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INTRODUCTION: Myelin is a fundamental struc-
ture in the vertebrate nervous system, and its
precise formation and regulation are critical for
complex neuronal function, including learn-
ing and memory. Even small modifications in
myelin sheath structure can substantially affect
neural networkperformance. It has been shown
that neuronal activity and experience modulate
myelination; however, it is unknown whether
this plasticity reflects uniformchanges across all
neuronal subtypes, or whether adaptive myelin
remodeling has cell type–specific characteristics
that may potentiate circuit tuning, either under
normal conditions or driven by experience.

RATIONALE: We investigated experience-dependent
remodeling of myelination profiles on different

classes of neurons using longitudinal, dual-
color in vivo two-photon imaging in the adult
neocortex, both during normal vision and
through aperiod of ocular dominance plasticity
induced through monocular deprivation (MD).
MD is a classical model used to study sensory
experience–dependent plasticity, which is
known to drive adaptive changes in layer 2/3
(L2/3) g-aminobutyric acid–releasing (GABAergic)
and pyramidal neurons, at both the physiological
and the structural level. It has been reported
that >90%of themyelin in L2/3 of the neocortex
wraps around axons of either excitatory neu-
rons or parvalbumin-expressing GABAergic
interneurons (PV-INs). We therefore used MD
to interrogate whether sensory experience
might drive differential adaptive remodeling

of myelin profiles on excitatory callosal projec-
tion neurons (CPNs) versus inhibitory PV-INs.

RESULTS: Using genetic identification of cell
types, we imaged myelinating oligodendro-
cytes simultaneously with L2/3 PV-INs or
CPNs within the binocular area of primary
visual cortex in young adult mice. During nor-
mal homeostatic conditions, we found that
both excitatory CPNs and inhibitory PV-INs
display remodelingof preexistingmyelin sheaths
as well as de novo generation of myelin seg-
ments. Preexisting myelin sheaths present
neuronal cell type–specific patterns of plas-
ticity under normal vision, with L2/3 PV-INs
displaying a balanced ratio of elongations and
contractions, whereas CPNs exhibit shorter
myelin sheaths and an overall elongation of
segments over time. However, MD elicits an
increase in myelin sheath dynamics specifi-
cally in PV-INs, whereas CPN myelination re-
mains unchanged from baseline plasticity.
This experience-dependent remodeling takes
the form of an initial phase of segment elon-
gations followed by a contraction phase that
affects a separate cohort of myelin segments.
In addition, the adaptive changes in the longi-
tudinal patterns of PV-INmyelination induced
by MD are associated with an increase in the
displacement rate of putative nodes of Ranvier.
Sensory experience does not alter the integra-
tion rate of newmyelinating oligodendrocytes
but can recruit preexisting oligodendrocytes
to generatenewmyelin segments. These changes
in PV-INs are accompanied by a concomi-
tant increase in axonal branch tip dynamics
during MD that is independent from myeli-
nation events.

CONCLUSION: Our findings unearth previously
unappreciated dynamics of myelin plasticity
that are neuron type–specific. We show that
even when distinct neuronal subpopulations
are interconnected within the same circuit,
surrounded by a shared environment, and
myelinated by a common set of oligodendro-
cytes, they display class-specific patterns of
myelin changes. The data suggest that adap-
tive myelination is part of a coordinated suite
of circuit reconfiguration processes that are
cell type–specific and put forward a concep-
tual framework in which distinct classes of
neocortical neurons individualize adaptive
remodeling of their myelination profiles to
diversify circuit tuning in response to sen-
sory experience.▪
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Myelin plasticity is neuron class–specific. In vivo two-photon imaging is used to show that in normal
conditions, L2/3 PV-INs display a balanced remodeling of preexisting myelin sheaths, whereas CPNs
present a bias for elongation. MD induces an initial increase in elongating myelin sheaths followed by a
phase of contraction in PV-INs, whereas myelin dynamics in CPN remains unaffected by this alteration in
sensory experience.
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Neuron class–specific responses govern adaptive
myelin remodeling in the neocortex
Sung Min Yang1, Katrin Michel2, Vahbiz Jokhi1, Elly Nedivi2,3,4*, Paola Arlotta1,5*

Myelin plasticity is critical for neurological function, including learning and memory. However, it is
unknown whether this plasticity reflects uniform changes across all neuronal subtypes, or whether
myelin dynamics vary between neuronal classes to enable fine-tuning of adaptive circuit responses. We
performed in vivo two-photon imaging of myelin sheaths along single axons of excitatory callosal neurons
and inhibitory parvalbumin-expressing interneurons in adult mouse visual cortex. We found that both
neuron types show homeostatic myelin remodeling under normal vision. However, monocular deprivation
results in adaptive myelin remodeling only in parvalbumin-expressing interneurons. An initial increase
in elongation of myelin segments is followed by contraction of a separate cohort of segments. This data
indicates that distinct classes of neurons individualize remodeling of their myelination profiles to
diversify circuit tuning in response to sensory experience.

M
yelin is a fundamental cellular struc-
ture in the vertebrate nervous system,
and its precise formation and regu-
lation are critical for complex neuronal
function (1). In vivo imaging studies

have shown that myelination in the central
nervous system (CNS) continues through adult-
hood, accompanied by constant remodeling
(2, 3). In addition, myelin can be dynamically
modulated by neuronal activity and contrib-
utes to nervous system plasticity through-
out life (4–7). Myelin plasticity in response to
experience helps to shape brain structure
and function, including learning and mem-
ory (6, 8–10). Previous studies of experience-
dependent myelin plasticity have demonstrated
the importance ofmyelination by newly formed
oligodendrocytes (3–6, 8–11), but the neuro-
nal substrates and dynamic properties of adap-
tively remodeled myelin segments have not
yet been addressed. It has been shown that
different neuron subtypes have distinct pat-
terns of axonal myelination, and that myelin
profiles vary between individual cells within
neuronal classes (12–14); furthermore, callo-
sal and subcortical projection tracts differ in
the degree of oligodendrogenesis induced by
neuronal activation (4). A major unanswered
question, therefore, is whether myelin plas-
ticity affects different neuronal populations
homogeneously, or whether adaptive remod-

eling has cell type–specific characteristics that
may potentiate circuit tuning, either under
normal conditions or driven by experience.

Homeostatic remodeling of preexisting myelin
is neuron class–specific

To study experience-dependent remodeling
of myelination profiles and oligodendrocyte
dynamics in the adult CNS, we used longi-
tudinal dual-color in vivo two-photon imag-
ing in the binocular area of the primary visual
cortex (V1b) both during normal vision and
through a period of ocular dominance plastic-
ity induced by monocular deprivation (MD)
(15). Because >90% of the myelin in layer 2/3
(L2/3) of the neocortex wraps axons of either
excitatory neurons [specifically, callosal projec-
tion neurons (CPNs)] or parvalbumin-expressing
g-aminobutyric acid–releasing (GABAergic) in-
terneurons (PV-INs) (13), we comparedmyelin
dynamics of these two functionally opposite
neuronal classes (Fig. 1, A and B). We used the
Tbr2CreERT2; CAG floxStop-tdTomato mouse line to
specifically label L2/3 CPNs (fig. S1, A to E)
and the PVCre; CAG floxStop-tdTomato mouse line
to label PV-INs (fig. S1, F and G).
We combined this strategy for cell type–

specific neuronal labeling with fluorescent
detection ofmyelinating oligodendrocytes using
the Plp1-eGFP transgenic line, allowing the
simultaneous imaging of single axons from
each neuronal type (tdTomato+), the myelin
sheaths wrapping the axons [enhanced green
fluorescent protein–positive (eGFP+)], and the
myelinating oligodendrocytes (Fig. 1, C and D,
fig. S2A, and movies S1 and S2). We confirmed
that the eGFP signal fromPlp1-eGFPmice faith-
fully reflected the presence and length of myelin
sheaths, bymeans of immunohistochemistry
againstmyelin basic protein (MBP) andCntnap1
(also known as Caspr) and by its spatial colocal-

ization with single axonal branches from either
CPNs or PV-INs (Fig. 1, E and F, and fig. S2, B
to E). We performed long-term in vivo two-
photon imaging of layers 1 to 3 V1b in young
adult animals [postnatal day 60 (P60) to P90]
after the surgical placement of a cranial win-
dow and subsequent mapping of V1b using
intrinsic optical signal (Fig. 1B).
We first performed two imaging sessions

30 days apart under normal vision to establish
baseline changes in myelination. For PV-INs,
we traced a total of 292 myelin sheaths [87.6%
of which were in L2/3 (Fig. 1G, top)], which
were present at a density of 211 ± 17 myelin
sheaths per 10−2 mm3 (n = 3 mice), consistent
with the high rate of myelin coverage reported
for this type of GABAergic interneuron (13, 14).
Contrary to PV-INs, tracing of 47 myelin
sheaths on CPNs revealed that most of the
CPNs were unmyelinated at P90, with only
20.5% possessing at least a singlemyelin sheath
(fig. S3, A to I). We also found that the onset of
CPN myelination occurs late in development
(~P30), and the rate of myelination is low but
persistent throughout adulthood (4.5% addi-
tional myelinated CPNs per month, from P30
to P210) (fig. S3, J to L).
We found that in mice with normal visual ex-

perience, the average myelin sheath was longer
on PV-INs (22.4 ± 0.7 mm) than on CPNs (13.3 ±
1.3 mm) (Fig. 1G, bottom), which is consistent
with previous reports (12, 16). Approximately
20% of the preexisting myelin sheaths on both
PV-INs and CPNs changed in length between
P60 and P90 (range approximately –10 to
+20 mm) (Fig. 1, H and I). For PV-INs, the num-
ber of elongation (E) and contraction (C) events
was similar (E, 10.6% versus C, 10.3%), whereas
preexisting sheaths on CPNs showed a greater
proportion of elongations (E, 12.7% versus C,
6.4%) (Fig. 1I). Because the average change in
sheath length is similar for elongations and
contractions (Fig. 1J), the overall remodeling
of preexisting myelin sheaths on PV-INs was
balanced (E, 2.5 ± 0.2% versus C, 1.9 ± 0.8%,
of total myelin length; Wilcoxon matched-
pairs signed rank test, P = 0.75, n = 3 mice),
whereas there was a net increase in the level
of myelination on CPNs (E, 6.3 ± 3.5% versus
C, 0.9 ± 0.5%, of total myelin length; Wilcoxon
matched-pairs signed rank test, P = 0.039, n =
20 mice) (Fig. 1K). Altogether, these data show
that under normal vision, remodeling of pre-
existing myelin sheaths in the adult neocortex
follows neuronal cell type–specific patterns,
with L2/3 PV-INs displaying a balanced ratio
of elongations and contractions, and CPNs ex-
hibiting shorter myelin sheaths and an overall
elongation of segments over time.

De novo–generated myelin sheaths
are more dynamic

The cortex continues to addnewmyelin sheaths
throughout life (2, 3, 10). To test whether

RESEARCH

Yang et al., Science 370, eabd2109 (2020) 18 December 2020 1 of 10

1Department of Stem Cell and Regenerative Biology, Harvard
University, Cambridge, MA 02138, USA. 2Picower Institute
for Learning and Memory, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA. 3Department of
Biology, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA. 4Department of Brain and Cognitive
Sciences, Massachusetts Institute of Technology, Cambridge,
MA 02139, USA. 5Stanley Center for Psychiatric Research,
Broad Institute of Harvard and MIT, Cambridge, MA 02142, USA.
*Corresponding author. Email: nedivi@mit.edu (E.N.);
paola_arlotta@harvard.edu (P.A.)

on D
ecem

ber 19, 2020
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


new myelin segments have distinct dynamic
characteristics compared with those of preex-
isting segments, we performed longitudinal in
vivo two-photon imaging onmicewith normal
visual experience at 1-week intervals between
P60 and P90 and analyzed the preexisting
(identified in the first imaging session) and
de novo (emerging during the course of the
4-week experiment) myelin sheaths on L2/3
PV-INs and CPNs (Fig. 2A). Along with the

longitudinal changes in preexisting myelin
sheaths described in the previous section, we
found a high number of new myelin sheaths
(~19.7% of total segments at P90) (Fig. 2, B
and C) on both CPNs and PV-INs. De novo–
generated myelin sheaths had similar lengths
as those of preexisting sheaths, so that the
myelin length distributions across new and
preexisting segments were indistinguishable,
for both neuronal populations (Fig. 2D). In PV-

INs, new myelin segments were continuously
produced, with new segments identified in 15
out of the 16 weekly imaging sessions (Fig. 2, E
and F) (the number of new segments in CPNs
wasnot large enough toenabledetailedanalysis).
The integration of new myelinating oligo-
dendrocytes was rare (three new oligodendro-
cytes across four mice), but in imaging sessions
with new myelinating oligodendrocytes, we
saw an almost fivefold increase in both the
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Fig. 1. Preexisting myelin
sheaths on L2/3 PV-INs and
CPNs present remodeling in
young adult mice. (A) Schematic
of cell- and myelin-labeling
strategy. (B) Experimental time
course. Cells in V1b were imaged
at P60 and P90. (C) Full imaged
volume from a Tbr2Cre animal
in three-dimensional (3D) per-
spective, showing (left) CPNs
imaged simultaneously with
(right) oligodendrocytes and
myelin. (Right) Skeletal recon-
struction of cell bodies and
primary axons of tdTomato+

CPNs are superimposed on the
Plp1-eGFP image. (D) Represent-
ative single frame (~140 mm
below pia) showing L2/3 PV-INs
along with oligodendrocytes
and myelin sheaths. (E and
F) Representative images
showing myelin sheaths (white
arrowheads and arrows) on single
axons of a superficial CPN [(E),
3D image, yellow reconstruction
in (C)] and a L2/3 PV-IN [(F),
single frame, boxed area in (D)].
Yellow arrowheads indicate loca-
tion of corresponding cross-
section insets. (G) Spatial
distribution (top) and length
(bottom, violin plot) of myelin
sheaths at P90. (H) Maximum z
projections (MZP) of myelin
sheaths on PV-INs, showing stable
(left, three frames), contracting
(center, three frames), and elon-
gating (right, eight frames)
segments. (I) Normalized number
of dynamic (elongating and
contracting) and stable myelin
sheaths. (J) Length change
of individual myelin sheaths.
(K) Total change in myelin sheath
length caused by elongations
and contractions of preexisting
sheaths. Data are mean ± SEM.
Statistics are available in table S1.
n.s., not significant.
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rate of de novo generation of myelin segments
and the total length of added myelin (Fig. 2F).
We next examined the level of remodeling

of new sheaths analyzing with preexisting
sheaths, by analyzing the imaging session in
which individual new sheaths were first iden-
tified and sessions 1 and 2 weeks later (Fig. 2G).
Newly formed oligodendrocytes generate all
of their myelin segments within 3 days of their
differentiation (17, 18), which is well within

these imaging intervals. Although both new
and preexisting sheaths showed elongation
and contraction, the new myelin segments ex-
hibited a much larger ratio of elongations to
contractions (54 E: 3 C, new sheaths; 31 E: 30
C, preexisting sheaths). Of the new myelin
sheaths, 47.1% displayed changes in length dur-
ing the first week after they were first detected,
whereas only 8.0% of preexisting sheaths were
remodeling during the same period (Fig. 2H).

The change in length of individual sheaths was
also two times larger for new sheaths compared
with preexisting myelin (Fig. 2I). Moreover, the
remodeling rate of new sheaths remained higher
than that of preexisting sheaths for at least
2 weeks after their generation.
Thus, although rarer, newmyelin sheaths are

more dynamic than preexisting myelin in PV-
INs and greatly contribute to myelin plasticity
in young adult mice.
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Fig. 2. De novo–generated myelin sheaths are more plastic than preexist-
ing sheaths in PV-INs. (A) Schematic of cell- and myelin- labeling strategy (top)
and experimental time course (bottom). Cells were imaged weekly between
~P60 and ~P90. (B) Representative 3D images displaying a new myelin sheath
(white arrowheads) generated on a single CPN axon. Yellow arrowheads indicate the
location of corresponding cross-section insets. (C) Fraction of preexisting and de
novo–generated myelin sheaths at P90, using P60 as baseline. (D) Length of
individual myelin sheaths at P90. (E) MZP (15 frames) showing the integration of a
new myelinating oligodendrocyte (left, circle) and 3D reconstruction of newly
generated myelin sheaths on PV-INs, surrounding the cell body of the new

oligodendrocyte (OLG; right). (F) Number (top) and total length (bottom) of new
myelin sheaths on PV-INs, when a new myelinating oligodendrocyte was present
(Yes) or not (No) within the imaged volume. Each dot indicates a single imaging
session. (G) MZP (14 frames) displaying the remodeling of a de novo–generated
myelin segment on a PV-IN. Timeline in yellow is relative to the first session in
which we detected the new sheath. (H and I) Normalized number of dynamic and
stable myelin sheaths (H), and change in sheath length (I). Data represents new
segments on PV-INs at time points 1 and 2 weeks after the session in which they
were first identified [see (G)], compared with the preexisting sheaths. Data are
mean ± SEM. Statistics are available in table S1. n.s., not significant.
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Experience-dependent myelin remodeling is
neuron type–specific
It is unclear whether experience-dependent
reconfiguration of neuronal circuits is accom-
panied by a remodeling of myelination pro-
files in a homogeneous or a cell type–specific
fashion. Therefore, we compared the changes
in myelin dynamics and the integration rate
of new myelinating oligodendrocytes before
and during monocular deprivation. MD is a
model of sensory deprivation that induces a
shift in response properties in both L2/3 in-
hibitory interneurons and pyramidal neurons
in V1b (15, 19), accompanied by remodeling of
dendritic and axonal compartments (20, 21).
HowMD affects myelin plasticity has not been
established.
We performed eyelid suture immediately

after 14 days of weekly imaging under normal
vision (three sessions, 1 week apart), followed

by 2 weeks of imaging under MD (imaging at
4, 7, and 14 days of MD), and studied the
longitudinal distribution of myelin segments
along single axons in V1b (Fig. 3A).We imaged
39 mice for L2/3 CPNs (Fig. 3B) and nine mice
for L2/3 PV-INs (Fig. 3F). For each animal, we
examined the number of dynamic events and
their length changes, for both preexisting and
new myelin segments.
First, we compared the weekly rate of sheath

dynamics on CPNs during the 2 weeks of
normal vision and the subsequent 2 weeks
of MD (Fig. 3, C and D) and found that the
rate of remodeling remained unchanged (be-
fore, 10.0 ± 1.8% per week versus MD, 10.3 ±
2.4% per week; paired t test, P = 0.933; n = 39
mice, 146 sheaths). Similarly, MD did not
affect the cumulative change in myelin length
caused by the population of dynamic sheaths
(percent of total length per week: before, 5.6 ±

1.4% versus MD, 4.6 ± 1.8%; paired t test, P =
0.647) (Fig. 3E). We measured the rate of dy-
namic sheaths and the normalized cumulative
change in myelin length for each category of
remodeling (elongation, contraction, and de
novo generation) and determined that MD
did not alter either of these parameters for
any of the remodeling categories (fig. S4).
These results indicate that MD does not af-
fect the plasticity of myelination profiles in
L2/3 CPNs.
Next, we asked whether L2/3 PV-INs had

myelin dynamics in response to MD similar
to that of their CPN neighbors (Fig. 3G). In
contrast to CPNs, we observed an increase in
the rate of dynamic myelin sheaths (before,
11.9 ± 1.3% per week versus MD, 20.3 ± 1.5%
per week; paired t test, P = 0.0006; n = 9 mice,
2465 sheaths) (Fig. 3H), and in seven out of
nine mice, there was also an increase in the
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Fig. 3. Experience-dependent
remodeling of myelination
profiles is neuron class–specific.
(A) Schematic of cell- and myelin-
labeling strategy (left) and exper-
imental time course (right).
Cells in V1b were imaged at each
indicated time point. (B) Repre-
sentative 3D images of an
elongating CPN myelin sheath.
(C) Fraction of stable and dynamic
myelin sheaths on CPNs (com-
bined data from all mice). The data
represent the average of two
1-week intervals between time
points, during the periods before
(–14 versus –7 days and –7
versus 0 days) and during MD
(0 versus 7 days and 7 versus
14 days). (D) Rate of myelin sheath
dynamics for CPNs. Each mouse
was analyzed as an independent
statistical replicate (n = 39 mice).
(E) Rate of change in sheath
length elicited by myelin remodel-
ing. (F) MZP (five frames) of a
newly generated myelin sheath on
a PV-IN. (G to I) Analysis of
PV-IN myelination (n = 9 mice),
corresponding to (C) to (E). (J) MZP
(22 frames) of a new myelinating
oligodendrocyte (circle, 0 days). The
circled cell at –7 days is likely
an oligodendrocyte progenitor cell.
(K) Number of new myelinating
oligodendrocytes integrated
in the 2-week intervals before and
during MD (n = 19 mice). Data
are mean ± SEM. Statistics are
available in table S1. n.s., not
significant.
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cumulative change in their length (Fig. 3I).
This increase in myelin sheath dynamics in
PV-INs is exclusive to the binocular visual
cortex and is absent in monocular visual cortex
(fig. S5), indicating that the changes are asso-
ciated with the ocular dominance shift induced
by MD (fig. S6). These findings demonstrate
that sensory experience drives adaptive re-
modeling of myelination profiles specifically
in PV-INs, whereas CPN myelination shows
only a continuation of baseline plasticity.
Last, because new oligodendrocytes account

for a substantial fraction ofmyelin remodeling
under normal vision (Fig. 2), we investigated
the integration rate of new myelinating oligo-
dendrocytes during MD (Fig. 3J). The initial
density of mature oligodendrocytes was 47.1 ±
1.6 cells per 10−2 mm3 (P65, n = 19 mice), and
the integration rate of new myelinating oligo-
dendrocytes did not change upon MD (new
myelinating oligodendrocytes per 10−2 mm3:
before, 0.92 ± 0.22 versus MD, 0.65 ± 0.18;
Wilcoxon matched-pairs signed rank test, P =
0.542, n = 19 animals) (Fig. 3K), in either L1 or
L2/3 (fig. S7, A to D). Furthermore, we found
no changes in the proliferation or apoptosis
of oligodendrocyte precursor cells upon MD
(fig. S7, E to I), nor any elimination of mature
oligodendrocytes. These data reveal an un-
precedented level of specificity for myelin
plasticity, demonstrating that MD-induced
adaptive remodeling of myelination profiles
is neuron class–specific and is sufficient to
achieve circuit reconfiguration without the
need for integration of new myelinating
oligodendrocytes.

Temporal dynamics of adaptive myelin
remodeling in PV-INs

GABAergic neurons in L2/3 of adult mouse
V1b respond toMDwith changes in their den-
dritic arbors that first undergo retraction and
subsequently elongate (20). Therefore, we asked
whether the experience-dependent increase
in myelin dynamics in PV-INs also follows a
defined spatiotemporal pattern (Fig. 4A). We
analyzedmyelin dynamics over the time course
of MD and found that PV-INs presented a two-
phase sequence of myelin dynamics. Through-
out the first week of MD, there was an acute
increase in myelination, through more fre-
quent elongation of preexisting sheaths (three-
fold increase in rate) and the generation of
newmyelin segments (Fig. 4, B and C, and fig.
S8, A to D). In the second week (7 to 14 days
MD), the elongation rate returned to baseline
levels, accompanied by threefold increases in
contractions and in the cumulative change in
length (Fig. 4, B and C). We also observed full
elimination of myelin segments upon MD in
PV-INs (fig. S9, A and B). This extreme form of
contraction was not seen in PV-INs during
normal visual experience or in CPNs. MD also
caused the recruitment of preexisting oligo-

dendrocytes to produce new myelin segments
on PV-INs (Fig. 4D, fig. S9C, and movie S3).
These results show thatMD triggers a series of
events that progressively modify the myelina-
tion profile of PV-INs.
We next asked whether the myelin remod-

eling induced by MD represented an acceler-
ation of baseline remodeling or had different
dynamics. Under normal vision, consecutive
changes of a single myelin sheath length were
always in the same direction—either succes-
sive elongations or successive contractions (Fig.

4E). By contrast, during MD, 25.5 ± 1.4% of
successive changes on a single segment were
in opposite directions (Fig. 4E), indicating that
MD altered the pattern of myelin remodeling.
We next asked whether the myelin sheaths re-
modeled during MD were the same as those
affected during normal vision. From the entire
population of dynamic sheaths, 56.7% presented
changes exclusively during MD, whereas 22.2%
were dynamic solely under normal vision (Fig.
4F), indicating that MD triggers the remod-
eling of a different set of sheaths rather than
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Fig. 4. MD elicits temporally distinct phases of myelin dynamics in PV-INs. (A) Schematic of PV-IN
and myelin labeling strategy (left) and experimental time course (right). (B) Rate of myelin sheath elongation
(left), contraction (center), and de novo generation (right) in PV-INs before and during MD. Each dot
indicates an animal. The data before MD (–14 to 0 days) was combined into a single group (before). (C) Rate
of absolute cumulative change in sheath length produced by contractions and elongations. (D) MZP (five
frames) showing a preexisting oligodendrocyte (OLG) generating a new myelin sheath (white arrowheads) on
a PV-IN during MD. Yellow arrowheads indicate the branch that connects the myelin segment to the OLG
cell body. A 3D reconstruction is displayed at far right. (E) Fraction of changes in individual sheaths over
consecutive imaging sessions classified by the different combinations of change direction: same (elongation-
elongation or contraction-contraction) and opposite (elongation-contraction or contraction-elongation).
(F) (Top) Percentage of myelin sheaths presenting changes only before MD (gray), only during MD (blue),
and in both conditions (gridded, 21.1%). (Bottom) Percentage of myelin sheaths presenting changes only
during the first week of MD (lighter blue), only the second week of MD (darker blue), and during both weeks
of MD (gridded). Data are mean ± SEM. Statistics are available in table S1. n.s., not significant.
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continuing changes in previously dynamic
sheaths. Moreover, a total of 80.3% of sheaths
that were dynamic duringMD exhibited changes
only during the elongation phase (0 to 7 days
MD, 44.8%) or the retraction phase (7 to 14 days
MD, 35.5%), but not both, indicating that the
opposite phases affect two different subgroups
of myelin segments (Fig. 4F). In particular,
54.0 ± 0.9% of contracting sheaths during the
second week of MD had shown no change until
then (versus 26 ± 5% of elongating sheaths)
(fig. S8E).
These results indicate that MD drives the

remodeling of myelin profiles in L2/3 PV-INs
by recruiting previously stablemyelin segments
in two separate phases: first triggering a wave
of elongation events, followed by contraction
of a different group of myelin sheaths. These
previously unknown myelin dynamics distin-
guish the response to sensory perturbation from
baseline myelin plasticity.

MD induces remodeling on PV-IN axons

Because myelin placement relates to the struc-
ture and function of axons (1, 22), we interro-
gated the relationship betweenmyelin plasticity
and changes in axonal morphology and struc-
ture (Fig. 5A). We investigated the impact of
sensory experience on the nodes of Ranvier,
short unmyelinated segments that are occu-
pied by clusters of ion channels (fig. S2F). It
has been shown that changes in myelin struc-
ture are accompanied by changes in length
of these nodes, which modify action potential
propagation along the axon (23).We examined
the dynamics of putative nodes of Ranvier in
PV-INs (Fig. 5B), which are defined as short
nodes (<5 mm) separating two neighboring
myelin sheaths. We found that putative nodes
of Ranvier can be displaced along the axon
during MD (14 out of 257 nodes in nine mice;
distance, 2.66 ± 0.25 mm) as a result of the
contraction of one sheath and the elongation
of another (Fig. 5C). By contrast, node displace-
ment was rarely seen under normal vision (3
out of 257 nodes). This result suggests that
MD induces changes in the longitudinal pat-
terns of PV-IN myelination and an associ-
ated increase in the rate of displacement of
putative nodes of Ranvier.
Visual manipulations have been shown to

induce reorganization of inhibitory neuron
axons in adult visual cortex (24). We there-
fore examined axonal arbor remodeling in
PV-INs, focusing on those branches that were
myelinated (Fig. 5D and fig. S10A). We found
that myelin remodeling overwhelmingly oc-
curred on axonal branches that did not ex-
hibit changes in length during MD (95.4 ±
0.7% of axons showing myelin remodeling)
(fig. S10B). This indicates that the experience-
dependent remodeling of myelination pro-
files in PV-INs is not simply a downstream
effect of axonal remodeling.

MD also resulted in an increased number of
dynamic axonal branch tips in PV-INs (Fig. 5E)
as well as a greater cumulative change to axonal
length (fig. S10C). In agreement with our find-
ings that MD did not affect CPN myelin plas-
ticity, we did not observe axon remodeling in
these neurons (0 out of 68 neurons). Our re-
sults indicate that PV-INs show independent
increases in both axonal branch remodeling
and myelin plasticity in response to MD.
Altogether, the data point toward adaptive

myelination as part of a coordinated circuit-
reconfiguration process, which acts through
differential responses by individual neuronal
subtypes to perturbations in sensory experience.

Discussion

Prior reports have shown that neuronal ac-
tivity and experience modulate myelination
(4, 7, 11, 17, 25, 26) and that active myelination
by newly formed oligodendrocytes is neces-
sary for learning and memory (8–10). Under-
standing the dynamic mechanisms that govern
myelin plasticity and how they relate to other
mechanisms of neuronal plasticity remains a
fundamental question.
We found that sensory deprivation (MD) in-

duces adaptive myelin remodeling in a neuron
class–specific manner, highlighting unexpected
levels of specificity in neuron-oligodendrocyte
interaction. The response to MD is complex,

unfolding in an age-dependent and time-
specific manner across multiple neuron types
(27–29). However, it has been shown that L2/3
interneurons show greater electrophysiolog-
ical and structural plasticity in response to
MD compared with pyramidal cells (19–21, 29).
In particular, after MD there is an initial phase
of dendritic branch tip retractions in L2/3 in-
hibitory neurons, followed by a second phase
of balanced growth and retraction (20). We
found that L2/3 PV-INs likewise show a bi-
phasic increase in myelin plasticity upon MD
compared with CPNs. During the first week
after MD, there is an increase in PV-IN mye-
lination, whereas in the second week, there is
a concerted increase in myelin sheath retrac-
tion. However, MD-induced myelin remodeling
was primarily restricted to axonal branches
that did not change in length, suggesting that
myelin plasticity is part of an orchestrated
set of circuit reconfiguration processes rather
than simply a consequence of axonal remod-
eling. It would be informative to use electron
microscopy to further investigate whether other
structural changes, such as myelin thickness
and axon caliber, are taking place along with
the remodeling of myelination profiles.
Our results demonstrate that MD does not

stimulate the integration of new myelinating
oligodendrocytes. Rather, it induces remodel-
ing of preexisting myelin sheaths on PV-INs,
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Fig. 5. Sensory experi-
ence drives changes
in the axonal arbor of
PV-INs. (A) Schematic of
fluorescence labeling
strategy and exper-
imental time course.
(B) Single-frame images
showing a putative
node of Ranvier (arrow-
heads) between two
neighboring myelin
sheaths, and a shift
of its location during
MD. (C) Number
of relocated putative
nodes of Ranvier in the
2-week intervals before
and during MD. (D) MZP
(six frames) showing a
new myelin sheath gen-
erated on a new axonal
branch. (E) Number
of dynamic axonal
branch tips in the
2-week intervals before
and during MD. Each
dot indicates an animal
[(C) and (E)]. Statistics
are available in table S1.
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including contraction and full elimination of
myelin sheaths. Small modifications in myelin
sheath structure can be sufficient to substan-
tially affect neural network function (30). We
speculate that the reconfiguration of network
connectivity that underlies a functional ocu-
lar dominance shift likely requires a fine and
precise tuning of individual myelination pro-
files instead of a broad addition of myelin
(22, 30, 31). In line with this hypothesis, we
observed recruitment of preexisting oligo-
dendrocytes to generate new myelin sheaths.
This finding is in agreement with recent reports
that surviving oligodendrocytes can establish
new myelin segments in a cuprizone-induced
model of oligodendrocyte death and demye-
lination (17). Our data now indicates that in
response to sensory manipulation, new myelin
segments are produced by both newly formed
and preexisting oligodendrocytes.
The data demonstrate cell type–specific dy-

namics of myelin plasticity, even when the
distinct neuronal subpopulations are inter-
connected within the same circuit, surrounded
by a shared environment, and myelinated by a
common set of oligodendrocytes. These find-
ings suggest a framework for conceptualizing
experience-dependent myelin plasticity, in
which cell type–specific adaptive remodel-
ing of myelination allows different neurons to
modify their individual functions and poten-
tiates the tuning capacity of neuronal networks.

Materials and methods
Mice

We used the following genetically modified
mouse lines: Plp1-eGFP (32), Pvalbtm1(cre)Arbr

(PVCre; RRID: IMSR_JAX 017320) (33),
Tbr2CreERT2 (34) and B6;129S6-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J (CAGfloxStop-tdTomato;
RRID: IMSR_JAX 007909; Ai14) conditional
reporter line (35). Mice from these lines were
crossed to generate PVCre/+; td-Tomato+/−; Plp1-
eGFP+/− mice and Tbr2CreERT2/+; td-Tomato+/−;
Plp1-eGFP+/− mice to label oligodendrocytes
alongwithparvalbumin-expressing interneurons
(PV-INs) and callosal projection neurons (CPNs),
respectively. This fluorescence labeling strategy
allowed us to visualizemyelinating oligodendro-
cytes and myelin sheaths by eGFP, simulta-
neously with neuronal cell bodies and axons
by tdTomato. To generate the well-isolated
labeling required for in vivo imaging, we opti-
mized the tamoxifen induction protocol for
theTbr2CreERT2; CAG floxStop-tdTomatomouse line to
sparsely label only the CPNs in the most super-
ficial portion of L2/3 (Fig. 1C and fig. S1, D and
E). Then, to induce tdTomato expression in the
Tbr2CreERT2 line, pregnant mice were injected at
embryonicday 18.5 (E18.5)with4-hydroxytamoxifen
(Sigma-Aldrich, CAS Number: 68392-35-8) in
corn oil (single dose of 1 mg tamoxifen per kg
body weight); this induction protocol was used
for all subsequent experiments.

Mice were maintained on a C57BL/6J back-
ground, and both male and female mice were
used for experiments. All procedures were de-
signed to minimize animal suffering and ap-
proved by the Harvard University Institutional
Animal Care and Use Committee, and the
Massachusetts Institute of Technology Commit-
tee on Animal Care, and performed in accord-
ance with institutional and federal guidelines.

Surgical procedure

To allow long-term visualization of in vivo
neuronal morphology and myelination pro-
files, a 5 mm glass coverslip replacing a skull
area (cranial window) was implanted over the
right visual cortex of young adult mice (P42–
P49) as previously described (36). Two to three
weeks later, optically clear windows were se-
lected for in vivo two-photon imaging. Animals
were housed in groups of 2 to 4 mice per cage
from weaning until 1 week before the first
session of imaging (P60-P71); then, mice were
singly housed for the remainder of the ex-
periment. Sulfamethoxazole (1 mg ml−1) and
trimethoprim (0.2 mg ml−1) were chronically
administered in the drinking water through
the final imaging session to maintain optical
clarity of implanted windows.

Optical intrinsic signal imaging

For functional identification of monocular
and binocular visual cortex (V1b), optical im-
aging of intrinsic signal and data analysis were
performed as described previously (20). Briefly,
animals were mildly anesthetized with 0.75
to 1% isoflurane, restrained using a headmount,
and placed facing a monitor. For visual stimuli,
a horizontal bar (5° in height and 73° in width)
drifting up with a period of 12 s was presented
for 60 cycles on a high-refresh-rate screen po-
sitioned 25 cm in front of the animal. Images
were acquired continuously under 610-nm il-
lumination with an intrinsic imaging system
(LongDaq Imager, Optical Imaging) through
a 2.5X/0.075 NA objective (Zeiss). Cortical in-
trinsic signal was computed by extracting the
Fourier component of light reflectance changes
matched to stimulus frequency from 4 by 4
spatially binned images. The fractional change
in reflectance represents response magnitude,
and the magnitude maps were thresholded at
30% of the peak-response amplitude to define
a response region. Primary visual cortex was
determined by stimulation of both eyes, while
V1b was determined by stimulation of the ipsi-
lateral eye. Monocular visual cortex was deter-
mined by subtracting the V1b map from the
map of primary visual cortex.

Two-photon imaging

After identifying the binocular visual cortex
through optical intrinsic signal imaging and
allowing sufficient time (about 3 weeks) for
recovery from the cranial window surgery,

young adult mice were anesthetized (1 to
1.25% isoflurane) and head fixed in a stereo-
taxic frame for large-volume, high-resolution
dual-color imaging using a custom-built two
photonmicroscope. Since tdTomato and eGFP
were used to label neurons and oligodendro-
cytes, respectively, the two fluorophores were
simultaneously excited with a Mai Tai HP Ti:
Sapphire laser (Spectra-Physics) set at 975 nm
(CPN experiments) or 990 nm (PV-IN experi-
ments) and pumped by a 14 W solid state laser
delivering 100 fs pulses at a rate of 80 MHz. A
200 by 200 by 300 mm (CPN) or 200 by 200 by
200mm(PV-IN)neuronal volumeat250nm/pixel
XYwas acquired for eachmouse by scanning the
laser beams using galvanometric XY-scanning
mirrors (6215H, Cambridge Technology). 0.8 mm/
frame Z-resolution was achieved using a piezo
actuator positioning system (Piezosystem, Jena).
The output power from the 20X/1.0 NA water
immersion objective (W Plan-Apochromat,
Zeiss) was set to 50 mW. The emission signals
were collected using the same objective, passed
through an IR blocking filter (E700SP, Chroma
Technology), and spectrally separated using
a dichroic mirror at 560 nm. Emission signals
were simultaneously collected with two inde-
pendent photomultiplier tubes after passing
through the appropriate bandpass filters (550/
100 and 605/75). Then, two-photon raw data
were processed for spectral linear unmixing as
described previously (37) and the images were
converted to an RGB image z-stack using a
home-built MATLAB script.

Monocular deprivation

Monocular deprivation was performed by eye-
lid suture immediately after the third imaging
session (2 weeks of imaging under normal vi-
sion). Mice were anesthetized with 2% iso-
flurane, lid margins were trimmed, and triple
antibiotic ophthalmic ointment (Bausch &
Lomb) was applied to the eye. Four to five in-
dividual stitches were placed using 6-0 vicryl
along the extent of the trimmed lids. Suture
integrity was inspected directly before each
imaging session. Animals whose eyelids did
not seal fully or had reopened were excluded
from further experiments.

Measurement of ocular dominance

Ocular dominance during normal condition
and after monocular deprivation was deter-
mined from optical intrinsic signal images as
previously described (38). The ocular domi-
nance index (ODI) was calculated from the
average of (C – I)/(C + I) for all pixels in the
region identified as binocular visual cortex,
where C and I represent the response mag-
nitude of each pixel to the contralateral and
ipsilateral eyes, respectively. The ODI ranges
from +1 to −1, where a positive value indicates
a contralateral bias and a negative value an
ipsilateral bias.
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Analysis of fluorescence images
In vivo z-stacks collected from PVCre/+; td-
Tomato+/−; Plp1-eGFP+/− (to investigate myeli-
nationonPV-IN) andTbr2CreERT2/+; td-Tomato+/−;
Plp1-eGFP+/− (to studymyelination onCPN)mice
were acquired using two-photon microscopy.
Data analysis was performed blind to the exper-
imental conditions. Images were randomized
(consecutive time points were paired for further
comparisons) for analysis by blinded observers.
To eliminate any hint about the experimental
condition, the last imaging session was paired
with the first one; the results from the latter
comparison was used to validate the interme-
diate changes between consecutive sessions.

Identifying myelin sheaths along
single axons

Image z-stacks and time-series were traced and
analyzed using Neurolucida (MicroBrightField)
and FIJI/ImageJ (NIH). All analysis was per-
formed on unprocessed images, and for pre-
sentation in figures, image brightness and
contrast levels were adjusted for clarity. For
CPN experiments, cell bodies and their pri-
mary axons were segmented using the voxel
scooping method for a semi-automated trac-
ing in Neurolucida (axonal arborization of
PV-INs were not segmented because of their
extreme complexity and density). Then, the
eGFP+ processes colocalizing to tdTomato+

axonal processes were also segmented, in both
CPN and PV-IN experiments. eGFP+ processes
were scored as myelin sheaths if they presented
colocalization of at least 80% extension to a
tdTomato+ axon, the centerlines of the eGFP+

process and tdTomato+ axon underneath were
separated no further away than 2 pixels (0.5 mm),
and the structures have a minimal average
signal intensity of at least four times above
shot noise background levels. Myelin paranodes
were identified by increased eGFP fluorescence
intensity (Fig. 1). A gap in the fluorescence sig-
nal greater than 1.6 mmwas used to designate
a break in the myelination and classified as a
different myelin sheath. Myelin sheaths with
terminals that could be confidently identi-
fied across all imaging sessions, not extend-
ing beyond the imaging volume or obscured
by blood vessels, weremonitored and included
to further analysis.
The depth of each myelin sheath was deter-

mined by itsmidpoint along the axial position,
relative to the pial surface, and verified by the
L1-L2/3 border at approximately 90 mm below
the pia. The interphase between L1 and L2/3
was identified in the z-stacks by the high den-
sity of cell bodies in L2/3 and also through post
hoc DAPI staining. L2/3 CPNs have axonal
projections extending subcortically through
the deeper layers of the cortex as well as long
projections to the contralateral hemisphere.
Since themyelin analysis was restricted to L1-
L3 of the ipsilateral cortex, the proportion of

myelinated CPNs we have reported is likely
an underestimation.

Analyzing myelin sheath dynamics

Changes in myelin sheath length were inde-
pendently validated by two investigators, using
the intersection of cellular processes as stable
landmarks across images to set reference lines
(changes in xy plane) or identify equivalent
frames (changes in z direction). Double confir-
mation by two investigators was required for a
change in length to be included for further anal-
ysis. For changes in myelin length with a per-
pendicular orientation to images stacks, we set
an inferior threshold of 1.6 mm,while for changes
with a lateral orientation the thresholdwas set
at 1.25mm. Inaddition,wediscarded the changes
in length <2.0 mm that were followed by partial
or complete reversion in the change, assuming
them to be false-positive cases generated by the
intrinsic variability across imaging sessions over
a stable sheath.
For each mouse, the percentage of myelin

sheaths elongating or retracting between two
successive imaging sessions, relative to the
total sheath number of the previous imaging
session, were defined as the rates of myelin
sheath elongations and contractions, respec-
tively. Contractions included both retractions
of existing sheaths as well as the elimination
of entire segments (we observed only 12 cases
of full elimination in total), while elongations
and generation of new myelin sheaths were
analyzed separately. Rate of sheath dynamics
was defined as the sum of the rates of sheath
elongations, contractions and de novo gener-
ations. For all imaging intervals, rates of sheath
remodeling were normalized to a “% per week”
unit by calculating the percent of remodeling
sheaths, multiplied by 7, divided by the number
of days between imaging sessions. The effect
in lengthwas analyzed analogously to the rate,
by computing the total change in length gene-
rated by sheath remodeling (Figs. 2, F and I,
and 4C and figs. S5C and S8B), relative to the
total length of all myelin sheaths (Figs. 1K and
3, E and I, and fig. S4, E to G). When plotting
total change in length by dynamics sheaths
(Figs. 2I and 3, E and I, and fig. S5C) or changes
in length due to elongations and contractions
in the same plot (Figs. 1K and 4C), we reported
absolute values for reduction in length. We an-
alyzed the effect ofMDon the cumulative change
in myelin length (Fig. 3); for each individual ani-
mal, the changewas considered an increasewhen
the difference was >5% (MD versus before).
Confocal images to interrogate CPN myeli-

nation over time (fig. S3) were analyzed as de-
scribed before for in vivo z-stacks.

Analyzing integration of new
myelinating oligodendrocytes

When we analyzed the integration of new
myelinating oligodendrocytes (3), cells were

followed in three dimensions using custom
FIJI scripts by defining eGFP+ cell bodies at
each time point and recording xyz coordi-
nates. New eGFP+ cells were identified as newly-
integrated myelinating oligodendrocytes when
at least 20 new myelin sheaths were observed
in close proximity (less than 60 mm) to the new
oligodendrocyte soma (3). To report the den-
sity of oligodendrocytes (Fig. 3K), we nor-
malized to the approximate average imaged
volume (1.10−2 mm3), such that the value repre-
sents the average number per imaging volume.

Analyzing putative nodes of Ranvier

Putative nodes of Ranvier were identified by
measuring the fluorescence intensity across the
putative node; if the average intensity between
adjacent myelin sheaths decreased below two
times the shot noise background levels, and
the length of the gap between eGFP+ processes
was <5 mm, the structure was considered a
node (3). Displacement of a node was defined
as a shift >1.5 mmof the node center to an area
previously occupied by an eGFP+ process.

Analyzing axonal arbor

Axonal arbor remodeling was studied on PV-
INs. Because of the high density of PV-IN pro-
cesses in L2/3, we only examined the segments
of axon that were myelinated at some point
during the experiments and were confidently
identifiable along their full length. Most of the
combined axon andmyelin remodeling events
were observed when newmyelin sheaths were
produced on new axonal segments (Fig. 5E);
however, it is possible that smaller contrac-
tions or elongations of axonal segments were
undercounted due to stringency cutoffs for
axonal tracing.
When plotting total change in axon length

(fig. S10C), we considered absolute values for
reduction in length to calculate the cumula-
tive total change.

Fluorescence immunohistochemistry

Immunohistochemistry was performed at
P28 and onward time points in transgenic
mice, as indicated in each figure. Animals were
anesthetized with tribromoethanol (Avertin)
and transcardially perfused with 0.1 M PBS
(phosphate buffered saline; pH 7.4) followed
by 4% paraformaldehyde, as described previ-
ously (39). Cortical tissue was then post-fixed
overnight in 4% paraformaldehyde, followed
by 3 × 10 min washes in 0.1 M PBS. Serial cor-
onal sections (40 mm thick) were cut using a
Leica microtome (VT1000 S), collected in PBS
with 0.02% sodium azide and stored at 4°C.
Free-floating sections were blocked for 1 hour
at room temperature in blocking buffer [PBS
with 0.02% sodium azide, 0.3% bovine serum
albumin (BSA), 0.3% Triton X-100, and 8%
serum of the species corresponding to the sec-
ondary antibody], and then incubated overnight
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at 4°C in blocking buffer with the following
primary antibodies: rat anti-MBP (monoclonal,
1:100, Millipore, MAB386, RRID:AB_94975),
rabbit anti-Parvalbumin (1:500, Swant, PV27;
RRID:AB_2631173), mouse anti-Rorb (mono-
clonal, 1:100, Cosmo Bio, PPX-PP-N7927-00,
RRID:AB_1961850), rabbit anti-Cux1 (polyclo-
nal, 1:100, Santa Cruz Biotechnology, sc-13024,
RRID:AB_2261231), mouse anti-Satb2 (mono-
clonal, 1:50, Abcam, ab51502, RRID:AB_882455),
rabbit anti-GABA (polyclonal, 1:1000, Sigma-
Aldrich, A2052, RRID:AB_477652), rabbit anti-
Olig2 (1:100, IBL America, IBL 18953), rabbit
anti-s100b (polyclonal, 1:2000, Abcam, ab41548,
RRID:AB_956280), mouse anti-Caspr (mono-
clonal, 1:100, UC Davis/NIH NeuroMab, 75-001,
RRID:AB_2083496), mouse anti-Pan-Nav1 (mono-
clonal, 1:100, UC Davis/NIH NeuroMab, 75-405,
RRID:AB_2491098), goat anti-PDGFRa (poly-
clonal, 1:200, Novus, AF1062, RRID:AB_2236897),
rabbit anti-Ki67 (polyclonal, 1:200, Abcam,
ab15580, RRID:AB_443209) and rabbit anti-
cleaved-caspase-3 (polyclonal, 1:300, Cell Sig-
naling, 9661, RRID:AB_2341188). Secondary
antibody (all 1:750, TermoFisher) labeling was
performed at room temperature for 2 hours
as follows: goat anti-rat IgG (H+L) Alexa Fluor
647 (A-21247, RRID:AB_141778), donkey anti-
mouse immunoglobulin G (IgG) (H+L) Alexa
Fluor 647 (A-31571, RRID:AB_162542), goat anti-
rabbit IgG (H+L) Alexa Fluor 488 (A-11008,
RRID:AB_143165), goat anti-mouse IgG (H+L)
Alexa Fluor 647 (A-21236, RRID:AB_141725),
donkey anti-rabbit IgG (H+L) Alexa Fluor 546
(A10040, RRID:AB_2534016) and donkey anti-
goat IgG (H+L) Alexa Fluor 488 (A-11055,
RRID:AB_2534102). Sections were mounted
using ProLong Gold (Invitrogen P36930).
Confocal imaging was performed on a Zeiss
LSM 700 microscope using three different
lasers: FITC (488 nm laser line excitation;
522/35 emission filter), Cy3 (555 nm excitation;
583 emission), and Cy5 (639 nm excitation;
680/32 emission). The primary visual cortex
was first identified using a 10x objective,
and imaged using a 20x and 40x objectives
with a z-step size of 0.99 mm and 0.47 mm,
respectively.

Data presentation and statistical analysis

The statistical tests used to measure signif-
icance, the corresponding significance level
(P value), and sample size are provided in table
S1. Normality was assessed using Shapiro-
Wilk’s test at a P value of 0.05. When a data set
did not satisfy normality criteria, nonpara-
metric statistics were applied. Two-tailedMann-
WhitneyU test was used for single comparisons,
and two-tailed Wilcoxon matched-pairs signed
rank test was used for paired values. For normal
distributions, homoscedasticity was assessed
using Bartlett’s test and F-test, at a P value of
0.05. For homogeneous variances, two-tailed
t test was used for single comparisons, repeated-

measures one-way analysis of variance (ANOVA)
followed by post hoc Dunnett’s test was used
for statistical analysis of time course data, and
two-way ANOVA was used for two-factor data
sets. Paired t test was used to compare paired
data. In the only case in which variances were
not homogeneous, a t test with Welch’s cor-
rectionwas used. Two-tailed Fisher’s exact test
(small sample size) or c2 test were used in the
analysis of contingency tables. No statistical
methods were used to predetermine sample
sizes, but our sample sizes are similar to those
reported in previous publications (2, 3, 17) and
consistent with those used in the field. Un-
less otherwise specified, data are presented
as mean ± SEM (text and figures); when the
number of statistical independent replicates
is greater than 15 per condition, individual
values are not plotted for clarity (instead, we
display a summary plot). When the data are
displayed in a violin plot, we showed the me-
dian and the inter-quartile range (Fig. 1G).
Statistical tests were performed using GraphPad
Prism version 8.4.1 (GraphPad Software) or
MATLAB 2018a (The MathWorks, Natick,
MA), and P < 0.05 was considered statistically
significant.
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