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SUMMARY
Efficient myelination supports nerve conduction and axonal health throughout life. In the central nervous sys-
tem, oligodendrocytes (OLs) carry out this demanding anabolic duty in part through biosynthetic pathways
controlled by mTOR. We identify Ral GTPases as critical regulators of mouse spinal cord myelination and
myelin maintenance. Ablation of Ral GTPases (RalA, RalB) in OL-lineage cells impairs timely onset and radial
growth of developmental myelination, accompanied by increased endosomal/lysosomal abundance. Further
examinations, including transcriptomic analyses of Ral-deficient OLs, were consistent with mTORC1-related
deficits. However, deletion of the mTOR signaling-repressor Pten in Ral-deficient OL-lineage cells is unable
to rescuemTORC1 activation or developmental myelination deficiencies. Induced deletion of Ral GTPases in
OLs of adult mice results in late-onset myelination defects and tissue degeneration. Together, our data indi-
cate critical roles for Ral GTPases to promote developmental spinal cord myelination, to ensure accurate
mTORC1 signaling, and to protect the healthy state of myelin-axon units over time.
INTRODUCTION

The production of multi-layered membranous wraps comprising

myelin by specialized glial cells during development ensures effi-

cient propagation of action potentials and axonal health thro-

ughout the nervous system (reviewed in Bercury and Macklin,

2015; Nave and Werner, 2014). Loss of myelination due to dis-

ease or acute injury is associated with reduced trophic support

of axons, followed by neurodegeneration (reviewed in Simons

et al., 2014). In the central nervous system (CNS), oligodendro-

cytes (OLs) are the specialized myelinating glia tasked with insu-

lating, supporting, and coordinating neural networks (reviewed in

Pease-Raissi and Chan, 2021). During myelination, OL precursor

cells (OPCs) exit the cell cycle and differentiate into OLs, which

further undergo metabolic changes that are characterized by

extensive membrane and protein biogenesis during the matura-

tion process (reviewed in Figlia et al., 2018). To facilitate the

anabolic requirements of myelination, OLs must efficiently ac-

cess sufficient nutrients and metabolites. The serine/threonine

kinasemechanistic target of rapamycin (mTOR) is a central regu-

lator of cellular anabolism, and via the mTOR complex 1

(mTORC1), it regulates diverse signals and processes such as
Ce
This is an open access article und
mRNA translation and lipid synthesis (reviewed in Kim and

Guan, 2019; Laplante and Sabatini, 2012). Upon nutrient or

growth factor availability, the endo-lysosomal recruitment of

mTORC1 precedes its activation, leading to phosphorylation of

cognate targets (reviewed in Condon and Sabatini, 2019).

Conversely, reduced nutrient availability results in impaired

mTORC1 signaling, favoring catabolic pathways, including lyso-

somal biogenesis and autophagy (reviewed in Kim and Guan,

2019; Di Malta et al., 2019). mTORC1 activation is potentiated

by the serine/threonine kinase Akt, which phosphorylates and

reduces the activity of the inhibitory TSC complex (Inoki et al.,

2002). In the OL lineage, developmental deletion of mTOR or

Raptor, a functionally obligate component of the mTORC1 com-

plex, results in myelination defects, thereby emphasizing the

importance of mTOR signaling in developmental myelination

(Bercury et al., 2014; Wahl et al., 2014; Lebrun-Julien et al.,

2014; Khandker et al., 2022). In this context, identifying novel

layers of mTOR regulation during developmental myelination

may also be of relevance for targeting beneficial remyelination

in demyelinating diseases.

Ral GTPases are closely related members of the Ras super-

family. The Ral subfamily contains two members, RalA and
ll Reports 40, 111413, September 27, 2022 ª 2022 The Authors. 1
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RalB, which share �85% amino acid sequence identity (Chardin

and Tavitian, 1989). Owing to their high level of homology and

identical effector binding sites, Ral GTPases may, in some bio-

logical contexts, act in a compensatory fashion (Neel et al.,

2011; Peschard et al., 2012). Of note, mice with constitutive

RalB knockout are viable with no overt phenotype, whereas

constitutive RalA null mice are affected by exencephaly and em-

bryonic lethality (Peschard et al., 2012). Activation of Ral proteins

is regulated by Ral GEFs and GAPs, which have been well char-

acterized downstream of Ras and Akt signaling (reviewed in

Gentry et al., 2014). We have recently reported that Ral GTPase

expression in Schwann cells is critical for proper mouse periph-

eral nerve development (Ommer et al., 2019). Process extension

of Ral-deficient Schwann cells in culture depends on Ral associ-

ation with the exocyst complex, also in line with the described

essential role of Ral proteins in peripheral nerve remyelination

following injury (Ommer et al., 2019; Galino et al., 2019).

In this study, we have assessed the relevance of RalA and

RalB in OL-lineage cells of mice. We show that developmental

deletion of both Ral GTPases results in delayed onset of myelina-

tion and myelin deficits within the spinal cord. Mechanistically,

mTORC1 activity was compromised in Ral-deficient OLs. Ge-

netic deletion of Pten was performed to increase mTORC1 acti-

vation in the Ral-deficient OL lineage, but neither phosphoryla-

tion of the mTORC1 effector S6 nor the myelination deficits

were significantly restored in our experimental setting. Inducible

deletion of Ral GTPases in adult OLs resulted in late-onset mye-

lination deficiencies and associated neurodegeneration. Taken

together, our data identify Ral GTPases in OLs as indispensable

regulators of developmental myelination and myelin mainte-

nance in the spinal cord and implicate Ral function in the regula-

tion of mTORC1 signaling in OLs.

RESULTS

Ral GTPase expression in theOL lineage supports timely
spinal cord myelination
We generated a mouse model with Ral deficiency in OL-lineage

cells by crossing lines harboring floxedRala andRalb alleles with

CNPCre-expressing animals (Figure 1A). FACS-purification of

postnatal day 10 (P10) OL-lineage cells was facilitated by TdTo-

mato (TdTom) expression controlled by the CNPCre driver (Tog-

natta et al., 2017; Lappe-Siefke et al., 2003; Genoud et al.,

2002). Ral protein reduction in such TdTom-sorted OL-lineage
Figure 1. Ral GTPase expression in the OL lineage supports timely sp

(A) Schematic representation of the conditional alleles used to inactivate Rala an

bination in OL-lineage cells.

(B and C) Ral protein levels detected in extracts of control and RalA or RalB cKOO

sorting of postnatal day 10 (P10) spinal cords, as depicted in Figure 4A. Note the

analysis of protein levels relative to Histone H3 are shown for RalA (B) and RalB

(D) Body weights of experimental animals at various developmental ages. n = 5–

(E) Exemplary electron micrographs of part of the transverse postnatal day 10 (P1

control, RalA cKO, RalB cKO, and RalAB cKO mutant mice. Scale bar, 2 mm.

(F) Quantification of myelinated axon numbers related to (E). n = 4–5 animals per

(G) series: (G) Quantification of mean g-ratios of myelinated axons from (E) and of

axonal diameter. n = 4–5 animals per genotype (105–114 axons analyzed per ani

were made with a two-tailed unpaired Student’s t test (B, C), one-way (F, G) or t

**p < 0.01, ***p < 0.001. See also Figures S1 and S8.
cells was verified bywestern blotting of protein extracts obtained

from RalA and RalB mutants relative to control animals (Control)

(Figures 1B and 1C). Unlike single-mutant animals, which ap-

peared indistinguishable from controls, RalAB conditional

knockout (cKO) double mutants gained weight at a reduced

rate relative to control littermates (Figure 1D).

Analysis of spinal cord myelination was performed within the

range of vertebral levels thoracic (T13) to lumbar (L1) (designated

onward as T13-L1) at the ventral funiculus (Figure 1E). At P10, the

proportions of myelinated axons assessed in RalAB cKO sec-

tions were reduced compared with controls and single mutants,

suggesting a delay in myelination onset (Figures 1E and 1F).

Furthermore, myelin thickness relative to axon diameter was

reduced in RalAB cKO as revealed by a higher g-ratio, which

was also mildly elevated in larger axons (>1.5 mm in diameter)

of RalA cKO mice (Figures 1G–1G00).
To determine whether myelination deficits were due to

impaired differentiation of Ral-deficient cells, we performed

immunohistochemical stainings of spinal cords at P5, P10, and

P24. Evaluation of Pdgf receptor alpha (Pdgfra)/TdTom dou-

ble-positive OPCs in the ventral white matter (vWM) revealed a

modest increase in P10 RalAB cKOmutants compared with con-

trols, accompanied by a concomitant decrease in CC1/TdTom

double-positive OL (Figures S1A and S1B). No significant shift

in the ratio of OPC versus OL was detected at the other time

points analyzed, suggesting that the observed mild delay in OL

differentiation associated with Ral deletion in the vWM is tran-

sient. Assessment of cell populations in graymatter (GM) regions

did not reveal significant differences at the time points analyzed

(Figure S1C). We further assessed the number of cells in the OL

lineage in vWM and GM regions of reporter-free spinal cords of

animals at P1, P5, and P10. No significant changes in Olig2+

cells per area were detected (Figure S1D). Together, the findings

suggest that a transient delay in OL differentiation due to Ral

deletion may contribute to the observed defect in the timely

onset of myelination, without significantly disturbing the total

numbers of OL-lineage cells.

RalA in spinal cord oligodendrocytes supports myelin
growth
We continued our analysis of spinal cord myelination in P24 an-

imals (Figure 2A). In line with a differentiation delay being over-

come in RalAB cKOs, the fraction of myelinated axons was indis-

tinguishable in these animals from controls and single mutants at
inal cord myelination

d Ralb and to drive TdTom reporter expression by CNPCre-mediated recom-

L-lineage cells by immunoblotting. The OL-lineage cells were obtained by FAC

limited quality of RalB detection with this antibody. Normalized densitometric

(C). n = 4 from independent animals and sortings.

25 animals per age and genotype.

0) spinal cord (within vertebral levels T13-L1) ventral white matter (vWM) from

genotype (633–1,824 axons quantified per animal).

g-ratios as a function of axon diameter (G0). (G00) Scatterplot of g-ratios versus
mal). Error bars represent the standard error of the mean (SEM). Comparisons

wo-way ANOVA followed by Tukey’s multiple comparison test (G0). *p < 0.05,
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Figure 2. RalA expression in oligodendrocytes supports myelin growth

(A) Exemplary electronmicrographs of transverse postnatal day 24 (P24) spinal cord vWM from control, RalA cKO, RalB cKO, and RalAB cKOmutant mice. Scale

bar, 4 mm.

(B) Quantification of myelinated axon numbers assessed from (A). n = 5 animals per genotype (340–842 axons analyzed per animal).

(legend continued on next page)
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P24 (Figure 2B). However, analysis of myelin thickness revealed

deficits in both RalA and RalAB mutant spinal cords relative to

controls and RalB mutants (Figures 2A and 2C). Especially, g-ra-

tios of myelinated axons larger than 1.5 mm in diameter were

robustly increased in both RalA and RalAB cKO (Figures 2C0

and 2C00). Although we did not analyze the underlying molecular

mechanisms further, a likely explanation for the apparent myeli-

nation growth defect in RalA cKO is that RalB can only partly

compensate for RalA loss of function in OLs. Consistent with

this interpretation, assessment of myelination in spinal cords of

P180 RalA cKO mice revealed that g-ratios of myelinated axons

remained increased compared with controls, reaching statistical

significance in axon diameters greater than 1 mm (Figures 2D–

2E00). Taken together, these findings point to an essential role

of RalA in correct developmental spinal cord myelination.

Our study design focused on the spinal cord. However, we

have also examined the morphological consequences of Ral

deletion in the corpus callosum of P24 RalAB cKOmice to obtain

some information about the phenotype in different CNS regions.

This analysis revealed a marginally lower number of myelinated

axons in mutant mice (Figures S2A and S2B), while we found

no statistically significant differences in g-ratios between mu-

tants and controls (Figures S2C–S2C00).

RalA deletion results in endosomal/lysosomal
accumulations in OLs
In addition tomyelination defects in RalA and RalABmutants, we

found adaxonal regions enriched with vesicular structures in

subsets of myelinated fibers during spinal cord development

(Figures 3A–3C, examples indicated by black arrowheads with

white outlines in A). An analysis of P180 RalA cKOmice revealed

no longer a significant vesicular enrichment (Figure 3D), indi-

cating that the accumulations observed are transient features

in development. One interpretation of these findings is that

mutant cells may exhibit increased catabolic rates, and this

may be reflected by elevated lysosomal abundance. To follow

this up, we performed immunostainings of P10 spinal cord sec-

tions to assess lysosomal/endosomal abundance in differenti-

ated OLs identified with the CC1 marker antibody (Figure 3E).

Accumulations of Lamp1 (lysosomal associated membrane pro-

tein 1) marker signals were found in about 40%CC1+ OL in both

RalA and RalAB mutants, compared with approximately 10% in

controls and RalBmutants (Figures 3E and 3F). In further support

of an enrichment associated with RalA deletion, we found

modestly elevated expression of Lamp1 in protein extracts of

sorted P10 spinal cord-derived RalA cKO OL (Figure 3G). To

corroborate our findings with a second marker, we carried out

additional immunostainings with antibodies recognizing Lamp2

(lysosomal associated membrane protein 2) and found also
(C) series: (C) Quantification of mean g-ratios of myelinated axons from (A) and of

axonal diameter. n = 5 animals per genotype (100–109 axons analyzed per anim

(D) Exemplary electron micrographs of postnatal day 180 (P180) transverse spinal

bar, 4 mm.

(E) series: (E) Quantification of mean g-ratios of myelinated axons from (D) and o

axonal diameter. n = 5–6 animals per genotype (102–109 axons analyzed per ani

were made with a one-way ANOVA (B, C, E) or two-way ANOVA followed by Tuke

Figure S2.
Lamp2 immunoreactivity to be enriched in differentiated oligo-

dendrocytes of RalA and RalAB mutants (Figure S3).

Transcriptomics of Ral-deficient OL reveals deficits in
mTOR signaling
To determine molecular mechanisms governed by Rals in

OLs, we performed transcriptomic analysis. We gated TdTom

reporter-positive OL-lineage cells by forward scatter area

(FSC-A), a parameter proportional to cell diameter (Figure 4A).

With this approach, we observed two semi-overlapping popula-

tions: an abundant pool with low FSC-A and one with higher

FSC-A (Figure 4A). Western blotting analyses of extracts from

respective populations revealed that smaller cells expressed

the OPC marker Pdgfra, while larger cells expressed elevated

levels of the myelin proteins MAG and MBP (Figure 4B). We

therefore termed the obtained OL-lineage population consisting

of smaller cells ‘‘OPC-enriched’’ and the population containing

larger cells ‘‘OL-enriched’’ (Figures 4A and 4B).

Next, we performed bulk sequencing of RNA extracted from

control and RalA and RalAB mutant OL-enriched populations.

By this means, differential regulation analysis of RalA mutant

versus control OLs identified 680 upregulated and 660 downre-

gulated transcripts (false discovery rate [FDR] < 0.05; Figure 4C;

Table S1). RalAB mutant OL, which exhibited strong myelination

impairments at the age of cell purification (Figure 1E), yielded

1,379 upregulated and 1,415 downregulated transcripts versus

control OL (FDR < 0.05; Table S1). The transcriptomic data

were subjected to Ingenuity Pathway Analysis (IPA), in particular

the upstream regulator analytic to identify predicted regulators

that may substantiate the observed transcriptional changes

due to RalA or RalAB deletion. Regulators with high positive or

negative activation scores inferred a high predictive positive or

negative transcriptional regulation, respectively. By this means,

Tfeb and Pten were found as among the top probable ‘‘acti-

vated’’ regulators in both RalA cKO (x axis) and RalAB cKO (y

axis) analyses (upper-right quadrant; Figure 4D). Among the can-

didates with the highest negative activation scores were the fatty

acid and cholesterol regulators Srebf1, SCAP, and Srebf2

(lower-left quadrant; Figure 4D). Several candidates identified

with this approach, together with their inferred activity index,

were suggestive of impaired mTOR signaling in Ral mutant

OLs (Figure 4E). In line with Srebf2/SCAP inhibitions, we

observed reductions in transcripts related to cholesterol biosyn-

thesis due to Ral deletion (GO: 0006695; Figure 4F). Moreover, in

line with enhanced lysosomal abundance, we detected in-

creases in transcripts encoding known Tfeb targets (Figure 4G)

(Palmieri et al., 2011). Furthermore, gene ontology cellular

component analysis of genes jointly upregulated in RalA cKO

and RalAB cKO yielded significantly affected categories
g-ratios as a function of axon diameter (C0). (C00) Scatterplot of g-ratios versus
al).

cord vWM sections from control, RalA cKO, and RalB cKOmutant mice. Scale

f g-ratios as a function of axon diameter (E0). (E00) Scatterplot of g-ratios versus

mal). Error bars represent the standard error of the mean (SEM). Comparisons

y’s multiple comparison test (C0, E0). *p < 0.05, **p < 0.01, ***p < 0.001. See also
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Figure 3. RalA deletion results in endosomal/lysosomal accumulations in OLs

(A) Electron micrographs of postnatal day 10 (P10) transverse spinal cord vWM of RalA cKO and RalAB cKO mutant mice showing accumulation of adaxonal

vesicles. Exemplary profiles with accumulated adaxonal vesicles are indicated by black arrowheads with a white outline. Scale bar, 1 mm.

(B–D) Quantification of myelinated axons with accumulated adaxonal vesicles (at least two discernible vesicles per profile) at P10 (B), P24 (C), and P180 (D). n = 5–

6 animals analyzed per genotype and time point. EM: electron microscopy.

(legend continued on next page)
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associated with lysosomes and endosomes (Figures 4H and 4I).

Together, these findings indicate that Ral deletion results in tran-

scriptomic changes in OLs suggestive of deficits in mTOR

signaling and lysosomal/endosomal dynamics.

Ral expression is critical for proper mTORC1 activation
in OLs
To follow up on the transcriptomic findings, we assessed levels

of mTORC1 activity in OLs by immunohistochemistry. We per-

formed stainings of spinal cord tissues of CNPCre TdTom-ex-

pressing control and RalAB cKO mutants using antibodies

against phosphorylated ribosomal protein S6 (pS6) as a down-

stream readout of mTORC1 activity, and CC1 to label differenti-

ated OLs (Figure 5A). Evaluation of the pS6+ CC1+/CC1+ OL

fractions in vWM or GM regions revealed significant reductions

due to RalAB deletion at both P5 and P10 (Figures 5A–5C).

Together, these findings suggest that Rals are crucial for appro-

priate mTORC1 activation in developing mature OLs.

Since our bioinformatic analysis inferred elevated Pten

signaling, we asked whether deletion of Pten would be able to

restore the deficient mTORC1 activity in RalAB mutant mice.

We generated conditional Pten mutant animals by crossing a

mouse line harboring floxed Pten with Ral mutant animals to

generate Pten single-mutant (Pten cKO) or RalAB Pten triple-

mutant (RalAB Pten cKO) animals. Depletion of Pten and Ral

protein levels in sorted OL-lineage cells was evaluated by west-

ern blotting (Figures 5D and 5E). We next assessed levels of

mTORC1 activity in differentiated OLs by immunohistochemistry

on spinal cord sections at P5, the time point wheremTORC1 def-

icits due to Ral deletion were prominent in the vWM (Figure 5B).

Using this approach, we detected higher levels of pS6+ CC1+/

CC1+ OL in Pten cKO spinal cords compared with control ani-

mals (Figures 5F and 5G). Conversely, the numbers of pS6+

CC1+/CC1+ OL in the vWM of RalAB cKO and RalAB Pten

cKO mutants were comparably reduced relative to controls

(Figures 5F and 5G). Thus, with this analysis and in this experi-

mental setting, we could not find evidence that Pten deletion is

able to rescue mTORC1-activity deficits in RalAB cKO mice.

Pten deletion fails to rescue developmental myelination
deficits in RalAB cKO mice
Next, we assessed spinal cord myelination of Ral mutant mice

with additional Pten deletion. In line with our findings at P10 (Fig-

ure 1E), the proportions of myelinated fibers determined at P14

were significantly reduced in RalAB and RalAB Pten cKOmutant

vWM compared with controls and Pten cKOmutants (Figures 6A

and 6B). Furthermore, myelin thickness was comparably red-

uced in RalAB and RalAB Pten cKO mutants, as indicated by a

higher average g-ratio (Figure 6C). The g-ratios were significantly
(E) Exemplary stainings of P10 transverse spinal cord vWM from control, RalA cK

(white) and CC1 (green) were detected by indirect immunofluorescence. Arrowhe

bar, 20 mm.

(F) Quantification of CC1+ OL with Lamp1 enrichment in (E). n = 5–6 animals per

(G) Lamp1 levels in control and RalA cKO OL sorted from P10 spinal cords (weste

histone H3. n = 5 from independent animals and FAC sortings. Error bars represe

way ANOVA followed by Tukey’s multiple comparison test (B, C, D, F) or two-ta

Figures S3 and S8.
higher in RalAB and RalAB Pten cKO mutants compared with

controls across all bins of fiber calibers assessed (Figures 6C’

and 6C’’). These morphological findings are in line with the pre-

viously observed failed rescue of deficient mTORC1 activity in

RalAB cKO by additional deletion of Pten.

Ral GTPase deletion in OLs of adult mice is associated
with late-onset spinal cord degeneration
Wenext askedwhether Ral expression is important for OLs in the

adult. To examine this issue, we crossed animals harboring

floxed Rala and Ralb with Plp1CreERT2 mice (Leone et al., 2003)

(Figure 7A). The resulting Plp1CreERT2:Ralafl/fl:Ralbfl/fl (RalAB

icKO) and Ralafl/fl:Ralbfl/fl (control) mice were intraperitoneally in-

jected with tamoxifen on five consecutive days to induce recom-

bination between 8 and 10 weeks of age (Figures 7A and 7B). At

some defined times after tamoxifen injections, we carried out

routine behavioral analyses. Although mutant animals appeared

indistinguishable from controls in overall appearance, RalAB

icKO animals exhibited reduced motor performance in rotarod

and inverted wire grip tests (Figure S4A) from 2 months post-

tamoxifen administration (2mpT) onward. These performance

parameters of mutant animals continued to diminish until

12mpT, when the animals started to also show reductions in

forelimb strength and impairments in gait parameters (Figures

S4A–S4C). Note that contributions of the peripheral nervous sys-

tem to the observed behavioral phenotype cannot be completely

excluded since Plp1CreERT2 is also active in Schwann cells,

although we consider this unlikely since morphological evalua-

tions of sciatic nerves did not reveal detectable myelin impair-

ments at 12 mpT (Figure S5).

We initially assessed myelination of spinal cords at 6mpT (Fig-

ure S6A) but found no noticeable differences in vWMmyelination

in RalAB icKO animals versus controls (Figures S6B–S6B’’). At

12mpT, however, we observed signs of myelination deficits, tis-

sue vacuolation, and neurodegeneration in the vWM of RalAB

icKO animals (Figure 7C). Closer analysis of RalAB icKOmice re-

vealed increased presence of large non-myelinated axons

(marked with asterisks in Figure 7D; quantified in Figure 7E),

‘‘myelin ghost’’ structures devoid of healthy axons (white arrow-

heads in Figure 7D; quantified in Figure 7F), axons displaying pre-

sumable signs of stress with vesicular accumulation (arrows in

Figure 7D, quantified in Figure 7G), and periaxonal vacuolation

surrounded by myelin (marked with hash symbols in Figures 7C

and 7D, quantified in Figure 7H). Myelin thickness was reduced

around some axons (black arrowheadswith awhite outline in Fig-

ure 7D), likely reflecting remyelination and contributing to abnor-

mally increased g-ratios in mutant spinal cords (Figures 7I–7I00).
To obtain some information about the phenotype in different

CNS regions, we have also analyzed RalAB icKO optic nerves
O, RalB cKO, and RalAB cKO mutant mice. Antibodies directed against Lamp1

ads indicate exemplary CC1+ OL with elevated Lamp1-positive profiles. Scale

genotype. IHC: immunohistochemistry.

rn blot analysis, left). Right, normalized densitometric analysis of Lamp1 versus

nt the standard error of the mean (SEM). Comparisons were made with a one-

iled unpaired Student’s t test (G). *p < 0.05, **p < 0.01, ***p < 0.001. See also
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at 12mpT. The optic nerve was affected rather mildly in the mu-

tants but showed a significant increase in the number of large

non-myelinated axons and displayed thinner myelin compared

with controls (Figure S7). Taken together, our data indicate that

Ral GTPase expression in OLs following normal development is

required for the maintenance of myelin-axon units over time.

DISCUSSION

In this study,we have identified the Ras-relatedRal family of small

GTPases (Rals) as essential regulators of spinal cord myelination

and homeostasis. Specifically, we found that Rals are required for

proper function of the OL lineage at various stages, including at

the onset of myelination, in achieving appropriate radial growth

of myelin, and in preserving healthy myelin-axon units.

Rals have been originally identified through cDNA library

screens for genes with high homology to Ras family members

(Chardin and Tavitian, 1986, 1989). Subsequent studies revealed

that Rals can become activated by Ral GEFs of the RalGDS fam-

ily, downstream of R-ras, H-ras, and K-ras (Spaargaren and Bis-

choff, 1994; Gentry et al., 2014). While major interest is surround-

ing the Ras proteins, their effectors, and Ras-dependent

activation of Rals in cell transformation and oncogenesis, aiming

also at developing potential therapeutic applications targeting

Rals (Yan et al., 2014), less is known concerning the function of

Ras signaling in the OL lineage during development and in

myelin-related neurodegenerative diseases (reviewed in Al-

cover-Sanchez et al., 2020). In this context, studies using

Rras1- and Rras2-null mouse models revealed that Rras1/Rras2

double-null mice are affected by a delayed onset of myelination

and thinner myelin in optic nerves (Sanz-Rodriguez et al., 2018).

Impairments in OL differentiation were also identified, accompa-

nied by reduced OL-lineage cell numbers. In comparison, we

show here that conditional deletion of both Rals in the OL lineage

also leads to delayed onset of myelination and thinner myelin,

associated with mild transient impairments in the differentiation

of spinal cord vWM OLs, but without detectable changes in OL-

lineage cell numbers. Taken together, the available data are con-

sistent with the interpretation that our discovery of a functional
Figure 4. Transcriptomics of Ral-deficient OLs indicate mTORC1-relat

(A) Exemplary plot demonstrating the gating strategy to enrich for oligodendro

postnatal day 10 (P10) spinal cords. Gating of TdTom-positive cells (y axis) and

(B) Characterization of FAC-sortedOL-lineage populations extracted as in (A). Pdg

extracts. n = 3 sorts from individual animals.

(C) Heatmap (row z-scores) of all significantly differentially expressed genes obt

archical clustering between individual controls and RalA and RalAB mutant sam

(D) Plots derived from upstream regulator analyses (Ingenuity Pathway Analysis,

tional changes in RalAmutant OL (x axis) or RalABmutant OL (y axis) datasets, com

be ‘‘activated’’, whereas those with the most negative activation scores are pred

(E) Fundamental broad schematic of mTOR regulation, with putative pathway re

(F) Heatmap (row z-scores) of differentially expressed genes in RalAB mutant OL

RalAB cKO samples show a consistent hierarchical clustering that differs from con

display similarities to the RalAB double KOs. Transcripts significantly regulated i

(G) Heatmap (row z-scores) of significantly differentially expressed Tfeb-target g

and regulation network (Palmieri et al., 2011), showing consistent hierarchical clus

significantly regulated in RalA mutant OLs are highlighted in bold and italic.

(H) Venn diagram depicting jointly increased transcripts in RalA cKO and RalAB

(I) Gene ontology of cellular components analysis performed on the jointly incre

categories related to endosomes and lysosomes are highlighted in green. See a
dependence of the OL lineage on Rals may involve crucial Ral

functions downstream of Rras signaling. Potential explanations

for the more severe phenotype that was observed in mice lacking

Rras1/Rras2 include contributions by other downstreameffectors

of Ras GTPases, the different experimental settings of constitu-

tive deletion of Rras1/Rras2 versusOL-lineage-restricted deletion

of Rals, and the regionally different CNS tissues evaluated in the

different studies. However, it should also be noted that the critical

dependence of theOL lineage onRalsmay be due to signal trans-

duction mechanisms that do not or only partially involve Rras (re-

viewed in Apken and Oeckinghaus, 2021).

Incomplete compensatory actions of Rals in the control
of spinal cord myelination
Our results show that concomitant deletion of both Rals in the OL

lineage caused delayed onset of myelination. Conversely, indi-

vidual deletion of RalA or RalB did not affect this process. With

regard to the impact of Rals on radial myelin growth, evaluations

at P24 uncovered thinner myelin of spinal cord axons associated

with RalA or RalAB deletion, while deletion of RalB alone had no

significant effect. Comparing individual RalA and RalB mutants

at P180 revealed sustained thinner myelin associated with

RalA deletion. Taken together, these data argue for a complex

pattern of partial compensation and/or redundancy between in-

dividual Ral proteins in the analyzed cellular processes within the

given experimental context. The high similarity in the amino acid

sequence of RalA and RalB suggests they may regulate shared

downstream effectors (Chardin and Tavitian, 1989). This is one

of the features that is likely to contribute to the variable degrees

of compensation in specific settings, directly or indirectly, as

previously observed in Schwann cells (Galino et al., 2019; Om-

mer et al., 2019) and in Ral-fostered growth of Kras-driven

non-small cell lung carcinoma (Peschard et al., 2012).

Lysosome-related effects with regard to Ral mutant OLs
Transcriptome analysis of OLs extracted from control and

mutant mice provided insights into molecular changes due to

the absence of Rals. In particular, we found Tfeb to be high-

lighted by the upstream regulator analysis, with several
ed deficits

cyte precursor cells (marked OPC) and oligodendrocytes (marked OL) from

forward scatter area (FSC-A; x axis) were used for cell selection.

fra, MAG,MBP, and a-tubulin levels were determined by immunoblotting of cell

ained from mutant OL versus controls (FDR < 0.05) reveals a consistent hier-

ples. n = 4 animals per genotype.

IPA). Activation scores computed for upstream regulators (dots) of transcrip-

paredwith controls. Regulators with highest activation scores are predicted to

icted to be ‘‘inhibited’’.

gulators from (D) superimposed.

associated with cholesterol biosynthetic process (GO: 0006695; FDR < 0.05).

trols. RalA cKO samples showmilder changes comparedwith controls but also

n RalA mutant OL are highlighted in bold and italic.

enes in RalAB mutant OLs belonging to the coordinated lysosomal expression

tering between individual control and RalA and RalABmutants. Transcripts also

cKO samples compared with controls (FDR < 0.05).

ased transcripts in RalA cKO and RalAB cKO from (H). Significantly affected

lso Figure S8 and Table S1.
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annotated target genes of this transcription factor significantly

enriched following deletion of Rals (Palmieri et al., 2011). The

MiT/Tfe family of transcription factors are established regulators

of lysosomal biogenesis and autophagy (reviewed in Ballabio

and Bonifacino, 2020). Furthermore, the Tfe family member

Tfeb plays a key role during OL myelination, including the regu-

lation of programmed OL cell death (Sun et al., 2018; Meireles

et al., 2018).We did not formally examine programmed cell death

in the OL lineage in our experiments but found no significant

changes in total numbers of OL-lineage cells in Ral mutant spinal

cords. However, the observed dysregulation of the Tfeb-regu-

lated network may contribute to the observed peculiar accumu-

lation of Lamp1 and Lamp2 positivity in Ral-deficient OLs via

Tfeb-mediated effects on lysosomes.

mTORC1 deficits associated with Ral deletion in OLs
Tfeb can be suppressed by mTORC1 (Napolitano et al., 2018;

Martina et al., 2012), suggesting that our observation of an

increased transcriptional signature of Tfeb activity in Ral-defi-

cient OLs is consistent with reduced mTORC1 signaling. In line

with this hypothesis, and in agreement with the detected reduc-

tion in the pS6/CC1 double-positive fraction of OLs in the spinal

cord vWM of RalAB cKOs, transcriptome analysis of Ral-defi-

cient OLs suggested impairments of the mTORC1 pathway

(Porstmann et al., 2008; Ricoult and Manning, 2013; Figlia

et al., 2018). In particular, we found reduced levels of cholesterol

biosynthesis gene expression, coherent with reduced myelina-

tion in P10 RalAB cKO spinal cord vWM and a previously sug-

gested link between cholesterol biosynthesis, OL myelination,

and mTOR (Lebrun-Julien et al., 2014; Khandker et al., 2022).

Disruption of mTORC1 in the OL lineage by deletion of Raptor

leads to impaired differentiation, reduced number of myelinated

axons, and thinner myelin in the developing spinal cord (Lebrun-

Julien et al., 2014; Bercury et al., 2014). These features are reca-

pitulated in the phenotype of RalAB cKOs, supporting the inter-

pretation that reduced mTORC1 signaling might contribute to

the phenotype of RalAB cKO mice.

The activity of the mTORC1 signaling inhibitor Pten was pre-

dicted bioinformatically to be elevated following RalA or RalAB

deletion in the OL lineage, in line with the concept of quenched

mTORC1 signaling in the absence of Rals. To evaluate whether

impaired mTORC1 signaling contributes to the phenotype of

RalAB cKOs, we performed conditional deletion of Pten in
Figure 5. mTORC1 deficits in OLs lacking Ral GTPase expression
(A) Exemplary staining of postnatal day 10 (P10) transverse spinal cord vWM from

directed against pS6 (green) and CC1 (white) were detected by indirect immuno

TdTom. Scale bar, 20 mm.

(B and C) Quantification of OLs co-labelled with pS6 and CC1 staining within (B)

(D) Exemplary immunoblots of Ral and Pten protein detected in extracts of sort

postnatal day 10 (P10) spinal cords.

(E) Normalized densitometric analysis of RalA, RalB, and Pten protein levels relat

genotype. Note the limited quality of RalB detection with the antibody used.

(F) Exemplary staining of postnatal day 5 (P5) transverse spinal cord vWM from c

against pS6 (green) and CC1 (red) were detected by indirect immunofluorescence

20 mm.

(G) Quantification of OLs co-labelled with pS6 and CC1 from (F). n = 3–5 anima

Comparisons were made with a two-way ANOVA followed by Sidak’s multiple c

parison test (E, G). *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S8.
RalAB cKO mice. Since developmental deletion of Pten in the

OL lineage leads to hypermyelination in adult spinal cords, we

expected some degree of rescue of mTORC1 activity and/or

myelination (Harrington et al., 2010; Goebbels et al., 2010). How-

ever, we did not detect ameasurable rescue of differentiatedOLs

co-expressing pS6 in RalAB Pten cKO mice. In agreement with

this finding, the fraction of myelinated axons and myelin thick-

ness were also not improved in RalAB Pten cKOmice compared

with RalAB cKO mutants. These observations suggest that, un-

der the chosen experimental conditions, Ral deletion impairs

mTORC1 signaling in a manner that cannot be significantly

restored by Pten deletion in OL-lineage cells. Taken together,

our data suggest that Rals are required, directly or indirectly,

for appropriate activation of themTORC1 pathway in the OL line-

age. However, a detailed analysis of the signaling network

involving Ral and mTORC1 in OL-lineage cells is necessary to

address this issue further since mTORC1 deficiency could not

be circumvented by Pten deletion in our study. In this context,

cross-talk between mTORC1 and Rals has been described and

highlighted before, but the available knowledge requires appro-

priate integration and extension specifically to the particular fea-

tures of OL-lineage cells (Maehama et al., 2008; Xu et al., 2011;

Martin et al., 2014; reviewed by Apken and Oeckinghaus, 2021).

Rals are required for the long-term maintenance of
healthy myelin-axon units
Our study establishes an essential role of Ral GTPases in OLs

during development. We also evaluated the impact of Rals in

adult OLs. Induceddeletion of Rals in adult OLs led to a late-onset

degenerative phenotype in spinal cord vWM, identifying an

essential requirement of Rals to preservemyelination in the spinal

cord and to protect the health of myelin-axon units over time.

Axonal degeneration due to Ral GTPase deletion in OLs would

be consistent with perturbations in axonal support by OLs. In this

context, OLs have been shown to contribute to the high energy

requirements of axons via membrane-bound transporters of me-

tabolites (Funfschilling et al., 2012; Lee et al., 2012), but additional

mechanisms of critical support are likely (Philips et al., 2021). In

this context, it has been reported that OLs support axonal trans-

port and maintenance via exosome secretion (Fruhbeis et al.,

2020), and Sirt2 has recently been suggested to be one of the

relevant cargoes transferred from OLs to axons (Chamberlain

et al., 2021). Of potential direct relevance to our study, the single
control and RalAB cKOmutant mice, including the TdTom reporter. Antibodies

fluorescence. Arrows indicate exemplary OLs co-labelled with pS6, CC1, and

vWM or (C) GM regions at P5 and P10. n = 5 animals per genotype.

ed control, Pten cKO, RalAB cKO, or RalAB Pten cKO OL-lineage cells from

ive to histone H3 from (D). n = 3–4 from independent animals and sortings per

ontrol, Pten cKO, RalAB cKO, and RalAB Pten cKO mice. Antibodies directed

. Arrowheads indicate exemplary OLs co-labelled with pS6 and CC1. Scale bar,

ls per genotype. Error bars represent the standard error of the mean (SEM).

omparisons test (B, C) or one-way ANOVA followed by Tukey’s multiple com-
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(A) Exemplary electron micrographs of transverse P14 spinal cord vWM from control, Pten cKO, RalAB cKO, or RalAB Pten cKO mice. Scale bar, 2 mm.

(B) Quantification of myelinated axon numbers assessed from (A). n = 4–5 animals per genotype (496–1,336 axons analyzed per animal).

(C) series: (C) Quantification of mean g-ratios of myelinated axons from (A) and of g-ratios as a function of axon diameter (C0). (C00) Scatterplot of g-ratios versus

axonal diameter. n = 4–5 animals per genotype (112–198 axons analyzed per animal). Error bars represent the standard error of the mean (SEM). Comparisons

were made with a one-way (B, C) or two-way ANOVA followed by Tukey’s multiple comparison test (C0). *p < 0.05, **p < 0.01, ***p < 0.001.
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C. elegans ortholog of Ral GTPases, Ral-1, was shown to control

exosome secretion, with linkage also to mammalian Ral function

(Hyenne et al., 2015; Ghoroghi et al., 2021). These findings raise

the speculative possibility that Ralsmay contribute to axonal sup-

port via regulation of exosome secretion in OLs, and deletion of

Rals may interfere with such a form of glial-to-axon support. To

address this possibility in a robust manner will require further

development of complex genetic and imaging tools, which are

beyond the scope of this work.

In conclusion, our study shows that the functions of Rals are

essential at various stages of the OL lineage in the spinal cord.

During development, Rals are required for the timely onset of

myelination and for driving accurate myelination progression.

In adult OLs, Rals are crucial to preserve myelinated axons.

Recently, mutations affecting Ral signaling in humans, including

de novo heterozygous variants in the GTP/GDP-binding region

of RalA (Hiatt et al., 2018) and bi-allelic mutations causing inac-

tivation of RalGAPA1 (encoding Ral GTPase-activating protein

catalytic alpha subunit 1) (Wagner et al., 2020), have been found

in association with major neurological and developmental im-

pairments. Among the various features displayed by the pa-

tients, thinning and/or shortening of the corpus callosum was

observed in patients with RalGAPA1 mutations and in some pa-

tients with RalAmutations (Wagner et al., 2020; Hiatt et al., 2018).
12 Cell Reports 40, 111413, September 27, 2022
Given the strong myelination of the corpus callosum, it is

conceivable that our findings of a crucial role of Ral function in

OLs may also have implications toward a cellular and molecular

understanding in human disease.

Limitations of the study
In addition to limitations discussed elsewhere, we would like to

mention the following aspects. (1) The current studywas focused

on the role of RalGTPases in the OL lineage in the spinal cord,

with only some analyses of other CNS regions included.

Extended temporally and spatially resolved studies of various

CNS regions are required for comparative conclusions. (2) Our

data suggest that Rals are required for correct activation of the

mTORC1 pathway in the OL lineage of the spinal cord. However,

to which extent and how defects in the mTOR pathway are

directly or indirectly causative for which facets of the pheno-

type in Ral-deficient mice remains to be fully clarified. Other

Ral-dependent pathways are likely also to contribute, as partially

discussed above (see also review by Apken and Oeckinghaus,

2021). (3) We found that vesicular/endosomal/lysosomal biology

is affected in Ral-deficient OLs. Current limitations in the suit-

ability of tools that are required for further reliable quantitative

analyses in vivo and on tissue sections precluded a more

detailed examination. In this context, we have mainly followed
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the hypothesis that metabolic alterations might be involved.

However, other pathways/mechanisms, possibly in overlapping

fashion, might also be involved, like functions of Rals in the

secretory pathway and exosome dynamics. (4) On a technical

remark, we used the CNPCre allele as a well-established tool to

analyze gene function in the OL lineage using the Cre/Lox

recombination system. It has been noted that CNPCre can also

mark some neurons when used in combination with specific

highly sensitive Cre-dependent reporter alleles, likely due to

low levels of (transient) Cre expression in some neural progeni-

tors (discussed by Goebbels and Nave, 2019; Tognatta et al.,

2017). This Cre activity could potentially also lead to some

recombination of floxed sequences of endogenous genes, as

has been hinted at by the interpretation of indirect findings in

one particular setting (Jo et al., 2021). Although we cannot

formally exclude such potential recombination in our study, we

have not noticed indications for a potential primary neuronal

contribution in the context of examining the consequences of

Ral loss in the OL lineage using the CNPCre driver.
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HRP-conjugated goat anti-mouse Jackson Immunoresearch Cat# 115-035-003, RRID:AB_10015289

HRP-conjugated goat anti-rabbit Jackson Immunoresearch Cat# 111-035-003, RRID:AB_2313567

HRP-conjugated goat anti-rat Jackson Immunoresearch Cat# 112-035-167, RRID:AB_2338139

HRP-conjugated donkey anti-goat Jackson Immunoresearch Cat# 705-035-147, RRID:AB_2313587

Alexa 488-conjugated donkey anti-mouse Thermo Fisher Scientific Cat# A21202, RRID:AB_141607

Alexa 546-conjugated donkey anti-mouse Thermo Fisher Scientific Cat# A10036, RRID:AB_2534012
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Chemicals, peptides, and recombinant proteins

PageRule Prestained Protein Ladder Thermo Scientific Cat# 26616

DNase I Sigma-Aldrich Cat# D4527

Papain Sigma-Aldrich Cat# P3125

Osmium Tetroxide Electron Microscopy Sciences Cat# 19100

Tamoxifen Sigma-Aldrich Cat# T5648

Critical commercial assays

Trizol Invitrogen Cat# 15596026

Pierce Micro BCA protein assay kit Thermo Fisher Scientific Cat# 23235

Spurr’s Resin Electron Microscopy Sciences Cat # 14300

Deposited data

RNA sequencing data This paper GEO: GSE180725

Experimental models: Organisms/strains

Ralatm1.2Cjm/H Peschard, et al., 2012 RRID: IMSR_EM:10002

Ralbtm1.2Cjm/H Peschard, et al., 2012 RRID: IMSR_EM:10003

Ptentm1Hwu/J The Jackson Laboratory RRID: IMSR_JAX:004597

Cnptm1(cre)Kan Lappe-Siefke et al. (2003) MGI:3051635

Tg(Plp1-cre/ERT2)1Ueli Leone et al. (2003) MGI:2663093

B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J The Jackson Laboratory RRID: IMSR_JAX:007909
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RalA (Forward) 50-GATGCCC

TTAATGCAAATGACC-30
Ommer et al. (2019) N/A

RalA (Reverse): 50-GCCATAGC

AACGAGACAAGCC-30
Ommer et al. (2019) N/A

RalB (Primer 1): 50-GTCTGCTTAC

ACACCTGTGTAC-30
Ommer et al. (2019) N/A

RalB (Primer 2): 50-CCCAAGCC

AGAGATGCCTCAC-30
Ommer et al. (2019) N/A

RalB (Primer 3): 50-GGAGGC

ATGGGAAGATTAGAAG-30
Ommer et al. (2019) N/A

Pten (Forward): 50-CAAGCAC

TCTGCGAACTGAG-30
The Jackson laboratory

protocol 23492

N/A

Pten (Reverse): 50-AAGTTTTT

GAAGGCAAGATGC-30
The Jackson laboratory

protocol 23492

N/A

Rosa26-wt (Forward): 50-AAGGG

AGCTGCAGTGGAGTA-30
The Jackson laboratory

protocol 29436

N/A
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The Jackson laboratory

protocol 29436

N/A

Rosa26-LSLtdtomato (Forward): 50-G
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The Jackson laboratory

protocol 29436

N/A
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TGTTCCTGTACGGCATGG-30

The Jackson laboratory

protocol 29436

N/A
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Lebrun-Julien et al. (2014) N/A
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Lebrun-Julien et al. (2014) N/A

Software and algorithms

Adobe Photoshop versions CC2018-2021 Adobe RRID: SCR_014199; https://www.adobe.

com/products/photoshop.html

Adobe Illustrator version CC2020-2021 Adobe RRID: SCR_010279; http://www.adobe.

com/products/illustrator.html

Prism version 9.1.2 GraphPad RRID: SCR_002798; https://www.

graphpad.com/scientific-software/prism/

Zen 2 (blue edition) Carl Zeiss RRID: SCR_013672; https://www.zeiss.

com/microscopy/int/products/

microscope-software/zen.html

ImageJ version 1.50i NIH RRID: SCR_003070; https://imagej.net/

Cell Sorter Software (v2.1.5) Sony https://www.sonybiotechnology.com/us/

instruments/sh800s-cell-sorter/software/

Trimmomatic Bolger et al. (2014) RRID: SCR_011848; http://www.usadellab.

org/cms/index.php?page=trimmomatic

Kallisto (v0.44) Bray et al. (2016);

Li and Dewey (2011)

RRID: SCR_016582; https://pachterlab.

github.io/kallisto/about

EdgeR Robinson et al. (2010) RRID: SCR_012802; http://bioconductor.

org/packages/edgeR/

Ingenuity Pathway Analysis (IPA),

November 2020 version

Qiagen RRID: SCR_008653; https://digitalinsights.

qiagen.com/products-overview/

discovery-insights-portfolio/analysis-

and-visualization/qiagen-ipa/

Catwalk XT 10.6 Noldus RRID: SCR_021262; https://www.noldus.

com/catwalk-xt
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SH800S Cell Sorter Sony RRID:SCR_018066; https://www.

sonybiotechnology.com/us/instruments/

sh800s-cell-sorter/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ueli Suter

(usuter@cell.biol.ethz.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d RNA-sequencing data have been deposited at GEO and are publicly available as of the date of publication under the accession

number GSE180725.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Mice harboring floxed alleles for Rala (Ralatm1.2Cjm/H; Ralafl; RRID:IMSR_EM:10002) and Ralb (Ralbtm1.2Cjm/H; Ralbfl; RRID:IMS-

R_EM:10003) were previously generated (Peschard et al., 2012). The mice obtained were of FVBN background and were sub-

sequently backcrossed for more than 6 generations with C57B6 background before generating experimental animals. Mice

harboring floxed alleles for Pten (Ptentm1Hwu/J; Ptenfl; RRID:IMSR_JAX:004597) were obtained from the Jackson Laboratory.

To generate conditional mutants, floxed lines were crossed with CNPCre (Cnptm1(cre)Kan; MGI:3051635, Knock-in) mice

(Lappe-Siefke et al., 2003). Experimental genotypes are referred to as follows: CNPCre:Ralafl/fl (RalA conditional KO (cKO),

RalA cKO), CNPCre:Ralbfl/fl (RalB cKO), CNPCre:Ralafl/f:Ralbfl/fl (RalAB cKO), CNPCre:Ptenfl/fl (Pten cKO), and CNPCre:Ralafl/f:

Ralbfl/f:Ptenfl/fl (RalAB Pten cKO). In all cases, Cre-negative littermates served as Controls. For reporter assays, mice carrying

a lox-Stop-lox-tdTomato cassette in the Rosa26 locus were obtained from The Jackson Laboratory (B6.Cg-Gt(ROSA)

26Sortm9(CAG-tdTomato)Hze/J, stock no 007909, RRID:IMSR_JAX:007909 (Madisen et al., 2010)) and interbred with experimental

breeders. For inducible experiments, floxed lines were crossed with Plp1CreERT2 (Tg(Plp1-cre/ERT2)1Ueli; MGI:2663093) mice

(Leone et al., 2003). These breedings gave rise to Plp1CreERT2:Ralafl/fl:Ralbfl/fl (referred to as RalAB icKO) and Ralafl/fl:Ralbfl/fl

(Control) mice. At 8 to 10 weeks of age, animals were IP injected with 2 mg of tamoxifen (Sigma-Aldrich, Cat# T5648) dissolved

in 10% ethanol and sunflower seed oil (Sigma-Aldrich, Cat# S5007) each day for five consecutive days to induce recombination.

In Cre or CreERT2-carrying mice, these transgenes were heterozygous. All mice were co-housed in standard individually venti-

lated cages, maintained at a 12 h light/dark cycle, and fed standard chow ad libitum. Experimental mice of either sex were used

in the experiments. Assignment of animals to experimental groups was based on genotype and age. All animal experiments

were performed in accordance with protocols approved by of the Zurich Cantonal Veterinary Office (permits ZH161/2014,

ZH090/2017 and ZH119/2020).

Genotypes were determined by genomic PCR using the following primer sets
RalA, amplifying both flox and wt alleles at different molecular weights (forward: 50-GATGCCCTTAATGCAAATGACC-30, reverse:
50-GCCATAGCAACGAGACAAGCC-30); RalB with 3 primer-set amplifying both flox and wt alleles at different molecular weights

(primer 1: 50-GTCTGCTTACACACCTGTGTAC-30, primer 2: 50-CCCAAGCCAGAGATGCCTCAC-30), primer 3: 50-GGAGGCATGGG

AAGATTAGAAG-30); Pten amplifying both flox and wt alleles at different molecular weights (forward: 50-CAAGCACTCTGCGAACTGA

G-30, reverse 50-AAGTTTTTGAAGGCAAGATGC-30); Cre (forward: 50-ACCAGGTTCGTTCACTCATGG-30, reverse: 50-AGGCTAAG

TGCCTTCTCTACA-30); Rosa26 (wt) (forward: 50-AAGGGAGCTGCAGTGGAGTA-30, reverse: 50-CCGAAAATCTGTGGGAAGTC-30);
Rosa26 (LSLtdtomato) (forward: 50-GGCATTAAAGCAGCGTATCC-30, reverse: 50-CTGTTCCTGTACGGCATGG-30).
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METHODS DETAILS

Purification of OL-lineage cells by FACS
OL-lineage cells were isolated from postnatal day 10 (P10) spinal cords of tdTomato reporter-expressing animals. Spinal cords were

minced with a sterile scalpel before digestion in 2 mL of Dissociation Mix (20 mMHEPES (pH 7.4), 1 mMMgSO4, 0.5 mMEGTA, 20 U/

mL Papain (Sigma-Aldrich, Cat# P3125), 80 U/mL DNaseI (Sigma-Aldrich, Cat# D4527), 0.46%D-glucose, 0.24mg/mL L-Cysteine in

HBSS (Gibco, Cat# 14175-095)) for 20 min at 37�C. Following trituration, enzymatic digestion was halted with addition of Stop So-

lution (20 mM HEPES (pH 7.4), 10% FBS, 10 mM MgSO4, 5 mM EGTA, 40 U/mL DNaseI (Sigma-Aldrich, Cat# D4527), 0.46%

D-glucose in HBSS (Gibco, Cat# 14175-095)). Samples were passed through a 100 mm cell strainer (Miltenyi Biotech), centrifuged

3 min at 380 x g at 4�C, and resuspended in 300 mL of FACS buffer (0.5% BSA, 5 mM EGTA in HBSS). Cells were sorted according

to TdTomato reporter signal and forward scatter area (FSC-A) using a SONY SH800S cell sorter (RRID:SCR_018066) and respective

software (version 2.1.5). Note that this strategy is limited in preventing contaminations with other cell types, including microglia.

Western blotting
OL-lineage cells were pelleted, resuspended in Laemmli buffer (200 mM Tris-HCl pH6.8, 40% glycerol, 8% SDS, 20% b-mercaptoe-

thanol, 0.4% bromophenol blue), boiled for 5 min with shaking. Resulting extracts were run on 4–15% gradient polyacrylamide

gradient gels (Bio-Rad, Mini Protean TGX), and blotted onto a PVDF membrane (Millipore, Cat# IPVH00010). Protein lysates loaded

in the western blots shown in Figure 4B were extracted from the organic phase that separated during RNA extraction with Trizol (In-

vitrogen, Cat# 15596026), following the manufacturer’s instructions. Protein yield was assessed with the Pierce micro BCA protein

assay kit (Thermo Fisher Scientific, Cat# 23235) following the manufacturer’s instructions. After blocking with 5% skim milk in TBS

with Tween 0.1% (TBS-T), membranes were incubated overnight with primary antibodies diluted in skim milk/PBS-T. HRP-conju-

gated secondary antibodies were visualized using ECL Prime (Amersham, Cat# GERPN2232) according to manufacturer’s

directions, andwere detected using the Fusion FX7 system (Vilber Lourmat). When required,membraneswere strippedwith stripping

solution (1.25 mM Tris-HCl, pH 6.8, 2% SDS, 100 mM b-mercaptoethanol) for 15 min at 55�C, and thereafter re-blocked and probed

with antibodies. Antibodies (see details in the key resources table) were used at the following dilutions: mouse anti-RalA (1:1000),

mouse anti-RalB (1:500), rabbit anti-Histone H3 (1:1000), rabbit anti-Pdgfra (1:1000), mouse anti-MAG (1:1000), rat anti-MBP

(1:500), rabbit anti-aTubulin (1:2000), rabbit anti-Pten (1:1000), goat anti-Lamp1 (1:500). HRP-conjugated secondary antibodies

were used at 1:10000 dilution. Quantification of band intensities was performed with ImageJ (version 1.50i, SCR_003070) normalized

to the indicated loading control. Full-length western blots related to the bands depicted in the manuscript figures are shown in Fig-

ure S8. The molecular weight adjacent to the cropped bands refers to the apparent molecular weight estimated from the PageRule

Prestained Protein Ladder (Thermo Scientific, Cat# 26616).

Immunohistochemistry
Spinal cords were isolated following intracardial perfusion with PBS and 4% paraformaldehyde (PFA; Electron Microscopy Sciences

Cat# 19208). Samples were post-fixed overnight in 4% PFA, dehydrated in 30% sucrose/PBS overnight, embedded in Tissue-Tek

OCT (Sakura, Cat# 4583) and stored at �80�C until further processing. Cryosections (10 mm thick) were cut with an increment of

100 mm between serial sections, transferred to SuperFrost Plus (Thermo Fisher Scientific, #12-550-15) coated slides, and stored

at �80�C. Tissues were permeabilized with 0.3% Triton X-100, followed by blocking in buffer containing 10% donkey serum,

0.3% Triton X-100 in PBS. Slides were incubated overnight with primary antibodies, followed by incubation with fluorophore-conju-

gated secondary antibodies. Antibodies (see details in the key resources table) were used at the following dilutions: rat anti-CD140a/

Pdgfra (1:300), mouse anti-CC1 (1:300), rabbit anti-Olig2 (1:300), mouse anti-Olig2 (1:300), goat anti-Lamp1 (1:50), rabbit anti-phos-

phoS6 (Ser235/236) Ribosomal protein (1:300), rat anti-Lamp2 (1:200). Fluorophore-conjugated secondary antibodies were used at

1:1000 dilution. When required, slides were counterstained with DAPI (Thermo Scientific), and all slides were mounted with Prolong

Diamond mounting media (Thermo Fisher Scientific, Cat# P36961). Stainings were imaged using an epifluorescence microscope

(Zeiss Axio Imager.M2) equipped with a monochromatic CCD camera (sCMOS, pco.edge) and subsequently false-colored. Zen2

Software (blue edition, RRID: SCR_013672) was used for data acquisition Three spinal cord hemisections within the range of verte-

bral levels thoracic (T13) to lumbar (L1) were imaged and analyzed for each staining. In blinded quantifications, signals were consid-

ered positive if they were above background fluorescence levels. Multiple signals localized to the same cell were quantified based on

the overlap of relevant fluorescence channels. Each data point (n) represents the average of three independent quantifications, for

each animal and age.

Electron microscopy
Tissue preparation for electron microscopy was performed as reported in (Gerber et al., 2019). In brief, animals were perfused with

4% PFA/PBS preceding tissue extraction. Dissected tissues were post-fixed in 3% glutaraldehyde (Sigma-Aldrich, Cat# G5882) and

4% PFA in 0.1 M phosphate buffer at least overnight. These tissues were incubated in 2% osmium tetroxide (Electron Microscopy

Sciences, Cat# 19100), dehydrated by serial incubations with increasing amounts of acetone, and embedded in Spurr’s resin (Elec-

tron Microscopy Sciences, Cat# 14300). 99 nm thick sections were collected on Indium Tin Oxide (ITO) coverslips (Optics Balzers,

Cat# 204439), contrasted with uranyl acetate and lead citrate before imaging on a Zeiss Merlin FEG scanning electron microscope
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equipped with ATLAS modules (Zeiss). Panoramas were acquired for each sample as individual adjacent images (tiles), which were

aligned and processed using Photoshop versions CC 2018–2021 (Adobe, RRID: SCR_014199). Images shown in the manuscript are

cropped from panoramas.

Morphological analysis and g-ratio
Quantitative assessment of the proportion of myelinated axons was performed over three selected anatomically similar fields at spi-

nal cord ventral funiculus, optic nerve, or corpus callosum. The sum of myelinated axons and clearly identified non-myelinated axons

within these random fields were used to generate myelinated axon proportions. For sciatic nerves, the number of myelinated and

non-myelinated axons were quantified over the entire cross-section. To calculate the myelin g-ratio, the axon diameter was derived

from the axon area and the fiber diameter was obtained by adding twice the average myelin thickness measured at different

locations. Based on these measurements, we determined the g-ratio by dividing the axon diameter by the axon with myelin sheath

diameter. Per animal, approximately 100 fibers derived from three anatomically similar fields were measured (see respective figure

legends for detailed numbers). All measurements were performed using Photoshop versions CC 2018–2021 (Adobe, RRID: SCR_

014199).

RNA extraction
OL were enriched by FACS, isolated from P10 spinal cords. RNA was extracted from cell pellets with 0.5 mL Trizol (Invitrogen, Cat#

15596026), snap-frozen in liquid nitrogen and stored at �80�C. Total RNA was extracted according to manufacturer’s protocol and

subjected to downstream applications.

RNA-sequencing and Ingenuity analysis
All stepswere performed at the Functional Genomics Center Zurich following the procedure outlined in (Gerber et al., 2019) with some

modifications. Briefly, libraries were prepared using the TruSeq RNA Sample Prep Kit v2 (Illumina), and the quality of both RNA and

final libraries was determined using the Agilent 4200 TapeStation System. Sequencing was performed using the Illumina Novaseq

6000 sequencer (single-end 100 bp).

The raw readswere first processed by removing adapter sequences, trimming low quality ends (four bases from read start and read

end), and filtering reads with low quality (phred quality <20) using Trimmomatic (Bolger et al., 2014) (RRID: SCR_011848). Sequence

pseudo-alignment and isoform expression quantification of the resulting high-quality reads to the mouse genome assembly (build

GRCm38, gene model definitions from Gencode release M23) was performed with the Kallisto algorithm (Li and Dewey, 2011;

Bray et al., 2016) (version 0.44, RRID: SCR_016582) with the options ’–bias –bootstrap-samples 10 –seed 42 –single –rf-stranded

–fragment-length 170 –sd 50. If genes were absent (considered as < 10 counts/gene) in at least half of samples from one condition,

these were discarded from further analyses. Analysis of differential gene expression was carried out with the R/bioconductor pack-

age edgeR (Robinson et al., 2010) (RRID: SCR_012802), in which the normalization factor was calculated by trimmed mean of M

values (TMM) method. p-values were adjusted for multiple testing using the Benjamini-Hochberg procedure (Benjamini and Hoch-

berg, 1995). Genes showing altered expression with adjusted (Benjamini and Hochberg method) p value < 0.05 (indicated as false

discovery rate, FDR) were considered differentially expressed.

Ingenuity Pathway Analysis (IPA, Qiagen, RRID: SCR_008653; version of November 2020) was performed separately on RalA cKO

and on RalAB cKO versus control datasets. The Upstream Regulators analysis of IPA revealed common potential ‘‘activated’’ and

‘‘inhibited’’ transcriptional regulators. Datasets including significantly regulated gene expression (Fdr <0.05) fromRalAmutant versus

control or RalAB mutant versus control OL were used as input for these analyses. Heatmaps were generate by plotting the signifi-

cantly regulated transcripts (Fdr <0.05) between RalAB cKO versus controls, with the corresponding row Z-scores of RalA cKO

samples also displayed.

For gene ontology analysis, the list of genes with significantly (Fdr <0.05) increased transcripts between RalA cKO vs controls and

between RalAB cKO vs controls were compared to identify the jointly upregulated genes. The gene ontology of cellular components

analysis was performed in these jointly upregulated genes using the online tool Enrichr (2021 version, https://maayanlab.cloud/

Enrichr/).

Behavioral analysis
The Rotarod (Ugo Basile) was set to accelerate from 4 to 40 rpm over 5 min. The latency to fall from the Rotarod was calculated for

independent runs, held with at least 30 min intervals. Data are presented as the average of three runs per animal, per time point. For

the inverted grip hanging test, mice were placed on the lower side of a suspended wire mesh (28 3 28 cm, mesh-size of 13 mm,

mounted on a 28 3 28 cm frame). The latency for the animals to fall on a padded landing zone 30 cm below was recorded. The

data are presented as the average of three trials performed at least 30 min apart per animal, per time point. The maximum score

was set to 10 min. Forelimb grip test was performed using a Grip-Strength Meter (Ugo Basile). Mice were allowed to grip a metal

bar with forelimbs and were gently suspended by the tail. The mean peak strength over five trials run in succession was calculated.

For gait analysis of adult mice, the CatWalk XT system (Noldus) was utilized. Mice were placed on the running field and left to traverse

the field of their own accord. Per mouse, 3 compliant runs (run duration between 0.5 and 5 s, maximum allowed speed variation of

60%) were considered. Analysis was performed with CatWalk XT 10.6 software (Noldus, RRID: SCR_021262). Average speed and
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the percent support (percentage of the step cycle spent on more than two paws) calculations were generated from tracked runs, and

presented as an average value of each animal (n) per time point.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing into graphs and statistical analyses were performed using GraphPad Prism (version 9.1.2, RRID: SCR_002798).

Data are presented as mean ± SEM for biological replicates, as specified in figure legends. Data distribution was assumed to be

normal and variances were assumed to be equal, although this was not formally tested due to low n number. Sample sizes were cho-

sen according to sample sizes generally employed in the research field. The following criteria were considered to select the statistical

test, unless specified differently in the figure legends. For comparisons between two groups a two-tailed unpaired Student’s t-test

was employed, and when values of one group were close to zero the Mann-Whitney non-parametric test was used instead. For

multiple comparisons, one- or two-way ANOVAs followed by Tukey’s, Holm-Sidak’s or Sidak’s multiple comparisons tests were per-

formed as noted in the figure legends. A criterion of p < 0.05 was applied for determination of statistical significance. For the analysis

of immunohistochemical and morphological data the investigator was blind to the genotype. No randomization methods were

applied. Image levels were adjusted in the same manner across genotypes to improve visibility of the features. Figure assembly

was performed in Illustrator CC versions 2020 and 2021 (Adobe, RRID: SCR_010279).
e6 Cell Reports 40, 111413, September 27, 2022


	Ral GTPases are critical regulators of spinal cord myelination and homeostasis
	Introduction
	Results
	Ral GTPase expression in the OL lineage supports timely spinal cord myelination
	RalA in spinal cord oligodendrocytes supports myelin growth
	RalA deletion results in endosomal/lysosomal accumulations in OLs
	Transcriptomics of Ral-deficient OL reveals deficits in mTOR signaling
	Ral expression is critical for proper mTORC1 activation in OLs
	Pten deletion fails to rescue developmental myelination deficits in RalAB cKO mice
	Ral GTPase deletion in OLs of adult mice is associated with late-onset spinal cord degeneration

	Discussion
	Incomplete compensatory actions of Rals in the control of spinal cord myelination
	Lysosome-related effects with regard to Ral mutant OLs
	mTORC1 deficits associated with Ral deletion in OLs
	Rals are required for the long-term maintenance of healthy myelin-axon units
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice
	Genotypes were determined by genomic PCR using the following primer sets

	Methods details
	Purification of OL-lineage cells by FACS
	Western blotting
	Immunohistochemistry
	Electron microscopy
	Morphological analysis and g-ratio
	RNA extraction
	RNA-sequencing and Ingenuity analysis
	Behavioral analysis

	Quantification and statistical analysis



