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Abstract

Brain function relies on both rapid electrical communication in neural circuitry and

appropriate patterns or synchrony of neural activity. Rapid communication between

neurons is facilitated by wrapping nerve axons with insulation by a myelin sheath

composed largely of different lipids. Recent evidence has indicated that the extent of

myelination of nerve axons can adapt based on neural activity levels and this adaptive

myelination is associated with improved learning of motor tasks, suggesting such

plasticity may enhance effective learning. In this study, we examined whether

another aspect of myelin plasticity—changes in myelin lipid synthesis and

composition—may also be associated with motor learning. We combined a motor

learning task in mice with in vivo two-photon imaging of neural activity in the primary

motor cortex (M1) to distinguish early and late stages of learning and then probed

levels of some key myelin lipids using mass spectrometry analysis. Sphingomyelin

levels were elevated in the early stage of motor learning while galactosylceramide

Daisuke Kato and Yuki Aoyama are designated as co-first authors.

Received: 29 December 2022 Revised: 11 June 2023 Accepted: 3 July 2023

DOI: 10.1002/glia.24441

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2023 The Authors. GLIA published by Wiley Periodicals LLC.

Glia. 2023;71:2591–2608. wileyonlinelibrary.com/journal/glia 2591

https://orcid.org/0000-0001-7957-2498
https://orcid.org/0000-0002-8543-4590
mailto:daikato@med.nagoya-u.ac.jp
mailto:hirowake@med.nagoya-u.ac.jp
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/glia
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fglia.24441&domain=pdf&date_stamp=2023-07-20


Young Scientists, Grant/Award Number:

20K16574; Nagoya University CIBoG WISE

program from MEXT; Grants-in-Aid for

Scientific Research on Innovative Areas,

Grant/Award Numbers: 25110732,

19H05219, 19H04753; Fostering Joint

International Research (B), Grant/Award

Number: 20KK0170; Grants-in-Aid for

Scientific Research (B), Grant/Award Numbers:

21H02662, 18H02598

levels were elevated in the middle and late stages of motor learning, and these

changes were correlated across individual mice with both learning performance and

neural activity changes. Targeted inhibition of oligodendrocyte-specific galactosyl-

transferase expression, the enzyme that synthesizes myelin galactosylceramide,

impaired motor learning. Our results suggest regulation of myelin lipid composition

could be a novel facet of myelin adaptations associated with learning.

K E YWORD S

calcium imaging, galactosylceramide, lipid synthesis, motor learning, neural activity,
oligodendrocyte, sphingomyelin

1 | INTRODUCTION

Myelination of axons by oligodendrocytes is a critical component of

neural signaling in the brain, enabling increased action potential con-

duction speed along axons as well as metabolic support of axons

(Fields & Bukalo, 2020; Nave, 2010; Xin & Chan, 2020), and lipids, as

the building blocks of myelin, play a critical role in its structure and

plasticity (Vaughen et al., 2023). Human magnetic resonance imaging

(MRI) diffusion studies have shown that there is a gradual increase in

the fractional anisotropy signals into adolescence (Corrigan

et al., 2021) and that this increase correlates with myelin levels

(Sampaio-Baptista et al., 2013; Sampaio-Baptista & Johansen-

Berg, 2017; Scholz et al., 2009). Furthermore, increases in myelination

in specific brain regions have been correlated with motor learning and

skill acquisition (Sampaio-Baptista & Johansen-Berg, 2017; Scholz

et al., 2009). Given that myelin is 70%–80% lipid, an increase in myeli-

nation implies an increase in lipid synthesis. Consistently, lipid synthe-

sis, oligodendrocyte proliferation and differentiation, and myelin

production are all promoted by neural activity (Gibson et al., 2014;

Kato & Wake, 2019; Vaughen et al., 2023; Wake et al., 2011; Wang

et al., 2022; Xiao et al., 2016) and lipid synthesis contributes to

remote memory (Chen et al., 2020) and behavioral extinction (Huston

et al., 2016). Furthermore, targeted disruption of this adaptive myeli-

nation can also impair learning. Gene deletion of myelin regulatory

factor (MyRF), critical for myelin formation; or overexpressing proteo-

lipid protein 1 (PLP1), which impairs myelin regulation (Tanaka

et al., 2009); all lead to reduced motor learning (Kato et al., 2020;

McKenzie et al., 2014; Xiao et al., 2016). Abnormal expression of

myelin-related genes has also been observed in patients with schizo-

phrenia (Hakak et al., 2001) and reduction in myelin levels is associ-

ated with aging and neurodegenerative diseases (Back et al., 2011;

Dadar et al., 2022). Given the requirements for both the precise tim-

ing of neural activity patterns associated with specific behaviors and

increases in synaptic strength within neural circuitry, the link between

learning and myelin likely involves an effect on synaptic plasticity and

synchrony. The motor learning disruptions seen with impaired myelin

regulation are also associated with reduced neural synchrony (Kato

et al., 2020). Changes in the lipid composition of myelin can also

effect the structure and function of synapses, and thus may

contribute to modifications in neural circuitry activity associated with

skill acquisition (Fields, 2015).

The current paradigm for myelin-related neural plasticity focuses

mainly on changes in the extent of myelination in terms of either

the addition of myelin sheaths onto bare axon segments or an

increase or decrease in the thickness of existing myelin sheaths

(de Faria et al., 2021). The relative contribution of specific myelin

lipids, or their regulation, to neural circuitry population activity and

plasticity have yet to be investigated during learning. Although not

the major lipid species by weight, certain ceramide-derived sphingoli-

pids, including sphingomyelin (SM), galactosylceramide (GalCer), and

sulfatides, are abundant in oligodendrocytes and myelin sheaths and

are crucial for myelin stability and function (Bosio et al., 1998). The

phospholipid sphingomyelin is synthesized in the myelin sheath along

with cholesterol and glycolipids (Kister & Kister, 2022). Reductions in

the levels of these specific lipid species have been identified in the

postmortem brains of patients with multiple system atrophy, a neuro-

degenerative disease associated with the accumulation of the alpha-

synuclein protein within oligodendrocytes (Don et al., 2014). Further-

more, quantifying brain lipid alterations in the shiverer mouse model

of dysmyelination and the cuprizone mouse model of reversible demy-

elination using high-resolution matrix-assisted laser desorption/ioniza-

tion-imaging mass spectrometry (MALDI-IMS) showed that the levels

of sulfatide and other lipids were altered in the white matter (Maganti

et al., 2019). Hence, abnormalities in lipid synthesis are associated

with myelin-related neural diseases and changes in myelin lipids may

also regulate neural activity in non-pathological conditions.

In the current study, we tested this hypothesis using a well-

characterized forelimb lever-pulling model of motor learning in combina-

tion with in vivo two-photon Ca2+ imaging of neural circuitry changes.

Motor learning was divided into three phases, and MALDI-IMS was

used to analyze brain samples obtained in each phase. This enabled us

to map out any changes in specific key myelin lipid species in the pri-

mary motor cortex (M1) that were correlated with neural circuitry

changes during learning. Our data demonstrated distinct increases in

specific SM and GalCer species at different stages of motor learning.

Furthermore, targeted ablation of GalCer synthesizing enzymes dis-

rupted skill acquisition, supporting the notion that a dynamic increase in

myelin lipid synthesis is required for motor skill acquisition.

2592 KATO ET AL.

 10981136, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24441 by K

obe U
niversity, W

iley O
nline L

ibrary on [14/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2 | MATERIALS AND METHODS

2.1 | Animals and head plate fixation surgery

All experiment protocols were approved by the Institutional Animal

Care and Use Committee of Kobe University Graduate School of

Medicine, Nagoya University Graduate School of Medicine, and

Hamamatsu University School of Medicine and were conducted

according to the guidelines of the National Institutes of Health Guide

for the Care and Use of Laboratory Animals. Wild-type (WT) C57BL/6

mice (6–8 weeks old) were used for the experiments. The animals

were given free access to food and water and were maintained on a

12 h light/dark cycle. Mice were anesthetized by intraperitoneal

injection (i.p.) of ketamine (74 mg/kg) and xylazine (10 mg/kg). The

skin was disinfected using 70% alcohol, the skull was exposed and

cleaned, and a head plate was firmly attached using dental cement

(G-CEM ONE; GC, Tokyo, Japan). The surface of the intact skull was

subsequently coated with an acrylic-based dental adhesive resin

cement (Super-Bond; Sun Medical, Shiga, Japan) to prevent drying, as

previously described (Kato et al., 2020). The mice were allowed to

recover for 1 day before surgery and viral vector injection.

2.2 | Targeted inhibition of GalCer synthesis

Short-hairpin RNA (shRNA) were designed and synthesized by Vector-

Builder, Inc. (Table 1) and used for targeted inhibition of the enzyme

ceramide galactosyltransferase (CGT) to reduce GalCer synthesis.

Inhibitory efficiency was validated in vitro using the CMT 167 cell line

(ATCC, Manassas, VA), which was originally derived from C57BL/6J

mice and is known to express CGT. CGT levels were measured using

quantitative reverse transcription polymerase chain reaction

(RT-qPCR). The verified target shRNA sequences were introduced

into WT mice by injection of the corresponding adeno-associated

virus (AAV) vector into the brain.

2.3 | AAV injection and surgery

AAV injection and surgery were performed 2 to 3 weeks prior to the

experiments. Dexamethasone sodium phosphate (1.32 mg/kg) was

administered intraperitoneally 1 h before surgery to prevent cerebral

edema. Under 1% isoflurane anesthesia, a � 2 mm diameter circular

craniotomy (circle centered at �0.2 mm anterior and � 1 mm lateral

from the bregma) was performed over the left M1 as previously

described (Kato et al., 2020). A Ca2+ fluorophore (GCaMP6f) coupled

to a neural promoter was expressed to visualize neural activity in M1

layer 2/3 (L2/3) neurons. A total of 1 μL AAV (AAV1-Syn-GCaMP6f,

Penn Vector Core; 9.0 � 1012 vector genomes/ml) solution was

injected through a glass pipette (tip diameter, 25–30 μm). For experi-

ments to determine the cell specificity of the myelin-associated glyco-

protein (MAG) promoter in the AAV vectors, AAV8-MAG-mScarlet

(0.5 μL, 8.8 � 1013 vector genomes/ml) was injected into the white

matter (with coordinates targeting the white matter beneath the M1:

AP = 0.2 mm; ML = 1.0 mm; DV = �1.2 mm from the bregma). To

silence the expression of CGT in oligodendrocytes, validated CGT

shRNA sequences were similarly injected into the white matter (0.5 μL

AAV solutions of either shRNA against CGT [AAV8-MAG-shRNA1,

8.2 � 1013 vector genomes/ml or AAV8-MAG-shRNA2, 5.8 � 1013 vec-

tor genomes/ml] or scrambled RNA [AAV8-MAG-scrambled RNA,

4.5 � 1013 vector genomes/ml]). The pipette was maintained in place for

an additional 5 min before removal. After the injection, 2% (wt/vol) aga-

rose L (Nippon Gene, Tokyo, Japan) in saline was placed over the craniot-

omy; then, a glass window comprising two coverslips (diameter, 2 and

4.5 mm; Matsunami Glass, Osaka, Japan) joined using ultraviolet curable

adhesive (NOR-61, Norland) was pressed onto the agarose surface and

the edges were sealed using dental cement (G-CEM ONE; GC, Tokyo,

Japan) and dental adhesive resin cement (Super-Bond; Sun Medical, Shiga,

Japan). The mice were then returned to their cages for recovery.

2.4 | Lever-pull task

A previously described voluntary (self-initiated) forelimb movement

task was modified for use in this study (Kato et al., 2020). Mice with

attached head plates were habituated to the task apparatus for 1 h

per day for 2 days prior to the start of the experiment. After habitua-

tion, mice were deprived of water in their home cages and maintained

at 85% of their normal body weight throughout the experiment. Each

mouse was trained to perform the voluntary right-forelimb movement

for 1 h per day for 12 training days. When a mouse pulled the lever

and held it there for 600 ms, it was rewarded with a 4 μL drop of

water from a spout near its mouth. If a lever-pull failed to be held for

the full 600 ms, the lever returned to its starting position and the mice

could pull it again at any time. A program written in LabVIEW

(National Instruments, Austin, TX) was used to control the timing of

the reward, lever return, and lever immobilization, and also to continu-

ously monitor the lever position. The behavior and performance of

the mice were monitored using an infrared video camera. After each

training session, mice were allowed access to 1 mL of water. Twenty-

one WT mice were used for these experiments (Group A: n = 5 mice,

Group B: n = 7 mice, Group C: n = 9 mice; Figures 1–3).

2.5 | Two-photon imaging

Two-photon images of the left M1 were captured during the lever-

pull task (on days 2, 4, 7, and 12) using an LSM 7 MP system

(Carl Zeiss, Oberkochen, Germany) with a 10� objective (XLPlan,

Carl Zeiss; numerical aperture [NA]: 0.5) and a mode-locked

Ti:sapphire laser (Mai Tai HP; Spectra-Physics, Santa Clara, CA) at a

TABLE 1 Nucleotide sequences of the shRNAs used in this study.

Target shRNA sequence

shCGT1 50-CCATGTGTAAATGCTTATTT-30

shCGT2 50-GCTCAGAAGTTATCGGAAATT-30

scrambled 50-CCTAAGGTTAAGTCGCCCTCG-30

KATO ET AL. 2593
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wavelength of 950 nm. Fluorescence signals were obtained using

GaAsP photomultiplier tubes (Hamamatsu Photonics, Shizuoka,

Japan). The laser intensity used for imaging was 20–30 mW.

The imaged field area was 848.54 μm � 848.54 μm at a depth of

150–200 μm from the cortical surface. Pixel size was 1.657 μm. Con-

tinuous 1000-frame imaging was repeated in each field (frame dura-

tion: 390 ms). Lever positions and solenoid signals (that detected

successful lever-pulls) were also recorded simultaneously.

2.6 | Image analysis of two-photon imaging

Two-photon images were analyzed using an ImageJ plug-in (1.37v; NIH)

and scripts written in MATLAB (MathWorks, Natick, MA). Images were

corrected for focal/XY plane displacement using the TurboReg and Stack-

Reg ImageJ plug-ins (Thévenaz et al., 1998). To quantify neural activity in

the M1, regions of interest (ROIs) in L2/3 were defined using an auto-

mated algorithm (CaImAn; http://github.com/simonsfoundation/) that

F IGURE 1 Legend on next page.
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determines an ROI as a discrete region with a change in fluorescence

intensity at some stage during the analysis. Completely silent neurons

(and/or those without GCaMP6f expression) will not be detected using

this approach. The numbers of analyzed ROIs were as follows: Group A:

WT mice (five fields from five mice on each day), 275 on day 2, 467 on

day 4; Group B (seven fields from seven mice on each day), 405 on day

2, 557 on day 4, 499 on day 7; Group C (nine fields from nine mice on

each day), 260 on day 2, 359 on day 4, 388 on day 7, 299 on day 12. To

detect and analyze Ca2+ transients, baseline fluorescence (F0) was

defined as the 35th percentile of the total fluorescence intensity histo-

gram obtained during the imaging period. A Ca2+ transient was defined

as ΔF/F0 (ΔF = F�F0), where F is the instantaneous fluorescent signal

and F0 is the baseline fluorescence, when ΔF exceeded two standard

deviations (SDs) of F0 (Kato et al., 2020; Tian et al., 2009). To normalize

the changes in the Ca2+ transients, we subtracted the mean value of

the Ca2+ transient for each ROI and divided it by the deviation to

account for different degrees of variability (= z-score Ca2+ transient)

(Sun et al., 2019). The area under the curve (AUC) was calculated for

each z-score Ca2+ transient and summed for individual ROIs. Lever-

related Ca2+ transients were defined as those occurring between 0.8 s

before and 1.6 s after the start of lever-pulling, and were divided into

successful (task-related Ca2+ transients) or unsuccessful (unrelated to

the task) lever-pulls. Only imaging sessions with more than three suc-

cessful lever-pulls were analyzed.

2.7 | MALDI-IMS of white matter samples

Coronal sections (thickness, 10 μm) were cut from frozen brains using

a Leica CM3050S cryostat (Leica Microsystems, Wetzlar, Germany)

and obtained serially from �0.1 to 0.4 mm posterior to the bregma.

Sections were mounted on indium tin oxide-coated glass slides

(Matsunami Glass Ind., Osaka, Japan) and sprayed with a matrix

solution (40 mg/mL 2,5-dihydroxybenzoic acid, 20 mM potassium

acetate, 0.2% trifluoroacetic acid in 50% methanol) using a

TM-sprayer (HTX Technologies, Chapel Hill, NC) (Sugimoto

et al., 2015). A solariX XR FT-ICR mass spectrometer (Bruker Dal-

tonics, Bremen, Germany) was used for MALDI-IMS. Mass spectra

were acquired in positive ion mode to detect lipid species of interest

in the m/z 688–950 range. The laser was operated at 1000 Hz, the

laser spot size was 50 μm, and the lateral resolution was 100 μm, with

50 shots collected per pixel. Data were visualized using flexImaging

(Bruker Daltonics). Lipids were identified by accurate mass referencing

to the LIPID MAPS and SwissLipids databases. Analysis were per-

formed using scripts written in MATLAB.

2.8 | Lipid extraction and standard solution
preparation

To prepare the lipid standard solutions, we added acetonitrile/

isopropanol (1:9) to each standard lipid powder [Glucosylceramid

(GlcCer)(18:1/24:1) and GalCer(18:1/24:0)] in a glass tube to give a

concentration of 250 μg/mL, and sonicated this solution until

completely dissolved. The two standard lipid solutions were then

mixed and diluted further with acetonitrile in a glass vial (L.E. Tech-

nologies, Inc.) to a concentration of 10 μg/mL. These diluted stan-

dards were then stored at �80�C until use. To extract lipids from

frozen brain samples, we employed the modified Bligh-Dyer method.

First, we added water to the frozen tissue sample in a glass tube

(1 mL per 4 mg) and homogenized the mixture using a digital homog-

enizer (HK-1, AS ONE Corporation). The homogenate was collected

F IGURE 1 Changes in behavior and neural circuitry activity during motor learning. (a) Diagrammatic representation of the motor learning
experiments. Head-restrained mice were trained to perform self-initiated right-forelimb movements. If the mice pulled the lever and held it for 600 ms,
a water reward followed. Three separate mice groups representing different motor learning periods (Group A [n = 5]; days 1–4, Group B [n = 7]; days
1–7, and Group C [n = 9]; days 1–12) were examined, with brains excised for lipid analysis at the end of each period. (b–d) Plots of the three different
motor behavior parameters over days of training in groups A (left panels), B (middle panels), and C (right panels). Data for each mouse are shown in
gray with mean data in bold. One-way ANOVA followed by Tukey's test; *p < .05, **p < .01, ***p < .001, n.s., non-significant. (b) Total trial number:
Group A: F3,16 = 4.66, p = .018 (day 1 vs. day 4); Group B: F6,42 = 17.18, p = 8.00 � 10�4 (day 1 vs. day 4), p = .28 (day 4 vs. day 7); Group C:
F11,96 = 16.68, p = .012 (day 1 vs. day 4), p = .99 (day 4 vs. day 7), p = .69 (day 7 vs. day 12); (c) Number of successful trials: Group A: F3,16 = 2.11,
p = 8.20 � 10�3 (day 1 vs. day 4); Group B: F6,42 = 8.23, p = .011 (day 1 vs. day 4), p = 2.70 � 10�3 (day 4 vs. day 7); Group C: F11,96 = 16.24,
p = 1.30 � 10�3 (day 1 vs. day 4), p = 6.90 � 10�3 (day 4 vs. day 7), p = 1.90 � 10�3 (day 7 vs. day 12); (d) Success rate (success number / total
trials, %); Group A: F3,16 = 5.23, p = .97 (day 1 vs. day 4); Group B: F6,42 = 2.20, p = .55 (day 1 vs. day 4), p = 7.30 � 10�3 (day 4 vs. day 7); Group C:
F11,96 = 5.02, p = 1.00 (day 1 vs. day 4), p = 2.10 � 10�3 (day 4 vs. day 7), p = 7.60 � 10�3 (day 7 vs. day 12). (e) Representative image of L2/3 M1
neurons expressing GCaMP6f (left panel), Ca2+ traces of five representative neurons (middle panel), and definition of task-related Ca2+ transients and
the area under the curve (AUC) of a Ca2+ transient (right panel). Scale bar, 50 μm. (f) Definition of the parameters used to relate neural activity to
behavioral (task) performance. Changes in the task-related activity were quantified by the difference in summed task-related Ca2+ transients (summed
AUCs) between that on day 2 and either day 4, day 7, or day 12, with mean values calculated for each mouse. Neurons with an increase in task-related
AUC were defined as increased neurons, and neurons with a decrease in task-related AUC were defined as decreased neurons. The percentages of

increased neurons in each individual mouse [task-related AUC (% increased neurons)] during the training period were quantified. (g) The mean summed
task-related AUC (a.u.) on days 2, 4, 7, 12 were compared (p = .76 [day 2 vs. day 4], p = .023 [day 2 vs. day 7], p = .046 [day 2 vs. day 12], paired
t-test). Each plotted line represents an individual mouse. *p < .05, n.s., non-significant. (h) Correlation plots between change in task-related AUC and
change in task performance in each mouse group (change from day 2 to day 4 [Group A, blue], from day 2 to day 7 [Group B, orange], and from day
2 to day 12 [Group C, yellow]). Each dot represents data for an individual mouse. (i) Correlation plots between change in task-related AUC (%
increased neurons) and change in task performance in each mouse group (change from day 2 to day 4 [Group A, blue], from day 2 to day 7 [Group B,
orange], and from day 2 to day 12 [Group C, yellow]). Each dot represents data for an individual mouse.
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and transferred to glass centrifuge tubes (Iwaki) to which chloroform

and methanol (FUJIFILM Wako Pure Chemical) were added using

glass tips (Corning), and the mixture was vortexed. After 10 min at

room temperature (RT), we added more chloroform and vortexed the

mixture again. Finally, we added acetic acid (Wako) and gave a final

vortex, before centrifugation at 1000 rpm for 15 min, and then
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F IGURE 2 Changes in myelin lipid levels during motor learning. (a) Representative images of SM (d18:1/23:0) and GalCer (d18:1/23:0) levels in
tissue sections from an early (Group A) and late phase (Group C) mouse, respectively. Scale bar, 500 μm. (b, c) In the early (Group A) and middle
(Group B) stages, there was a significant increase in the intensity of SM (d18:1/23:0) in left (trained) white matter beneath M1 relative to that in the
right (untrained) white matter beneath M1 after motor learning. In contrast, in the middle and late (Group C) phases, trained mice showed a higher
intensity of GalCer (d18:1/23:0) in the left (trained) white matter beneath M1 relative to that in right (untrained) white matter beneath M1. Each line
is plotted for an individual mouse. Paired t-test. *p < .05, **p < .01, n.s., non-significant. (d) Representative images showing SM (d18:1/24:1) and
GalCer (d18:1/24:1) levels in tissue sections from the early (Group A) and late (Group C) phases. Scale bar, 500 μm. (e, f) Changes in SM (d18:1/24:1)
and GalCer (d18:1/24:1) levels across the different phases of learning were similar to those shown in panels (b) and (c) for the shorter SM and GalCer
species. Each line is plotted for an individual mouse. Paired t-test. *p < .05, **p < .01, n.s., non-significant. (g) Representative LC–MS/MS spectrum of
brain samples obtained after 12 days of motor learning. Multiple isomers with corresponding masses were detected for SM (d18:1/23:0) and GalCer
(d18:1/23:0 and d18:1/24:1), but not for SM (d18:1/24:1). The maximum relative abundances of isomers with masses corresponding to GalCer
(d18:1/23:0) and GalCer (d18:1/24:1) showed 39.9 and 39.0 min of retention times, respectively. (h) Representative TLC image of brain samples
obtained after 12 days motor learning with standards for GalCer and GlcCer shown (left panel). Quantitative analysis of relative TLC GalCer mean
expression from four brain samples (right panel). Paired t-test. *p < .05.
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carefully removing the organic (bottom) layer, and drying it in a Spin

Dryer Standard VC-96R concentrator connected to a VA-500R

(TAITEC) cold trap, and finally storing this extracted and dried sam-

ple at �80�C until use (Takanashi et al., 2020). The ratio of water to

chloroform to methanol to acetic acid in these brain samples was

0.8:2:2:1.

2.9 | Liquid chromatography/mass spectrometry
of white matter

Lipids were dissolved in acetonitrile to a final concentration equiva-

lent to 20 mg/mL of frozen tissue and transferred into a glass vial

(L.E. Technologies, Inc.) designed for liquid chromatography/mass
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F IGURE 3 Correlations between neural activity pattern changes and lipid levels (SM [d18:1/23:0] and GalCer [d18:1/23:0]) at different
stages of motor learning. (a) Correlation plots between changes in task-related AUC (change from day 2 to day 4 [Group A, blue], from day 2 to
day 7 [Group B, orange], and from day 2 to day 12 [Group C, yellow]) and changes in SM (d18:1/23:0) (upper panels) and GalCer (d18:1/23:0)
(lower panels) levels during early (left), middle (center) and late (right) stages of motor learning. Each dot represents an individual mouse. Pearson's
correlation test. *p < .05. n.s., non-significant. (b) Correlation plots between changes in the proportion of neurons with increased task-related
AUCs (change from day 2 to day 4 [Group A, blue], from day 2 to day 7 [Group B, orange], and from day 2 to day 12 [Group C, yellow]) and

changes in SM (d18:1/23:0) (upper panels) and GalCer (d18:1/23:0) (lower panels) levels during early (left), middle (center) and late (right) stages
of motor learning. Each dot represents an individual mouse. Pearson's correlation test. *p < .05. n.s., non-significant.
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spectrometry (LC–MS) analysis with a glass insert (Systech). The lipids

and standard mixture were then analyzed using a Q Exactive™ Hybrid

Quadrupole-Orbitrap™ mass spectrometer connected to an Ultimate

3000 system (Thermo Scientific). A 10 μL sample of brain lipids or a

2 μL sample of the lipid standards was injected into an Accucore

120 C18 column (150 mm � 2.1 mm, 3 μm) (Thermo Scientific)

for separation. The mobile phase was composed of part A, which con-

sisted of water-acetonitrile-methanol (2:1:1 vol/vol/vol), 5 mM

ammonium formate, and 0.1% formic acid, and part B, which consisted

of acetonitrile-isopropanol (1:9 vol/vol), 5 mM ammonium

formate, and 0.1% formic acid. The mobile phase flow rate was set at

300 μ/min using a linear-gradient program, starting with 20% solvent

B and increasing linearly to 100% B over 50 min, then holding at

100% B for 10 min before reducing linearly to 20% B between 60 min

and 60.1 min, and ending with 20% B over the last 10 min. The total

runtime was 70 min. The MS instrument parameters were as follows:

probe heater temperature, 350�C; S-lens RF level, 50; capillary tem-

perature, 250�C; auxiliary gas flow rate, 15; sheath gas flow rate, 50;

sweep gas flow rate, 0; spray voltage in positive mode, 3.5 kV and in

negative mode, 2.5 kV. The mass spectra recording conditions were

as follows: AGC target, 1e6; mass resolving power, 70,000 (FWHM);

recorded m/z range, 220–2000; maximum injection time, 100 ms. The

Xcalibur v3.0 software (Thermo Scientific) was used to obtain spectral

data. MS/MS spectra were acquired using the precursor ion corre-

sponding to the m/z value of each target lipid molecule (SM species

d18:1/23:0 and d18:1/24:1 and GalCer species d18:1/23:0 and

d18:1/24:1), and the structures were identified using the product ion

spectra.

2.10 | Thin-layer chromatography

Briefly, total cell lipids were extracted using chloroform/methanol

(1:1 and 1:2, vol/vol) and concentrations measured using the BCA

assay. After alkaline methanolysis (with 1 N NaOH in methanol),

desalting was performed using a Sep-Pak C18 cartridge. Lipids were

spotted on borate-impregnated HPTLC plates, developed using a

chloroform/methanol/water (80:30:4, vol/vol/vol) solution, and visu-

alized using orcinol/sulfuric acid staining (Go et al., 2017; Gupta

et al., 2010). Image analyses were performed using CS analyzer (Atto).

2.11 | Real-time PCR

For mRNA levels quantification, total RNA was extracted from CMT

167 cells or white matter samples using the RNeasy Plus Mini kit

(Qiagen, Hilden, Germany). First-strand complementary DNA (cDNA)

was synthesized from total RNA using the Transcriptor First Strand

cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany). PCR

was performed using the QuantStudio 1 system (Thermo Fisher, MA)

and the FastStart Essential DNA Green Master mix (Roche Diagnos-

tics). Amplification results were analyzed using the QuantStudio 1 soft-

ware and then normalized based on the expression level of

glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA in each

sample. The following pairs of primers were used:

CGT forward: 50-TGAAGGAGAGCTGTATGATGCC-30 and reverse:

50-TGATGGACAGCAGAACGGAG-30; MBP were forward: 50-GAAGG

CAGGTGATGGTTGA-30 and reverse: 50-AACACTCCCGTGGGACAATC;

Gapdh were forward: 50-GGGCTGGCATTGCTCACA-30 and reverse:

50-TGTAGCCGTATTCATTGTCATACCA-30. For the experiments on

inhibition of GalCer synthesis during motor learning (Figure 5), 15 WT

mice were used (five WT mice each in the scrambled RNA, shRNA1,

and shRNA2 groups).

2.12 | Western blotting

Mice injected with AAV vectors for shRNA against CGT (AAV8-MAG-

shRNA1 or AAV8-MAG-shRNA2) or scrambled RNA (AAV8-MAG-

scrambled RNA) were deeply anesthetized using ketamine (74 mg/kg,

i.p.) and xylazine (10 mg/kg, i.p.) and transcardially perfused with

ice-cold phosphate-buffered saline (PBS). After removal of the brain,

the white matter under the M1 on the side which received the AAV

vector injection, was dissected and homogenized in N-PER™ Neuronal

Protein Extraction Reagent (Thermo Scientific, Rockford, IL) with a

protease inhibitor (Nacalai Tesque, Japan). Following a 10 min incuba-

tion on ice, the homogenate was centrifuged at 10,000 � g (10 min at

4�C). Protein concentration was determined using the Pierce™ BCA

Protein Assay Kit (Thermo Scientific). After electrophoresis of super-

natant samples (3 μg protein per sample) on 4%–20% Mini-PRO-

TEAN® TGX™ gels (Bio-Rad Lab, Tokyo, Japan), proteins were

transferred to a Trans-Blot Turbo 0.2-micron PVDF membrane

(Bio-Rad Lab, Tokyo, Japan). The membranes were incubated with

anti-Ugt8a (rabbit; Proteintech, 19,782-2-AP; 1:500) and anti-GAPDH

(rabbit; Cell Signaling, D16H11; 1:3000) antibodies, and then with the

appropriate HRP-conjugated anti-rabbit antibody (Ugt8a: donkey;

Invitrogen, 31,458; 1:10,000, diluted in Can Get Signal Solution

2 [TOYOBO] and GAPDH: diluted in 5% skim milk in Tris buffered

saline with Tween 20). Immunoreactive bands were visualized using

the SuperSignal™ West Dura Extended Duration Substrate (Thermo

Scientific) for Ugt8a and the Immobilon Classico Western HRP sub-

strate (Millipore) for GAPDH, followed by image acquisition and ana-

lyses using the iBright™ CL1500 Imaging System (Thermo Scientific).

2.13 | Immunohistochemistry

Mice were deeply anesthetized using ketamine (74 mg/kg, i.p.) and

xylazine (10 mg/kg, i.p.) and transcardially perfused with a 4%

paraformaldehyde in PBS. Fixed brain tissues were equilibrated in

30% sucrose solution in PBS and sliced into 30 μm-thick sections

using a microtome (Leica Microsystems, Wetzlar, Germany). After

blocking for 1 h in PBS with 10% normal goat serum and 0.3%

Triton-X at RT, brain sections were incubated overnight at 4�C with

primary antibodies in the same PBS solution, followed by 1 h incuba-

tion with secondary antibody at RT, before mounting on glass slides
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with VECTASHIELD Antifade Mounting Medium with DAPI

(Vector Laboratories, Newark, CA). Imaging was performed using an

LSM 510 META confocal microscope (Carl Zeiss, Oberkochen,

Germany) with a 20� objective (Carl Zeiss; NA: 1.0) (Figure 4o;

1024 � 1024 pixels, 0.313 μm/pixel, 5.0 μm Z-step) or a FV3000

confocal microscope (Olympus) with a 10� objective (Olympus; NA:

0.3) and a 60� oil-immersion objective (NA: 0.9). The following

antibodies were used: anti-Ugt8a (rabbit; Proteintech, 19,782-2-AP;

1:500), anti-adenomatous polyposis coli (clone CC1) (mouse; Calbio-

chem, OP80; 1:500), anti-NeuN (mouse; Millipore, MAB377; 1:500),

anti-S100β (rabbit; Abcam, ab52642; 1:1000), anti-myelin basic

protein (MBP) (mouse; BioLegend, clone SMI 99; 1:100), donkey

anti-rabbit Alexa 488 (Abcam, ab150073; 1:500), goat anti-mouse

Alexa 594 (Abcam, ab150116; 1:500), donkey anti-goat Alexa

F IGURE 4 Legend on next page.
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488 (Abcam, ab150129; 1:500), donkey anti-rabbit Alexa 594 (Abcam,

ab150076; 1:500), donkey anti-mouse Alexa 405 (Abcam, ab175658;

1:500), and donkey anti-mouse Alexa 647 (Abcam, ab15017; 1:500).

The number of DAPI positive cells (Figure 4b,c) and CC1 positive cells

(Figure 4i,n) were determined from confocal 3D image data (DAPI;

512 � 512 pixels, 2.486 μm/pixel, 5 μm Z-step, 5 slices, CC1;

1024 � 1024 pixels, 2.486 μm/pixel, 5 μm Z-step, 5 slices). Images

were taken under the following conditions: for experiments to deter-

mine cell type specificities of the MAG promoter (Figure 4d,e);

512 � 512 pixels, 0.414 μm/pixel, 0.5 μm Z-step; for experiments to

examine the expression level of CGT (Figure 4i,j) and MBP

(Figures 4k,l and S2b); 1024 � 1024 pixels, 2.486 μm/pixel, 5 μm Z-

step. Image analysis was performed using Fiji or Imaris (ver 9.8.2 or

ver stitcher 9.7.2) (Oxford Instruments, UK).

2.14 | Electrophysiology

To examine the effect of CGT inhibition on axonal action potential

propagation, AAV8-MAG-scrambled RNA (0.5 μL) or AAV8-MAG-

shRNA (shRNA1 or shRNA2, 0.5 μL) was injected into the left thala-

mocortical white matter projection tracts beneath the M1 (0.2 mm

anterior and 1 mm lateral from the bregma and 1.2 mm below the pia)

and AAV1-Syn- channelrhodopsin (H134R)-EYFP (ChR2; 0.5 μL,

2.11 � 1013 vector genomes/ml) was injected into the left thalamic

motor nucleus (1 mm posterior and 1 mm lateral from the bregma and

3.2 mm below the pia). Two to three weeks later, electrophysiological

experiments were conducted under 0.8%–1% isoflurane anesthesia to

measure spikes evoked by optogenetic activation of thalamocortical

projections. Antidromic spikes were recorded using a 16-channel pla-

nar electrode array inserted into the thalamic nuclei following optoge-

netic stimulation of the cortex via a fiber-optic cable placed close to

the cortical surface exposed by a craniotomy. Stimulation was twenty

473 nm (Thorlabs, Newton, NJ) pulses (2 ms each, 1 Hz) with a power

at the fiber-optic tip of approximately 10 mW. Stable spike responses

during optogenetic stimulation that appeared consistently (at least in

response to 10 stimuli) and that occurred within 30 ms of the stimulus

onset, and had low spike jitter (<0.3 ms) were defined as antidromic

spikes (Ciocchi et al., 2015; Kato et al., 2020) and further analyzed. To

assess the temporal dispersion of the antidromic spike latency, the SD

and coefficient of variation were calculated using units that were

simultaneous detected from two or more different channels in the

16-channel array (and also satisfied the selection criteria). In total,

156 antidromic spikes were detected in 15 recordings from five mice

for the scrambled RNA data set; 194 antidromic spikes detected in

15 recordings from five mice for the shRNA1 data set, and 197 anti-

dromic spikes detected in 15 recordings from five mice for the

shRNA2 data set.

2.15 | Electron microscopy of ultrathin sections

For ultrastructural visualization of myelinated axons in the white

matter underlying the motor cortex, brains were fixed in a mixture of

F IGURE 4 Characterization of the effects of oligodendrocyte-specific inhibition of CGT on myelin properties. (a) Experimental protocol for
AAV vector-mediated mScarlet expression in oligodendrocytes after injection into the white matter of thalamocortical motor projections.
(b) Representative image of AAV vector-injected brain with mScarlet expression localized to the white matter just underneath the M1 cortex.
Scale bar, 500 μm. (c) There was no difference in the density of DAPI-positive cells between the hemispheres injected or not injected with AAV.
Paired t-test. n.s., non-significant. (d, e) Representative images (d) and quantification (e) of mScarlet expression in the white matter and co-
localization with markers for oligodendrocytes (CC1), astrocytes (S100β). Scale bar in (d), 10 μm. (f) Experimental protocol for AAV vector-
mediated CGT inhibition using shRNA and associated validation. (g) Representative western blots for CGT in duplicate brain samples expressing
scrambled RNA, shRNA1, and shRNA2. (h) Corresponding quantitative analysis of CGT expression using western blotting. Results were
normalized based on the expression level of scrambled group. One-way ANOVA followed by Tukey's test. *p < .05, **p < .01, n.s., non-significant.
(i) Representative images of CGT and oligodendrocyte (CC1) immunostaining in brain sections from mice expressing scrambled RNA, shRNA1, and
shRNA2. Scale bar, 10 μm. (j) Quantitative analysis of CGT expression in oligodendrocytes based on immunostaining data. Results were
normalized based on the expression level of scrambled group. One-way ANOVA followed by Tukey's test. *p < .05, **p < .01, n.s., non-significant.
(k) Representative images of MBP immunostaining in brain sections from mice expressing scrambled RNA, shRNA1, and shRNA2. Scale bars, left
panels, 100 μm; right panels, 30 μm. (l) Quantitative analysis of relative MBP expression based on immunostaining data. Results were normalized
based on the expression level of scrambled group. One-way ANOVA followed by Tukey's test. n.s., non-significant. (m) Representative electron
microscopy images of white matter beneath M1 from brain sections expressing scrambled RNA, shRNA1, and shRNA2. Scale bar, 1 μm.
Scatterplot of myelin thickness and axon diameter for the scrambled RNA, shRNA1, and shRNA2 groups. Color differences indicate different
groups. Quantitative g-ratio analysis based on electron microscopy images in the scrambled RNA, shRNA1, and shRNA2 groups. One-way
ANOVA followed by Tukey's test. n.s., non-significant. (n) Density of CC1-positive cells in brain sections from scrambled RNA, shRNA1, and
shRNA2 expressing mice based on immunohistochemistry analysis. One-way ANOVA followed by Tukey's test. *p < .05, **p < .01, n.s., non-
significant. (o) Representative images of ChR2-EYFP expression in the motor cortex (left panel; Scale bar, 200 μm) and thalamus (right panel;

Scale bar, 500 μm) after injection of AAV1-Syn-ChR2-EYFP into the thalamus. ChR2 is expressed in thalamic nuclei and thalamocortical axons.
(p) Schematic illustration of the experiment to antidromically activate and record thalamocortical axon spikes. (q) Representative antidromic spikes
(upper panels) and raster plots (lower panels) recorded in the thalamus in mice expressing scrambled RNA (left), shRNA1 (center), and shRNA2
(right) in response to optogenetic stimulation of thalamic afferents in M1. (r) Violin plots (black lines, mean) of the latency of antidromic spike.
One-way ANOVA followed by Tukey's test. ***p < .001, n.s., non-significant. Scatter plots of the latency of antidromic spikes (left panel) and the
temporal dispersion of antidromic spike latencies (standard deviation [center panel] and coefficient of variation [right panel]) in recordings from
mice expressing scrambled RNA, shRNA1, and shRNA2. One-way ANOVA followed by Tukey's test. **p < .01, ***p < .001, n.s., non-significant.
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2% formaldehyde and 2.5% glutaraldehyde at 4�C for 8–12 h, and

post-fixed with 1.5% osmium tetroxide for 1.5 h at RT. Samples were

dehydrated and then embedded in epoxy resin. Ultrathin sections

were observed using a JEM-1400 Flash electron microscope. Digital

images were captured at �8000 magnification using a CCD camera

(Gatan, CA). Images were imported into Fiji for measuring the diame-

ters of axons and myelin sheaths. G-ratios (axon diameter/axon plus

myelin sheath diameter) were then calculated (scrambled, non-

injected side: 418 axons, n = 3 mice; scrambled, injected side:

479 axons, n = 3 mice; shRNA1: 450 axons, n = 3 mice; shRNA2:

433 axons, n = 3 mice). All images were analyzed with the researcher

blinded to the experimental group.

2.16 | Pharmacological CGT inhibition

To inhibit CGT during motor learning, the UGT8 Inhibitor 19 (Cayman

Chemical) was orally administered at 3 mg/kg twice daily

(Thurairatnam et al., 2020). After 12 days of training, six WT mice

were subjected to this pharmacological CGT inhibition on days

13 to 16.

2.17 | Wire hang test

Mice used in the CGT inhibition experiments were subjected to the

wire hang test for the assessment of overall muscle strength and coor-

dination. The mice were placed on a wire suspended 35 cm above a

soft fall area, and the time after which they fell was measured. Due to

animal ethics considerations, this test was only conducted once.

2.18 | Statistical analysis

All data are presented as the mean ± SEM values. Statistical differ-

ences were evaluated using paired t-test, Wilcoxon rank sum test,

analysis of variance (ANOVA) followed by Tukey's multiple compari-

son test, and Pearson's correlation analysis as indicated, and using

MATLAB and GraphPad Prism v7.0a. p-values <.05 were considered

statistically significant.

3 | RESULTS

3.1 | Change in task performance and neural
activity during the lever-pull task

To assess the time-course of the changes in neural activity during

motor learning, we first conducted in vivo two-photon imaging of M1

L2/3 neurons during a self-initiated lever-pull task using the right

forelimb (Kato et al., 2020; Masamizu et al., 2014) (Figure 1a). In this

task, mice pull the lever and hold it for 600 ms to receive a drop of

water as the reward. Previous studies considered motor learning in

terms of two phases—associative learning (early stage) and skill

learning (late stage) (Doyon & Benali, 2005). We have also previously

divided motor learning tasks into an early (days 1–4) and late

(days 9–12) stage (Kato et al., 2020). To better evaluate the time

course of lipid synthesis and any associated changes in neural activity,

in this study, we added a middle phase (days 4–7). We divided mice

into three corresponding groups (Group A: early stage, days 1–4;

Group B: middle stage, days 1–7; and Group C: late stage, days 1–12)

and evaluated for each group their motor task performance (number

of total lever-pull trials, number of successful trials, and success rate),

neural activity (two-photon Ca2+ imaging) and subsequent brain lipid

composition (MALDI-IMS analysis) (Figure 1b–d). Across all three

groups, the total number of lever-pull trials rapidly increased in the

early training stage (days 1–4) and began to plateau from day

4 onwards (Figure 1b). While the number of successful trials continu-

ously and significantly increased during each phase (Figure 1c), this

was partly due to the increase in total trials. The actual success rate of

lever-pull trials (successful trials/total trials) only increased during the

middle and late stages (Figure 1d), consistent with previous reports

(Kato et al., 2020; Masamizu et al., 2014). We also examined if neural

circuitry activity changed during these phases of motor task perfor-

mance using a genetically overexpressed Ca2+-sensitive fluorescent

protein. There were many GCaMP6f-expressing L2/3 neurons in

which Ca2+ transients were observed, both associated with and not

associated with the lever-pull movement (Figure 1e). Lever-

pull-associated Ca2+ transients were associated with successful or

unsuccessful lever-pulls, and those related to successful pulls were

classified as Task-related (Figure 1e). Imaging was performed through-

out the learning period (on days 2, 4, 7, and 12). To quantify any

changes in neural circuitry activity, we first measured and summed

the area under the curve (AUC) of each task-related Ca2+ transient on

each image day (Figure 1e,f). We examined whether and how these

task-related AUCs changed over time (day 2 vs. day 4, day 2 vs. day

7, day 2 vs. day 12), finding they increased in the middle and late

stages (Figure 1g). We also assessed this change in task-related AUCs

for each individual mouse (Group A: day 2 vs. day 4, Group B: day

2 vs. day 7, Group C: day 2 vs. day 12, Figure 1f) and additionally

quantified for each mouse whether each neuron showed an increase

in task-related AUC (a.u.) or a decrease in task-related AUC (a.u.). This

enabled quantification of the proportion of increased task-related

neurons in each individual mouse during the training period

(Figure 1f). We could then correlate these parameters with the motor

learning performances of each mouse during the different learning

phases (Figure 1h,i).

In mice from Group A, the change in the number of total and suc-

cessful trials correlated positively with the change in task-related AUC

(a.u.) (total trials: p = .04, r = .89; successful trials: p = .01, r = .96;

Figure 1h, upper and middle panels), whereas, there was no significant

correlation between the success rate and task-related neural activity

changes (p = .43, r = .46; Figure 1h, lower panel). There were no cor-

relations in Group A mice between the three behavioral parameters

and the change in the percentage of neurons in a mouse showing an

increase in task-related activity (Figure 1l, left panels). In Group B,
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none of the three behavioral parameters were correlated with either

the change in task-related AUC (a.u.) or the percentage of neurons

with an increased task-related AUC (Figure 1h,i, center panels).

For Group C, the only significant correlation was a greater increase in

success rate in mice with a greater increase in the proportion of neu-

rons showing an increase in task-related neural activity (Figure 1h,i,

right panels, p = .03, r = .73). These results are consistent with a pre-

vious report (Peters et al., 2014), that showed that during the early

stages of motor learning, the activity of M1 neurons associated with

lever-pulling increases but is dispersed. Subsequently, in the latter

stages, there is a clear population of movement-related neurons with

a consistent temporal association with successful pulls. In the subse-

quent experiments, we assessed the correlations between these

neural activity parameters (task-related AUC [a.u.] and task-related

AUC [% increased neurons]) and lipid synthesis or activity-dependent

myelination.

3.2 | Change in SM and GalCer levels during motor
learning

To investigate whether myelin-specific lipids are correlated with the

changes in the neural circuitry activity patterns associated with motor

learning, we performed MALDI-IMS in brain sections of same mice we

conducted lever pulling task and Ca2+ imaging in each group

(groups A, B, and C) and quantified the levels of multiple lipids includ-

ing SM, GalCer, and sulfatide. For each of these lipids, in addition to

using the standard nomenclature to reflect the length of the two

hydrocarbon chains, we also characterized them in terms of the ion

sequestration in the MALDI samples (Table 2). Lipid signals in the left

(trained) and the right (untrained) white matter beneath M1 were

measured and compared. The intensities of the SM species

d18:1/23:0 and d18:1/24:1 identified using M + K+ ionization were

the highest in groups A and B in the trained hemisphere (Figure 2a,b,

d,e). In contrast, the intensities of GalCer (d18:1/23:0) and

(d18:1/24:1) were higher in the trained hemisphere in groups B and C

(Figure 2a,c,d,f). These results suggest that SM is associated with the

increase in task-related neural activity during the early stage of learn-

ing, while an increase in GalCer may be associated with the more

coordinated neural activity during the later stage. To verify these lipid

changes measured using MALDI-IMS, we also used LC–MS/MS to

measure the lipids in brain samples of white matter below the M1

after 12 days of motor task training (Figure 2g). We detected multiple

isomers of corresponding masses for SM (d18:1/23:0) and GalCer

(d18:1/23:0 and d18:1/24:1). We only detected single isomer for SM

(d18:1/24:1). The retention time for GalCer (d18:1/23:0) and GalCer

TABLE 2 Lipid species with level changes in different phases during motor learning.

Group A Group B Group C

Lipid Ion Lipid Ion Lipid Ion

SM (d18:1/23:0) [M + K]+ SM (d18:1/22:0) [M + K]+ GalCer (d18:1/18:0) [M + K]+

SM (d18:1/24:1) [M + K]+ SM (d18:1/23:0) [M + K]+ GalCer (d18:1/23:0) [M + K]+

SM (d18:1/25:0) [M + K]+ SM (d18:1/24:1) [M + K]+ GalCer (d18:1/24:0) [M + K]+

SM (d18:1/25:0) [M + Na]+ SM (d18:1/25:0) [M + K]+ GalCer (d18:1/24:1) [M + K]+

GalCer (d18:1/18:0) [M + K]+ GalCer (d18:1/24:0) [M + Na]+

GalCer (d18:1/22:0) [M + K]+ GalCer (d18:1/24:1) [M + Na]+

GalCer (d18:1/23:0) [M + K]+ Sulfatide (d18:1/16:0) [M�H]�
GalCer (d18:1/24:0) [M + K]+ Sulfatide (d18:1/18:0) [M�H]�
GalCer (d18:1/24:1) [M + K]+ Sulfatide (d18:1/18:1) [M�H]�
GalCer (d18:1/24:0) [M + Na]+ Sulfatide (d18:1/20:0) [M�H]�
GalCer (d18:1/24:1) [M + Na]+ Sulfatide (d18:1/22:0) [M�H]�
Sulfatide (d18:1/16:0) [M�H]� Sulfatide (d18:1/22:1) [M�H]�
Sulfatide (d18:1/18:1) [M�H]� Sulfatide (d18:1/24:0) [M�H]�
Sulfatide (d18:1/20:0) [M�H]� Sulfatide (d18:1/24:1) [M�H]�
Sulfatide (d18:1/20:1) [M�H]� Sulfatide (d18:1/25:0) [M�H]�
Sulfatide (d18:1/22:0) [M�H]� Sulfatide (d18:1/25:1) [M�H]�
Sulfatide (d18:1/22:1) [M�H]� Sulfatide (d18:1/26:1) [M�H]�
Sulfatide (d18:1/23:0) [M�H]�
Sulfatide (d18:1/24:0) [M�H]�
Sulfatide (d18:1/24:1) [M�H]�
Sulfatide (d18:1/25:0) [M�H]�
Sulfatide (d18:1/26:0) [M�H]�
Sulfatide (d18:1/26:1) [M�H]�

2602 KATO ET AL.

 10981136, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24441 by K

obe U
niversity, W

iley O
nline L

ibrary on [14/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



(d18:1/24:1) was 39.9 and 39.0 min, respectively, in all samples (10 sam-

ples) (Figure 2g). The retention time of the GalCer (d18:1/24:0) standard

sample (see details in Materials and Methods) was 40.63 min, consistent

with this identification of these GalCer species. In addition, we detected

an m/z value of 264.2686 for the common main product ion spectrum

peak using MS/MS both in the standard sample and in the GalCer

(d18:1/23:0) and GalCer (d18:1/24: 1) samples. The composition esti-

mate of this ion is C18H24N, which corresponds to the d18:1 compo-

nent. Based on the difference between the estimated elemental

composition of [M + H] + and C18H24N, it is consistent that these

two identified components are GalCer (d18:1/23:0) and GalCer

(d18:1/24:1), respectively. While different lipid species may have the

exact same mass; however, since GalCer (d18:1/23:0) and GalCer

(d18:1/24:1) have the highest notional abundance in our samples

according to the LC/MS/MS results, it is further feasible that the ions

corresponding to the masses of GalCer (d18:1/23:0) and GalCer

(d18:1/24:1) detected using MALDI-IMS, are indeed primarily generated

from GalCer (d18:1/23:0) and GalCer (d18:1/24:1) (Figure 2g). However,

to provide further validation, we also performed thin-layer chromatogra-

phy (TLC) of the two common biological hexosylceramides (GlcCer and

GalCer) using white matter samples obtained from the mice that per-

formed the motor learning tasks for 12 days. GalCer expression was not

only higher than that of GlcCer overall, but it was significantly higher on

the trained side compared to that on the untrained side. This further

suggests that we have largely detected GalCer, despite having the same

mass spectrum as GlcCer (Figure 2h).

3.3 | Increase in SM and GalCer levels was
correlated with the neural activity of task performance

We next evaluated whether the change in lipid levels in each mouse

was correlated with neural circuitry activity in individual mice by plot-

ting the relative changes in lipid levels against the change in task-

related AUC (a.u.) for each Group A mouse. There was a significant

positive correlation for SM (d18:1/23:0), but no correlation with

regard to GalCer in these mice (Figure 3a, left), nor any association

between either lipid species with the increase in proportion of neu-

rons increasing their activity during the initial training (task-related

AUC [% increased neurons]) (Figure 3b, left). In the middle stage of

learning (Group B), there were significant correlations between lipid

level changes and changes in circuitry activity. Interestingly, the levels

of both SM (d18:1/23:0) and GalCer (d18:1/23:0) were negatively

correlated with the strength of the task-related Ca2+ transients and

positive correlations with the change in the proportion of neurons

that increased task-related activity (Figure 3a,b; middle panel). In

Group C (late stage), this positive correlation between the change

in GalCer (d18:1/23:0) levels and the increase in task-related

populations persisted (Figure 3b, right). Together, this suggests that

GalCer synthesis may facilitate the synchrony or coordination of the

neural activity patterns that maintain motor learning success rates

(based on the results in Figure 1), with no correlations between SM

(d18:1/24:1) and GalCer (d18:1/24:1) level in this later success rates

or between either lipid and increased overall task-related activity

(Figure S1 and Table 2). These results strengthen the notion that SM

synthesis contributes to the increased activity of task-related neurons

during the early stage of learning and that GalCer synthesis is associ-

ated with neural circuitry tuning in the middle and late stages of

motor learning.

3.4 | Inhibition of GalCer synthesis reduced task
performance

As GalCer is synthesized from SM by the enzyme CGT in oligodendro-

cytes, we further tested whether GalCer contributes to motor learning

and neural synchrony by targeting inhibition of CGT using AAV-

mediated, oligodendrocyte-specific shRNA expression. We first exam-

ined correct targeting of the AAV-mediated shRNA expression in the

motor pathway of thalamocortical projections using our injection

approach and the MAG promoter. We first evaluated the general

impact of our AAV vector injection on cell viability by staining

for DAPI, and found no significant difference in the number of

DAPI-positive cells between the injected and non-injected sides

(Figure 4a–c). Next, we coupled our MAG promoter with AAV coding

for mScarlet and immune-stained for cell subtype markers of oligo-

dendrocytes, astrocytes, and neurons (Figure 4a–d). Low-

magnification images of brain sections revealed localized expression

in the white matter of the thalamocortical motor pathway

(Figure 4a,b) with higher magnification images (Figure 4d,e) showing

most (85.6 ± 0.013%) mScarlet-positive cells also stained positive for

the oligodendrocyte marker CC1, while some (14.2 ± 0.012%) were

positive for both CC1- and the astrocyte marker S100β. Almost no

S100β only -positive cells nor NeuN-positive cells were detected

co-labeled with mScarlet (Figure 4d,e), suggesting AAV expression is

mostly restricted to oligodendrocyte-lineage cells. We next validated

that the shRNA could reduce CGT expression in vitro using CMT 167

cells (Figure S2a) and in vivo via AAV-mediated inhibition (Figure 4f–j).

We quantified CGT level after shRNA expression using western blot-

ting (Figure 4f–h) and immunostaining (Figure 4f,i,j), utilizing two dif-

ferent shRNAs (shRNA1, shRNA2). CGT expression was significantly

lower in the MAG-shRNA groups (with both shRNA1 and shRNA2)

compared to that in the MAG-scrambled group (Figure 4f–j). To probe

what aspects of myelin beyond GalCer lipid synthesis may be

impacted by CGT inhibition, we used a number of biochemical, histo-

logical, and functional measures. Initially, we immune-stained for MBP

(a key component of myelin ensheathment to axons) and directly mea-

sured myelin thickness. MBP expression intensity was not different

between non-injected and scrambled AAV injected hemispheres

(Figure S2b) and similarly 2 to 3 weeks of shRNA expression did not

affect relative MBP expression compared with that seen with scram-

bled shRNA expression (Figure 4k,l). Using electron microscopy, we

measured axon and myelin thickness and quantified the ratio of mye-

lin and axon diameters (the g-ratio). This g-ratio was not different in

sub-cortical white matter in thin brain sections from mice expressing

scrambled shRNA (both the non-AAV and AAV side), shRNA1, or
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shRNA2 (Figures 4m and S2c). Furthermore, the correlation between

myelin thickness and axon diameter were similar in each experimental

group (Figures 4m and S2c). We did detect a decrease in the density

of CC1-positive oligodendrocytes in sections from mice expressing

shRNAs, suggesting that CGT expression or GalCer levels may

contribute to oligodendrocyte differentiation (Figure 4n). We also

used two functional assays, firstly measuring latency and dispersion

of action potential propagation along cortico-thalamic tracts

F IGURE 5 Deficits in motor learning after inhibition
of GalCer synthesis. (a) Experimental protocol of
oligodendrocyte-specific CGT inhibition using shRNAs to
inhibit GalCer expression during motor learning.
AAV8-MAG-shRNAs or scrambled RNA solution was
injected into the white matter underlying the M1. (b, c)
Plot of the total number of lever-pull trials (b) or success
rate (c) over 12 days motor training in control (scrambled
RNA, black) and CGT inhibited (shRNA1, green; shRNA2,
red) mice. (d, e) Total number of lever-pull trials (d) or
success rate (e) grouped across the early stage of learning
(days 1–4), the middle stage (days 5–7), and the late stage
(days 9–12). Five scrambled RNA AAV vector-injected
mice (black) and five shRNA1 AAV vector-injected mice
(green) were used. Two-way ANOVA followed by Tukey's
test. Data are presented as the mean ± SEM values. n.s.,
non-significant, *p < .05, **p < .01, ***p < .001 (d) Total
number of trials: scrambled vs. shRNA1, F1,24 = 0.10,
p = .99 (early), p = .77 (middle), p = 1.0 (late); scrambled,
F2,24 = 4.40, p = .98 (early vs. middle), p = 1.0 (middle
vs. late); shRNA1, F2,24 = 4.40, p = .091 (early vs. middle),
p = .59 (middle vs. late); (e) Success rate: scrambled
vs. shRNA1, F1,24 = 5.64, p = .0590 (early), p = .0015
(middle), p = 2.0 � 10�4 (late); scrambled, F2,24 = 22.13,
p = .016 (early vs. middle), p = .012 (middle vs. late);
shRNA1, F2,24 = 22.13, p = .73 (early vs. middle), p = .20
(middle vs. late). (f, g) Total number of lever-pull trials (f) or
success rate (g) grouped across the early stage of learning

(days 1–4), the middle stage (days 5–7), and the late stage
(days 9–12). Five scrambled RNA AAV vector-injected
mice (black) and five shRNA2 AAV vector-injected mice
(red) were used. Two-way ANOVA followed by Tukey's
test. Data are presented as the mean ± SEM values. n.s.,
non-significant, *p < .05, **p < .01, ***p < .001. (f): Total
number of trials: scrambled vs. shRNA2, F1,24 = 43.62,
p = .22 (early), p = .21 (middle), p = .84 (late); scrambled,
F2,24 = 0.59, p = .99 (early vs. middle), p = 1.0 (middle
vs. late); shRNA2, F2,24 = 0.59, p = .98 (early vs. middle),
p = .90 (middle vs. late) (g) Success rate: scrambled
vs. shRNA2, F1,24 = 7.79, p = .33 (early), p = .040
(middle), p = 3.0 � 10�4 (late); scrambled, F2,24 = 29.56,
p = .0066 (early vs. middle), p = .0046 (middle vs. late);
shRNA2, F2,24 = 29.56, p = .050 (early vs. middle), p = .94
(middle vs. late). (h) Experimental scheme for
pharmacological CGT inhibition in mice with established
motor learning. (i) Success rates across days 11 + 12
(control) was not different from that across days 15 + 16
(with CGT inhibition). Success rate data are presented as
the mean ± SEM values. Paired t-test. n.s., non-significant.
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(Figure 4o–r). In mice expressing either the scrambled RNA or shRNA

in oligodendrocytes within thalamocortical white matter projection

populations, we co-expressed ChR2 (synapsin promoter) in thalamic

nuclei including those with motor cortex projections (Figure 4o).

Sixteen-channel electrode arrays were inserted into the thalamus, and

a fiber-optic cable placed close to the exposed cortex to antidromi-

cally activate thalamocortical motor projections (Figure 4p). There was

no change in the latency of the largest and fastest antidromic spikes

at the individual mouse level, suggesting no major myelin deficit to

affect on conduction velocity (Figure 4q,r). When multiple spikes were

simultaneously recorded across the electrode array, the temporal dis-

persion of latencies of these spikes increased significantly after CGT

inhibition (Figure 4q,r), reflecting that a small but significant change of

the individual antidromic spike latency in the MAG-shRNA group

compared to that in the scrambled group (Figure 4r). This suggests a

subtle functional impairment in conduction in some axons due to

reduced oligodendrocyte CGT expression—possibly those of slower

latency or with thinner sheaths have slightly impaired conduction, or

CGT activity is non-homogenous across oligodendrocytes. We further

assessed the impact of reduced CGT expression on motor function

using a wire hang test. The time that it took for mice to let go of the

wire did not differ between groups expressing scrambled RNA,

shRNA1, or shRNA2, suggesting no broad deficits of motor strength

or fatigue (Figure S2d). Having thoroughly validated the approach to

reduce CGT expression in vivo and evaluated its consequences on

myelin structure and function, we subjected the different mice groups

to the motor learning paradigm (Figure 5a–g). The total number of lever-

pull trials in the early stage did not differ between the scrambled RNA-

and the shRNA1- or shRNA2-injected mice, again suggesting no broad

deficits in motor function (Figure 5b,d,f). However, knockdown of CGT

decreased the rate of successful learned association between lever-pull

and water reward during both the middle and late stages of learning

(Figure 5c,e,g). This is consistent with the wider temporal dispersion of

axonal conduction in the MAG-shRNA group (Figure 4q,r) which we

propose is required to synchronize neural circuitry required for learning.

Additionally, we did not find any correlation between either the total

number of lever-pulls and the success rate, nor the latency to fall in the

wire hang test and the success rate, suggesting that successful learning

was not related to basic motor function (Figure S2e). Furthermore,

reduced CGT expression was associated with lower expression levels of

MBP mRNA induced by motor learning, suggesting the potential reduc-

tion of oligodendrocyte differentiation (Figure S2f).

Finally, to test whether CGT inhibition more specifically impaired

some aspect of lever-pulling behavior, we extended an additional

4 days of lever-pull testing (days 13–16) in mice with established

motor learning while inhibiting CGT. To this end, we pharmacologi-

cally inhibited CGT through twice daily administration of the CGT

blocker UGT8 Inhibitor 19 (oral, 3 mg/kg; [Thurairatnam et al., 2020]).

The mean success rate on day 11 + day 12 and on day 15 + day

16 remained unchanged in these CGT-treated mice, indicating that

CGT inhibition affected motor learning rather than lever-pulling

behavior and that did not affect on the mice established motor learn-

ing (Figure 5h,i).

4 | DISCUSSION

This study suggests that SM and GalCer levels change during the different

stages of motor learning and these changes are associated with the

learning-induced patterns of neural activity. SM levels were specifically

higher in the early stage of learning, while GalCer levels appear to increase

in the middle- and late-stages of learning. Strikingly, the specific inhibition

of GalCer synthesis in oligodendrocytes associated with thalamocortical

motor projections impaired these latter aspects of motor learning, perhaps

through subtle changes in axonal conduction to effect neural circuitry syn-

chrony. This suggests synthesis of GalCer helps stabilize circuitry involved

in motor learning and adds a new aspect to adaptive myelination—the

activity-dependentmyelination required formotor learning.

The myelin that comprises white matter is mainly composed of lipids

but these are closely associated with specific myelin proteins. White mat-

ter adaptive plasticity in response to learning and training is correlated

with the levels of several myelin-related lipids and proteins. Interactions

between sphingolipids and the myelin-related proteins such as MBP and

PLP1 is involved in white matter plasticity and activity-dependent myeli-

nation (Ozgen et al., 2016; Wattenberg, 2019). During development, oli-

godendrocytes produce GalCer and sulfatide prior to the increase in

expression of MBP and PLP1, indicating a specific timing sequence in

myelin formation (Ozgen et al., 2016). In addition, sphingolipids actively

regulate myelin-related proteins by organizing into specialized structures

such as lipid rafts to support the dynamics relevant to myelin function

(Gielen et al., 2006; Ozgen et al., 2016). Consistently, our results showed

that SM levels increased in the early stage of motor learning when the

number of successful and total lever-pulls was increasing, and the neural

activity patterns associated with successful trials were broadly increasing

(Figures 1, 2, and 3). GalCer synthesis increased from the middle stage of

motor learning and persisted to the late stage, correlating to the time

when success rate was increasing independent of total trials (Figures 1, 2,

and 3). During these latter periods, neural circuitry associated with suc-

cessful lever-pulls are being consolidated and this is likely to involve

greater synchrony of individual neurons in these circuitry. Previous stud-

ies have also implicated interactions between these sphingolipids and pro-

teins as crucial for the formation and maintenance of myelin, and in the

regulation of protein transport and molecular organization within the

myelin sheath (Aggarwal et al., 2011; Ozgen et al., 2016). Consistently,

genetic deletion of CGT results in deficient GalCer synthesis, reduced

MBP expression, unstable and thin myelin sheaths, progressive

demyelination, and deficits in motor function, and these symptoms are

completely ameliorated by oligodendrocyte-specific CGT re-expression

(Zöller et al., 2005). Taken together, these findings support our observa-

tions that SM and GalCer production is correlated with establishing neural

activity patterns and synchrony required for the motor learning process.

The major lipids in the myelin of oligodendrocyte and white matter,

including SM, GalCer, and sulfatides, have very long saturated fatty acyl

chains (C22–24) (Yurlova et al., 2011), and SM (C24) (Don et al., 2014;

Sugimoto et al., 2015) and GalCer (C24) (Don et al., 2014; O'Brien

et al., 1964; Ozgen et al., 2016). While we detected that changes in levels

of both SM (C23, C24) and GalCer (C23, C24) species correlated with

improvement of motor behavior performance; interestingly, only changes

KATO ET AL. 2605

 10981136, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/glia.24441 by K

obe U
niversity, W

iley O
nline L

ibrary on [14/09/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



in the levels of the shorter species, SM (C23) and GalCer (C23), were

positively correlated with the neural activity synchronization associated

motor learning (Figure 3). This may be because the longer SM (C24)

and GalCer (C24) species are more abundant in the white matter (Don

et al., 2014; Ozgen et al., 2016), and the changes due to motor learning

for these longer species were small (Figure S1).

Activity-dependent proliferation and differentiation of oligodendro-

cyte precursor cells and myelination contribute significantly to learning

(McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Xiao

et al., 2016; Xin & Chan, 2020). Deletion of the gene encoding MyRF, a

transcription factor that oligodendrocytes need to initiate and maintain

myelination, inhibits oligodendrocyte precursor cell differentiation, thereby

inhibiting myelination, consequently leading to deficits in motor learning

(McKenzie et al., 2014; Xiao et al., 2016) and consolidation of fear

memory (Pan et al., 2020) and spatial memory (Steadman et al., 2020).

Activity-dependent myelination also affecting neural activity patterns

(Kato et al., 2020). Using in vivo Ca2+ imaging with fiber photometry, neu-

ral activity in the medial prefrontal cortex in MyRF-deleted mice was

impaired during the consolidation of remote fear memory and was res-

cued by the administration of clemastine, which induces the formation of

new myelin (Pan et al., 2020). Transgenic PLP1-overexpressing mice show

a reduced conduction velocity due to subtle abnormalities in myelin struc-

ture (Tanaka et al., 2006; Tanaka et al., 2009) and in disruption of activity-

dependent myelination (Kato et al., 2020). Furthermore, these mice also

show motor learning impairment, which is inversely correlated with an

increased spontaneous activity in the motor cortex. A temporal dispersion

of axonal conduction is also observed in the thalamocortical axons of

these mice, and restoring partially the synchrony of thalamocortical inputs

by the repetitive pairing of forelimb movements with optogenetic stimula-

tion of these axon terminals, also partially restores the motor learning defi-

cit (Kato et al., 2020). These findings suggested that precise control of

myelination helps to maintain the synchronous arrival of spikes over long-

range axons and facilitates the tightly timed neural circuit activity required

for motor learning. Our current results indicate that one aspect of this

activity-dependent myelination involves new lipid synthesis, and this may

support the requisite increase synchronicity by enhancing conduction

velocity of some axons within the motor learning circuitry. While changes

in hippocampal lipid synthesis have been observed during the extinction

of food-rewarded behavior (Huston et al., 2016), we believe this is the first

report to directly measure and correlate lipid synthesis in white matter

during motor learning and to correlate these changes to both behavioral

improvements and neural circuitry changes.

The abnormal metabolism of sphingolipids (Hussain et al., 2019;

Trayssac et al., 2018) and prototypical myelin lipids (including GalCer

and sulfatides) (Couttas et al., 2016) has been associated with neuro-

degenerative diseases such as Alzheimer's disease. Moreover, dys-

function of white matter is observed in older individuals and patients

with neurodegenerative disorders (Amlien & Fjell, 2014; Back

et al., 2011; Bennett & Madden, 2014; Lee et al., 2016). Altered syn-

thesis and metabolism of myelin lipids (El-Sitt et al., 2019) may con-

tribute to the progression of such neurodegenerative disorders.

Our study indicates that lipid levels change at distinct times during

motor learning and these changes are correlated with the changes in neural

circuitry activity that underlie motor learning. Furthermore, by disrupting

oligodendrocyte lipid synthesis, we could demonstrate a causal relationship

between GalCer synthesis and the latter stages of motor learning, which

we propose is due to the requirement of GalCer to help synchronize neural

circuitry activity associated with motor learning patterns. Further investiga-

tion into how specific myelin lipids are regulated and change during learn-

ing and in neurodegenerative diseases could provide novel therapeutic

strategies for diseases involving impaired white matter function.
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