl10a-EGFP mouse. (H and 1). Higher magnification TEM images of G. SOL and neuron were outlined by intact plasma
membranes (PM). Loss of plasma membrane integrity was evident between nuclei, with mitochondria (mi), free ribosomes (r), and vesicles (v) present in the
internuclear space. Data are representative of two (A-F) and four (G-1) independent experiments. Scale bars: 25 um for D; 10 pm for A-C, F, D1, and D2; 5 pm
for enlargements in A, B, F, and for G; 2 um for H; 500 nm for I. Cx, cortex; MBP, myelin basic protein; N, neuron; rer, rough endoplasmic reticulum.
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breeding with SoxI0-Cre females to generate offspring hetero-
zygous for the reporter transgenes and Cre-positive. Adult
mice used in the study were 6-12-wk-old unless otherwise
specified. No genetic backcrosses were performed for this
study in our lab.

Sox10-Cre

B6;CBA-Tg(Sox10-cre) IWdr/], Jax stock no. 025807 (N20* pN2F1)
was donated by William Richardson (University College London,
London, UK). These mice express a nuclear-targeted Cre re-
combinase directed by the endogenous SoxI0 promoter/enhancer
regions on a PAC transgene.

Sox10-iCreERT?

CBA;B6-Tg(Sox10-icre/ERT2)388Wdr/], Jax stock no. 027651
was donated by William Richardson (University College London,
London, UK). These mice, carrying a transgene with TAM-
inducible optimized (improved) Cre recombinase under the
control of the mouse Sox10 (SRY [sex determining region Y]-box
10) promoter, express CreER? in oligodendrocyte-lineage cells.

PDGFRa-Cre

C57BL/6-Tg(Pdgfra-cre)1Clc/], Jax stock no. 013148 was donated
by Connie Cepko (Harvard Medical School, Howard Hughs
Medical Insitute, Boston, MA, USA). These mice carry a Cre
recombinase gene 3’ of the PDGFRa promoter linearized in
mouse BAC transgene. When bred with mice containing a loxP-
flanked sequence of interest, Cre-mediated recombination will
result in deletion of the floxed sequence in the offspring.

EYFP

B6.129X1-Gt(ROSA)26Sor™UEYFP)Cos /] Tax stock no. 006148 was
donated by Frank Costantini (Columbia University Medical
Center, New York, NY, USA). These mice have a LoxP-flanked
STOP sequence followed by the EYFP inserted into the Gt(ROSA)
26Sor locus. When bred to mice expressing Cre recombinase, the
STOP sequence is deleted and EYFP expression is observed in
the Cre-expressing tissues.

Rpl10a-EGFP

B6;129S4-Gt(ROSA)26Sortmo(EGFP/Rplioa)Ame /] ax stock no. 024750
was donated by Andrew P. McMahon (University of Southern
California, Los Angeles, CA, USA). These mice have a transgene
containing cDNA encoding EGFP fused to ribosomal protein unit
L10a (Rpli0a) integrated into the Gt(ROSA)26Sor locus. Ex-
pression of the EGFP-tagged form of Rpl10a is blocked by a LoxP-
flanked STOP fragment (three copies of SV40 polyA) placed
between Gt(ROSA)26Sor promoter and the Rpll0a-EGFP se-
quence. Cre-mediated excision of STOP fragment results in the
constitutive expression of the Rpl10a-EGFP fusion gene.

Sunl-sfGFP

B6.129-Gt(ROSA)26Sort™5(CAG-Sunl/sfGFP)Nat ] Tax stock no. 021039
or 030952 was donated by Jeremy Nathans (Johns Hopkins
University, Baltimore, MD, USA) and Margarita Behrens (The
Salk Institute, San Diego, CA, USA). These Sunl-tagged mice are
used in the INTACT (isolation of nuclei tagged in specific cell
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types) method for immunopurification of nuclei. Cre-dependent
removal of a floxed STOP cassette allows expression of the Sunl
fusion protein at the inner nuclear membrane in targeted cell types.

iDTR

C57BL/6-Gt(ROSA)26SortmI(HBEGF)Awai/] Jax stock no. 007900
was donated by Ari Waisman (Johannes Gutenberg University
of Mainz, Mainz, Germany). These mice have the transgene
encoding simian DTR (from simian Hbegf) inserted into the
Gt(ROSA)26Sor locus. Widespread expression of DTR is blocked
by an upstream LoxP-flanked STOP sequence. The Cre-inducible
expression of DTR in these mice renders cells susceptible to
ablation following DT administration.

Rpl10a-EGFP RanGAP1-mCherry
B6;12956-Gt(ROSA)26S0rtm2(CAG-NuTRAP)EVdr /] Tax stock no. 029899
was donated by Evan D. Rosen (Beth Israel Deaconess Medical
Center and Harvard Medical School, Boston, MA, USA). These
mice have a transgene containing cDNA encoding three indi-
vidual components BirA, biotin ligase recognition peptide-tagged
monomeric red fluorescent protein (mCherry) fused to mouse
nuclear membrane Ran GTPase activating protein 1 (RanGAP1)
and EGFP fused to ribosomal protein Rpll0a integrated into the
Gt(ROSA)26Sor locus. Upon exposure to Cre recombinase, the
transgene co-expresses three individual components: BirA, bio-
tin ligase recognition peptide-tagged mCherry-RanGAP1, and
Rpl10a-EGFP fusion gene.

Rpl10a-EGFP H2B-mCherry
B6.Cg-Gt(ROSA)ZGSor‘m’(CAG‘HISTH{ZBV’"C}”W"EGFP/RPUO“)E"dr/], Jax
stock no. 029789 was donated by Evan D. Rosen (Beth Israel
Deaconess Medical Center and Harvard Medical School, Boston,
MA, USA). These mice have a transgene containing cDNA en-
coding human histone 1 H2bj gene (HISTIH2B]) fused in-frame to
the N-terminus of a monomeric mCherry and EGFP fused in-
frame to the N-terminus of mouse 60S ribosomal subunit Rpl10a
integrated into the Gt(ROSA)26Sor locus. Upon exposure to Cre
recombinase, the transgene co-expresses Rpl10a-EGFP and H2B-
mCherry fusion gene.

H2B-mCherry

B6;129S-Gt(ROSA)26Sort™-Ksvo /] Jax stock no. 023139 was do-
nated by Karel Svoboda (Janelia Farm Research Campus, Ash-
burn, VA, USA). These mice have a transgene containing cDNA
encoding human histone 1 H2bb gene (HISTIH2BB) followed
C-terminally by mCherry gene integrated into the Gt(ROSA)
26Sor locus. Cre-mediated excision of the STOP fragment results
in the constitutive expression of the H2B-mCherry fusion gene.
The CNS tissue of H2B-mCherry Cre-negative mice displays
mCherry background expression in all cells. As reported by the
donating investigator, after exposure to Cre recombinase, the
mCherry expression levels in the nucleus are significantly
greater than those baseline levels.

Rpl22-HA
B6].129(Cg)-Rpl22tmiPsam/Si] Jax stock no. 029977 was donated
by Simon John (The Jackson Laboratory, Bar Harbor, ME, USA).
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These mice carry a targeted mutation of the ribosomal protein
L22 (Rpl22) locus. Prior to Cre recombinase exposure, RiboTag
mice express the wildtype Rpl22 protein (15 kD). Cre-mediated
excision of the floxed exon 4 enables tissue-selective expression
of the downstream HA epitope-tagged exon 4. The resultant 23
kD HA epitope-tagged ribosomal protein (Rpl22-HA) is incor-
porated into actively translating polyribosomes.

TAM induction of Cre activity

TAM (T5648; Sigma-Aldrich) was dissolved at the concentration
of 20 mg/ml in corn oil by shaking at 37°C overnight protected
from light. 4-6-wk-old mice received three i.p. injections of
80 mg/kg TAM for three consecutive days. We observed Cre-
induced recombination in non-injected Cre* mice that were
housed together with TAM-injected littermates. Therefore, non-
induced Cre* control mice were housed separately from TAM-
injected cohorts.

Stereotaxic intracerebral injection

Intracerebral injection of DT from Corynebacterium diphtheriae
(D0564; Sigma-Aldrich) into the cerebral cortex or thalamus was
performed using stereotaxic alignment system (David Kopf In-
struments). In brief, 6-8-wk-old SoxI0-Cre:iDTR Sunl-sfGFP and
control SoxI0-Cre:Sunl-sfGFP mice were anesthetized with iso-
flurane and positioned in the stereotaxic frame. A 0.2 mm hole
was drilled in the skull at coordinates of 1.0 mm posterior to
bregma and 1.0 mm lateral to the midline in the right hemi-
sphere. 1 ng of 1 ng/pl DT dissolved in artificial cerebrospinal
fluid was injected at the depth of 1 mm below the surface of the
skull for cortex and 3 mm for thalamus with a 33G needle at-
tached to 5 pl Hamilton syringe. After 72 h, mice were trans-
cardially perfused with ice cold PBS followed by ice cold 4%
paraformaldehyde (PFA), and brains were isolated and pro-
cessed for immunolabeling as described below.

Neuroinflammation

To induce neuroinflammation, 4-6-wk-old mice received a sin-
gle i.p. injection of 4 mg/kg LPS from Escherichia coli O111:B4
(L4391; Sigma-Aldrich) or sterile saline 3 d after TAM induction.
Mice were perfused 24 h or 5 d after injection, and brains were
isolated and processed as described below.

Immunolabeling and confocal imaging

Immunolabeling was performed on cryosections as previously
described (Chechneva et al., 2014; Mayrhofer et al., 2021). Mice
were deeply anesthetized with isoflurane (5% for 6 min) and
perfused with ice cold PBS followed by ice cold 4% PFA with flow
rate 2 ml/min for 5 min each. Brains and spinal cords were
dissected, postfixed in 4% PFA for 24 h and subsequently cry-
opreserved in 10 and 20% sucrose, embedded in OCT:20% su-
crose 1:1 mixture in the vapor of liquid nitrogen. Tissues were
cut in 15 pm sections on the cryostat. For immunolabeling,
sections were washed 3 x 5 min with PBS to remove residues of
OCT. Nonspecific binding of antibodies was blocked at room
temperature (RT) for 30 min using 10% normal serum in 0.2%
Triton-X in PBS. We used following antibodies: goat anti-
mCherry (1:1,000; orb11618; Biorbyt), chicken anti-GFP (1:500;
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NB100-1614; Novus Biologicals), rabbit anti-HA (1:50; 71-5500;
Zymed), goat anti-Olig2 (1:200; AF2418; R&D), rabbit anti-Olig2
(1:200; AB109186; Abcam), rabbit anti-NeuN (1:500; ABN7S;
Millipore), mouse anti-NeuN (1:100; MAB377; Millipore), rat anti-
NeuN (1:300; AB279297; Abcam), mouse anti-Cre recombinase (1:
200, Clone 2D2, MAB3120; Millipore), rabbit anti-Ibal (1:500;
019-19741; Wako), rat anti-GFAP (1:500, 345860; Millipore), rabbit
anti-GABA (1:100; A2052; Sigma-Aldrich), mouse anti-vGlut2 (L:
100; MAB5504; Millipore), rabbit anti-NG2 (1:200; AB5320; Mil-
lipore), goat anti-PDGFRa (1:500; AF1062; R&D Systems), rabbit
anti-Sox10 (1:1,000; ab155279; Abcam), mouse anti-APC (clone
CCl; 1:200; OP80; Calbiochem), rat anti-MBP (1:50; NB600-717;
Novus Biologicals) diluted in PBS containing 5% normal serum,
and 0.2% Triton-X. Sections were incubated either for 2 h at RT
or overnight at 4°C. After 3 x 10 min wash with PBS, sections
were incubated with fluorophore-conjugated secondary anti-
bodies Alexa Fluor-405, 488, 594 or 647 (1:1,000; Life Tech-
nologies) to detect primary antibody. Slides were mounted
using DAPI Fluoromount-G (SouthernBiotech). For staining
containing Alexa Fluor 405, slides were mounted using
Fluoromount-G without DAPI.

Images were acquired on Nikon Eclipse 90i Al or Nikon
Eclipse Ti2 C2 laser scanning confocal microscopes. Negative
controls omitting primary antibody were performed to confirm
specificity of staining. In constitutive SoxI0-Cre mice, cells were
counted in low magnification images (x20 objective) in right and
left hemispheres of coronal sections in the cortex, thalamus,
striatal caudate putamen, and hippocampal DG of four sections
from three or more mice for each condition. In inducible Sox10-
iCreERT mice, cells were counted through the defined area of
cortical layers 2-3 of four coronal sections per mouse. Cell
numbers are presented per mm?. Quantification was performed
by an investigator blinded to the experimental groups. Mean
fluorescence intensity was measured using Image] (NIH).

Images were processed using NIS-Elements Imaging Soft-
ware, Image], and Adobe Photoshop CC.

Super-resolution microscopy

Super-resolution imaging was performed using a Leica SP8
Falcon confocal microscope with a Lighting detector module. A
Z-stack of 1,320 x 1,320 images was acquired. Processing of im-
ages with the Lighting detector module achieved a sub-diffraction
limited resolution image of ~120 nm. Images were processed
using Image] (NIH). Movie was created from the Z-stack series
using Image].

TEM

Adult Sox10-Cre:RpllOa-EGFP mice were deeply anesthetized
with isoflurane (5% for 6 min) and perfused through the heart
with 1 ml of 1,000 units heparin followed by ice cold mixture of
2% PFA and 2% glutaraldehyde in 0.1 M Sorensen’s Buffer with
flow rate 2 ml/min for 30 min. Brains were removed and post-
fixed in 3% glutaraldehyde. Brains were sectioned in 1-mm
coronal sections using brain cutting block. 1 x 1 mm areas of
somatosensory cortex layers 2-4 and thalamus were isolated
under dissecting microscope. Tissue blocks were processed us-
ing previously described protocol (Wang et al, 2022) with
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modifications. In brief, tissue blocks were washed twice for
10 min in 0.2 M sodium cacodylate buffer (Cat. #1160110; Elec-
tron Microscopy Sciences) at RT and postfixed in 2% osmium
tetroxide (Cat. #19152; Electron Microscopy Sciences) in water
for 1.5 h. All following washes were performed at RT on a rotator
at 10 rpm. After washing 2 x 10 min in 0.2 M sodium cacodylate
buffer followed by 2 x 5 min in distilled water, sections were
dehydrated by washing 2 x 30 min in 50, 70, 90, and 100%
ethanol followed by 2 x 30 min wash in propylene oxide. Tissue
blocks were incubated in 1:1 mixture of propylene oxide and
eponate resin (EMBed-812 cat. #14120; Electron Microscopy
Sciences) overnight at RT. The next day, tissue blocks were in-
cubated in 1:3 mixture of propylene oxide:eponate resin fol-
lowed by incubation in pure eponate resin overnight. The next
morning, tissue blocks were embedded in eponate resin by in-
cubation at 60°C for 6 h. 80-nm ultrathin sections were cut on a
Leica EM UC5 ultramicrotome and collected on Formvar carbon
film-coated single-slot copper grids (Cat. #FCF2010-CU; Electron
Microscopy Sciences). Sections were stained with 4% uranyl
acetate followed by 3% lead citrate to enhance contrast. TEM
images were obtained on FEI Talos L120C TEM equipped with
CETA 16 MP camera at the Biological Electron Microscopy Fa-
cility at UC Davis.

Fluorescence-activated nuclei sorting

Mice were euthanized using CO, and cortical and thalamic areas
were isolated on ice, and flash-frozen in liquid nitrogen for
further use. Brain tissue was homogenized in 2 ml of lysis buffer
(10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.025%
NP-40) in a Dounce homogenizer, and incubated on ice for
15 min. The suspension was filtered through a 30 pm filter to
remove debris and pelleted at 500 xg for 5 min at 4°C. The pellet
was washed with 1 ml of nuclei wash buffer (1% BSA in PBS)
twice and passed through a 30 um filter into a 2 ml tube. After
centrifugation at 500 xg for 5 min, the pellet was resuspended in
450 pl nuclei wash buffer and 810 pl 1.8 M sucrose and carefully
overlayed on top of 500 ul 1.8 M sucrose in a 2 ml tube. Gradient
was centrifuged at 13,000 xg for 45 min at 4°C to separate nuclei
from myelin debris. Supernatant was discarded until 100 pl
bottom fraction containing the nuclei. Nuclei fraction was
washed with 1 ml nuclei wash buffer and resuspended in 400 pl
nuclei wash buffer filtered through a 40-pm FlowMi Cell
Strainer. Nuclei were counted using hematocytometer and
transferred to staining plates (12565502; Thermo Fisher Scien-
tific). After washing with sorting buffer (PBS plus 1% BSA, 0.1%
sodium azide, 2 mM EDTA), nuclei were stained with rabbit
anti-NeuN Alexa-647 (1:200; 62994; Cell Signaling) and rat anti-
GFP Alexa-488 (1:200; 338007; BioLegend) on ice for 30-60 min.
Nuclei were washed, pelleted by centrifugation at 350 xg for 3 x
5 min at 4°C, and counterstained with DAPI for 5 min at 4°C.
After washing, nuclei resuspended in sorting buffer were ana-
lyzed on Attune NxT Acoustic Focusing Cytometer (Life Tech-
nologies). Unstained nuclei, single-stain controls, fluorescence
minus one, and stained AbC Total Antibody Compensation beads
(A10497; Thermo Fisher Scientific) were used for each experi-
ment to determine compensation parameters and gating. Ac-
quired data were analyzed using FlowJo software (TreeStar).
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Nuclei populations were gated for single events positive for
DAPI, NeuN, and GFP. The data are presented as the percentage
of NeuN* nuclei population.

Statistics

Statistical analysis was performed using GraphPad Prism 7.5.
The number of animals per group used for each study is shown
in the figures where each point represents an individual animal.
P values were determined using unpaired t test for two group
comparison or one-way ANOVA with Bonferroni post hoc test to
compare three and more groups. Correlation was computed
using Pearson correlation analysis. In all figures, data are rep-
resented as mean + SEM. In all cases, probability values <0.05
were considered statistically significant. Figures were assembled
using Adobe Ilustrator CC.

Online supplemental material

Fig. S1 shows the distribution of ribosomal material in neurons
throughout the CNS, Cre-negative control, gating strategy, and
quantification for fluorescence-activated nuclei sorting and
confocal analysis of astrocytes and microglia in Sox10-Cre:Rpll0a-
EGFP mice (related to Fig. 1). Fig. S2 shows accumulation of
ribosomal Rpll0a-EGFP reporter in neurons in PDGFRa-Cre:
Rpli0a-EGFP mice in comparison with control PDGFRa-Cre:EYFP
mice and abnormal craniofacial phenotype in SoxI0-Cre:RpllOa-
EGFP and SoxI0-Cre:RpliOa-EGFP H2B-mCherry mice (related to
Fig. 1). Fig. S3 shows the presence of reporter-positive neurons
in different brain regions in nuclear reporter SoxI0-iCreERT2:
Sunl-sfGFP mice after TAM induction, response of material
transfer to LPS in Sox10-iCreERT2RpliOa-EGFP mice, SOL-neuron
nuclear pairs in Sox10-Cre:RpliOa-EGFP H2B-mCherry mice and
TEM of satellite SOL-neuron pair separated by plasma mem-
brane (related to Figs. 4 and 5). Video 1 shows Z-stack through
Sunl-sfGFP* satellite SOL-neuron nuclear pair in the cortex of
Sox10-iCreERT?:Sunl-sfGFP mice obtained by super-resolution
confocal imaging (related to Fig. 5).

Data availability

All transgenic mice used in this study were obtained from the
Jackson Laboratory. All data underlying the conclusions are
presented in the paper and its supplemental material.
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Figure S1. SOL-derived ribosomal material accumulates in neurons throughout the entire CNS. (A) Sagittal view showing distribution of reporter-
positive neurons in the brain of adult Sox10-Cre:Rpl10a-EGFP mice. (B) Reporter-positive Purkinje neurons (arrows) were found in the cerebellum, while most of
NeuN- neurons in the molecular layer (ML) and NeuN* neurons in the granular layer (GL) of the cerebellum were reporter-negative. (C) Reporter-positive
pyramidal neurons (arrows) in the gray matter of the spinal cord in adult Sox10-Cre:Rpl10a-EGFP mice. (D) No Rpl10a-EGFP immunoreactivity was detected in
the CNS of Cre-negative siblings carrying the Rpl10a-EGFP transgene. (E) Fluorescence-activated nuclei sorting analysis of NeuN*GFP* nuclei isolated from the
cortex or thalamus of adult Sox10-Cre:Rpl10a-EGFP mice. Gating for NeuN* population was defined using fluorescence minus one (FMO) control. (F) Quan-
tification of NeuN*GFP* nuclei isolated from the cortex or thalamus. (G) No reporter-positive astrocytes (GFAP*) or microglia (Ibal*) were detected in the
cortex of Sox10-Cre:Rpl10a-EGFP mice. Some reporter-positive astrocytes (arrows) were found in the hippocampal stratum lacunosum-moleculare (SLM),
striatum and thalamus. No reporter-positive microglia were found in the hippocampus, striatum or thalamus. All data are presented as mean + SEM. Each circle
represents an individual animal. Data are representative of two (G) and three (A-F) independent experiments. P value was determined by unpaired t test. *, P <
0.05. Scale bars: 1,000 pm for A; 100 um for C and D; 50 pm for B and G. CE, cerebellum; CP, caudate putamen, Cx, cortex; Hip, hippocampus; Hy, hypo-
thalamus; LV, lateral ventricle; MB, midbrain; Me, medulla; OB, olfactory bulb; PCL, Purkinje cell layer; Th, thalamus.
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Figure S2. Accumulation of oligodendrocyte-lineage cell-derived ribosomal reporter Rpl10a-EGFP in neurons. (A) Ribosomal Rpl10a-EGFP reporter in
oligodendrocyte-lineage cells (arrows) and neurons in the cortex, thalamus, striatum, and corpus callosum of adult PDGFRa-Cre:Rpl10a-EGFP mice. The region of
the yellow box is enlarged and shown as a single plane image with orthogonal projection. (B) In adult PDGFRa-Cre:EYFP mice EYFP reporter protein was found
only in oligodendrocyte-lineage cells (arrows) and not in neurons. (C and D) Quantification of reporter-positive NeuN* neurons and Olig2* oligodendrocyte-
lineage cells in the cortex, thalamus, and striatum of adult PDGFRa-Cre:Rpl10a-EGFP and PDGFRa-Cre:EYFP mice. (E and F) Sox10-Cre mice carrying the Rpl10a-
EGFP or Rpl10a-EGFP H2B-mCherry reporter allele had a distinct craniofacial phenotype, displaying malocclusion and runty appearance compared to Cre-negative
siblings carrying the reporter allele. All data are presented as mean + SEM. Each circle represents an individual animal. Data are representative of two (A-D) and
four (E and F) independent experiments. P values were determined by two-way ANOVA with Bonferroni post hoc test. ****, P < 0.0001. Scale bars: 20 um for A
and B; 5 um for enlargements in A. CC, corpus callosum; Cx, cortex; Stri, striatum; Thal, thalamus.
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Figure S3. SOL-neuron material transfer in the adult mouse brain. (A) Reporter-positive neurons (arrowheads) in the hippocampal DG and CA2, septum,
and amygdala of Sox10-iCreER™:Sun1-sfGFP mice at 4 d after TAM. (B) Rpl10a-EGFP* neurons (arrowheads) in the cortex of Sox10-iCreER™Rpl10a-EGFP mice at
24 h and 5 d after saline or LPS injection. (C) Quantification of Rpl10a-EGFP* neurons in the cortex at 24 h and 5 d after LPS. (D) SOL-neuron nuclear pair
immunoreactive for ribosomal Rpl10a-EGFP and histone H2B-mCherry in the cortex of adult Sox10-Cre:Rpl10a-EGFP H2B-mCherry mouse. Note, dense DAPI-
labeled nuclei of SOL and diffuse DAPI-labeled neuronal nucleus. (E and F) TEM images of SOL-neuron pair with intact plasma membrane (PM) between nuclei.
Multiple myelinated axons (a) are positioned close to SOL-neuron pair. All data are presented as mean + SEM. Each circle represents an individual animal. P
value was determined by one-way ANOVA with Bonferroni post hoc test. ns, P > 0.05. Data are representative of two (D), three (A-C), and four (E and F)
independent experiments. Scale bar: 100 um for DG in A and 20 pm for its enlargement; 50 um for CA2, amygdala, and septum in A and for B; 10 pm for
D and 5 um for enlargement in D; 2 um for E; and 1 um for F. CA, cornu ammonis; Cx, cortex; LV, lateral ventricle; N, neuron; ns, not significant; SVZ,
subventricular zone.

Video 1. SOL-neuron nuclear pair in the adult mouse brain. Animation through Z-stack obtained by super-resolution confocal imaging of reporter-positive
Olig2* SOL-neuron nuclear pair in the cortex of Sox10-iCreER™:Sunl-sfGFP mouse 4 d after TAM injection. Olig2 (magenta), inner nuclear membrane reporter
Sunl-sfGFP* (green). Data are representative of two independent experiments. Frame rate: 23.98 frames/s.
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