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Myelination of the central nervous system requires the generation of functionally
mature oligodendrocytes from oligodendrocyte precursor cells (OPC). Electrically
active neurons may influence OPC function and selectively instruct myelination of
an active neural circuit. Here we use optogenetic stimulation of premotor cortex in
awake, behaving mice to demonstrate that neuronal activity elicits a mitogenic

axoglial synaptic neurotransmission as
a mechanism regulating myelination in
vivo (/8). The potential role of neu-
ronal activity in the regulation of mye-
lin-forming cells remains unclear in
vivo, and, if established, would consti-
tute a previously underappreciated
mechanism by which experience directs
adaptive behavioral change.

Results

Description of the Optogenetic Model
and Experimental Paradigm

Here, we test the effects of neuronal
activity on oligodendroglial cells in
vivo using optogenetic stimulation of
premotor cortex in awake, behaving
Thy1::channelrhodopsin (ChR2) mice
(19, 20). In this well-characterized
model the excitatory opsin is expressed
in a subset of neurons under the control
of the Thyl promoter. In the cortex, the
Thyl promoter and thus the excitatory
opsin are expressed chiefly in cortical
layer V projection neurons and are not
expressed in glial cell types (19, 20).

response of neural progenitor cells and OPCs, promotes oligodendrogenesis and
increases myelination within the deep layers of the premotor cortex and subcortical
white matter. We further show that this neuronal activity-regulated
oligodendrogenesis and myelination is associated with improved motor function of
the corresponding limb. Oligodendrogenesis and myelination appear necessary for
the observed functional improvement, as epigenetic blockade of oligodendrocyte
differentiation and myelin changes prevents the activity-regulated behavioral

improvement.

Development of the myelinated fiber infrastructure of the brain occurs
throughout childhood and young adulthood and is classically thought to
complete when the frontal lobes finish myelin formation in the fourth
decade of human life (/, 2). Maturation of the complex neural circuitry
necessary for high-level cognitive and motor functions depends on mye-
lination, the process by which oligodendrocytes ensheathe and insulate
axons to facilitate fast, saltatory conduction of electrical impulses. While
the protracted nature of neocortical myelination is well recognized, the
mechanisms governing myelination after infancy remain largely un-
known (1, 3, 4).

An intriguing but unproven possibility is that postnatal myelination
may be modulated by mature neurons in order to augment an active cir-
cuit. The idea that excitatory neuronal activity instructs myelination,
including OPC proliferation, differentiation and myelin biosynthesis, is
supported by multiple lines of evidence. Blockade of activity in the de-
veloping optic nerve by axotomy or tetrodotoxin decreases OPC prolif-
eration (35), myelination in vitro is activity-dependent (6—9), and some
data suggest that OPC proliferation, differentiation or the rate of myelin
development in vivo is enhanced by non-physiological (333 Hz) or
pathological perturbations of electrical activity (/0, 11). Further support-
ing the idea that excitatory neuronal activity may influence OPC behav-
ior, neurons form glutamatergic synaptic connections onto OPCs (/2—
17). However, an elegant study conditionally ablating a necessary subu-
nit of the NMDA receptor in oligodendroglial lineage cells during de-
velopment did not demonstrate deficits in oligodendrogenesis or
myelination, arguing against a role for direct NMDA receptor-mediated

ChR2-expressing neurons respond to
pulses of blue (470 nm) light with mil-
lisecond precision such that the fre-
quency of light pulses elicits neuronal
spiking of the same frequency (19, 20).
Expression of ChR2 does not alter the
electrical properties of neurons in the
absence of blue light and does not af-
fect neuronal survival under basal con-
ditions or with blue light stimulation
using standard experimental parameters (2/). When the optical fiber is
placed just below the pial surface, approximately 10% of the blue light
penetrates 0.5 mm, or about halfway through the cortex, and approxi-
mately 1% reaches 1 mm (to cortical layer VI) (22). This stimulates the
apical dendrites of layer V neurons and, to a lesser extent as the light is
attenuated by layer V, the neuronal somata, resulting in neuronal firing
of layer V projection neurons (22). Heat generated by this system is
negligible under these conditions and localized to the optical fiber (22).
Stimulating from just below the pial surface limits hardware-related
injury to the skull and cortical layer I, in contrast to alternative strategies
such as intracortical microstimulation (ICMS) that involve more exten-
sive electrode-related tissue damage.

We placed the optical-neural interface just below the pial surface in
cortical layer I of area M2 (premotor area; Fig. 1A) in juvenile (P35)
mice and stimulated unilaterally with blue light for 30-s intervals every
two minutes over a 30-min period at 20 Hz, a frequency consistent with
the 10-40 Hz physiological firing rates of layer V projection neurons in
motor cortex (/9). Unilateral stimulation of right-sided M2, a high level
cortical region involved in motor planning and the generation of com-
plex and goal-directed motor behavior (23), caused mice to ambulate
consistently in the contralateral (left) direction when the blue light was
on (movie S1); this behavioral measure confirms proper placement of
the light stimulation fiber and demonstrates the expected behavioral
consequences of optogenetic premotor cortex stimulation.

The placement of the fiber requires breaching the skull and dura, and
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the optical fiber penetrates the most superficial layer of cortex (layer I).
Because injury (24) and the associated microglial inflammation (25) can
influence OPC behavior, wild-type (WT, no opsin present) littermate
control animals were identically manipulated to control for effects of
surgery, fiber placement and light. In WT mice, blue light stimulation
causes no observable change in behavior. Manipulated WT littermate
controls were utilized in all analyses described below to account for
effects of injury and inflammation.

Neuronal Activity-Regulated Precursor Cell Proliferation

To test the acute effects of neuronal activity on cell proliferation, we
administered the thymidine analog EdU (5-ethynyl-2'-deoxyuridine) at
the beginning of the 30-min stimulation period to label dividing cells and
sacrificed mice three hours later. Following this period of activity, we
observed a proliferative response in premotor cortex (Fig. 1, A and B)
and subcortical white matter projections in the corpus callosum (Fig. 2).
At P35, we observed a 4-fold increase in dividing cells in stimulated
(ipsilateral) M2 compared to manipulated WT littermate controls (7368
cells = 1228 cells vs. 1940 cells + 512; n = 3/group; P < 0.001; Fig. 1C).
Dividing cells, outside the immediate area of optical fiber placement in
layer I, were found in the deep cortical layers near the optogenetically-
stimulated neurons and in the subcortical fibers of the corpus callosum
(Figs. 1B and 2).

To characterize the cells proliferating in response to neuronal activi-
ty, we employed immunofluorescence staining for cell identity markers
(Fig. 1, D and E, and fig. S1). We found that 54% of the dividing cells in
optogenetically-stimulated Thy1::ChR2 M2 express the oligodendroglial
lineage marker Olig2; stimulated M2 in Thyl::ChR2 mice exhibited a
significant increase in dividing Olig2" cells compared to WT controls
(4032 + 832 vs. 519 + 152 cells, respectively; P < 0.001; Fig. 1D);
24.5% of the dividing cells were PDGFRa" OPCs (Fig. 1E); a similar
number of EdU-marked OPCs was detected by co-labeling with Sox2
and Olig2 (fig. SIB). A significant increase in EdU-marked Sox2" neural
precursor cells (NPC) (26) was also observed in stimulated M2 com-
pared to WT controls (fig. S1A). No significant fraction of the proliferat-
ing cells represented GFAP" or S100B" astrocytes (fig. S1, C and D).
Consistent with reports that optogenetic stimulation of ChR2-expressing
neurons within the parameters used here does not induce neuronal injury
or death (217), cleaved caspase-3 staining, indicating apoptotic cells, was
not observed within optogenetically-stimulated M2 (fig. S2).

An increase in proliferation was also observed in the corpus callo-
sum of Thyl::ChR2 mice compared to manipulated WT controls (Fig.
2). While EdU labeling was observed throughout the corpus callosum, a
defined region subjacent to motor cortex and distant from the ventricular
region was quantified to avoid the potential confound of EAU" cells aris-
ing from the periventricular/subventricular zone which contains a briskly
mitotic and migratory population of cells that take up the EAU marker
but may be distinct from those cells responding to neuronal activity (Fig.
2A). Total EdU" cell quantification revealed a two-fold increase in di-
viding cells in the stimulated Thy1::ChR2 animals compared to manipu-
lated WT controls (2440 + 174 cells vs. 916 + 77; n = 3/group; P <
0.0001; Fig. 2, B and C), with a significant increase in EdU-marked
Olig2" oligodendroglial lineage cells in the stimulated Thyl::ChR2 ani-
mals compared to manipulated WT controls (1016 + 68 cells vs. 455 +
58, n = 3/group; P < 0.0001; Fig. 2D). Similar to M2, approximately
half (42%) of the dividing cells are Olig2” (Fig. 2D), and no EdU-
labeled GFAP" astrocytes or EdU-labeled S100B" astrocytes were found.

Optogenetic stimulation of opsin-expressing neurons in motor cortex
elicits expected electrophysiological and behavioral responses (19, 20),
but one cannot exclude the possibility of decreased neuronal health due
to the presence of the opsin or to the optogenetic stimulation of firing.
To control for the effects of pathological neuronal activity, we induced

generalized tonic-clonic motor seizures optogenetically using the same
frequency and intensity of stimulation but placing the optical fiber more
medially in M2 so that light stimulates both motor cortices simultane-
ously. Proliferation comparable to that seen in the manipulated WT con-
trol animals was observed in the seizure animals (Fig. 1C) but not to the
degree seen in animals following optogenetic stimulation that results in
complex motor behavioral output (n = 3; P <0.001; Fig. 1, C to E). That
optogenetically-induced motor seizures did not elicit a proliferative re-
sponse of the same magnitude indicates that pathological neuronal ac-
tivity is not sufficient to account for the observed proliferative effect.
Taken together, these findings show that moderate, precisely timed lev-
els of electrical activity in neurons evoking naturalistic behavior in
awake, freely-behaving mice promoted the proliferation of neural pre-
cursor and oligodendroglial precursor cell populations.

Evaluation of Inflammatory Response to Fiber Optic Manipulation
Given the effects of microglial inflammation on NPC (27-29) and OPC
(25) proliferation and differentiation, the microglial response must be
carefully evaluated and accounted for in this model. The majority of
EdU" microglia were localized to the superficial layers of M2 near the
site of the optical fiber and less in the deep layers of cortex where the
optogenetically-stimulated neuronal somata reside (Fig. 3, A and B).
Approximately 75% of the dividing activated microglia were localized to
superficial cortex, while only 25% were found in deep cortical layers in
all experimental groups (Fig. 3B). To be conservative, as microglial
effects such as cytokine secretion could be exerted over some distance,
we quantified all microglia in M2 up to cortical layer I, excluding only
those within approximately 100 um of the optical fiber (Fig. 3, A to F).
Consistent with the injury induced by the manipulation, we observed a
significant increase in EdU-labeled dividing microglia marked by the
pan-microglial marker Ibal (30, 31) and the marker of microglial “acti-
vation” CD68 (32, 33) compared to the contralateral hemisphere in both
WT and Thy1::ChR2 mice, as well as in the seizure control animals (P <
0.05 in all comparisons; Fig. 3, C and D). Reassuringly, the number of
EdU"/Ibal /CD68" activated microglia was not different between opto-
genetically stimulated Thyl::ChR2 and manipulated WT mice at the 3
hour time point (1991 = 107 vs. 1412 + 377, P = 0.10, Fig. 3D). Seizure
animals exhibited an equivalent number of EdU"/Ibal"/CD68" microglia
compared to Thyl::ChR2 mice in whom locomotion was induced and
compared to manipulated WT controls (Fig. 3D). By 24 hours, EdU-
marked Ibal'/CD68" activated microglia were significantly decreased in
premotor cortex compared to the three hour time point (1991 + 107 at
three hours vs. 801 + 181 at 24 hours for Thyl::ChR2 animals; n = 3; P
= 0.005; Fig. 3D). There was no difference in the numbers of
EdU"/Ibal/CD68" activated microglia in stimulated Thyl::ChR2 com-
pared to manipulated WT mice at 24 hours (801 + 181 vs. 515 £ 147; n =
3; P=0.07; Fig. 3D). The overall density (EdU" and EdU") of activated
Ibal'/CD68" microglia was also not different between Thy1::ChR2 and
WT at three hours or 24 hours, indicating an equal microglial inflamma-
tory response in manipulated Thyl::ChR2 and WT littermate control
mice (P > 0.25 in all comparisons; Fig. 3E). In the corpus callosum, no
EdU-marked, CD68" activated microglia were detected in either stimu-
lated (or unstimulated) Thyl::ChR2 or WT mice (Fig. 2, B and E). The
microglial inflammatory response was also evaluated following a 7-day
stimulation paradigm (cycles of 30 s on, 2 min off over 10 min each day;
see below). The overall density (EdU" and EdU") of activated
Ibal'/CD68" microglia was also not different between Thy1::ChR2 and
WT on day 7 of or 4 weeks following this 7-day stimulation paradigm
(Fig. 3F). The microglial inflammatory response, predominantly local-
ized to the superficial cortex, is thus equal in Thyl::ChR2 mice com-
pared to WT littermate controls following optical fiber placement and
blue light stimulation in this model.
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Neuronal Activity-Regulated Oligodendrocyte Differentiation

To define the population dynamics and fate of cells dividing in response
to neuronal activity, we repeated the above experiment but sacrificed
P35 mice at 24 hours after a single session of optogenetic stimulation,
and in a parallel cohort sacrificed at four weeks following a 7-day stimu-
lation paradigm (cycles of 30 s on, 2 min off over 10 min each day, re-
sulting in 2.5 min of total stimulation daily). In Thyl::ChR2 mice, we
observed no statistically significant change in the total number of EdU"
cells from three to 24 hours, and only 1-2% of EdU" cells co-labeled
with either Ki67 or cleaved caspase-3, indicating that the dividing cells
cease proliferation soon after stimulated neuronal activity and survive in
the subacute time period (n = 3; Fig. 4, A and B). In contrast, 32% of the
EdU" cells in WT animals remained in a proliferative state at 24 hours,
evidenced by co-labeling with Ki67 (n = 3; P < 0.05; Fig. 4B).
Thy1::ChR2 mice have fewer EdU" cells present in M2 at four weeks,
which may be due to cell dispersion and death during that interval (n =
7/group; Fig. 4A and fig. S3A).

Dividing cells were localized to motor cortex and subcortical white
matter including the corpus callosum three hours after neuronal activity
(Figs. 1B and 2). By four weeks, dispersion of EQU" cells was observed
(fig. S3A), but no significant increase in EQU" cells was observed in the
corresponding corticospinal tract at the level of the cervical spinal cord
compared to the contralateral side (» = 4 Thyl::ChR2, P = 0.48) or to
WT (n=3 WT; P=0.16; fig. S3, B and C). This localization may reflect
differences inherent in cortical OPCs compared to those found in the
deep white matter (34, 35), proximity to neuronal cell bodies (36), or
differences in neuronal cell types (e.g., callosal projection neurons Vvs.
corticofugal projection neurons).

Because changes in the epigenetic landscape of NPCs and OPCs are
necessary for progression to differentiated states (37, 38), we examined
population-level changes in histone modifications (Fig. 4, C and D). We
found a neuronal activity-regulated increase in trimethylation of histone
H3 lysine 9 (indicative of a repressive, heterochromatin state; P < 0.05)
and a concomitant decrease in acetylated histone H3 (correlating with
activating regulatory elements; P < 0.05) in dividing (EdU") cells be-
tween three and 24 hours following optogenetically-stimulated neuronal
activity in Thyl::ChR2 mice (Fig. 4, C and D). Thus, neuronal activity
promotes transition to a repressive chromatin state consistent with dif-
ferentiation.

To evaluate the fate of the cells proliferating in response to neuronal
activity, we optogenetically stimulated M2 daily as above for 7 days,
then sacrificed mice four weeks after the end of stimulation (n =
7/group). In stimulated M2, we found the absolute number of newly
generated (EdU") Sox2'/0Olig2” NPCs and oligodendroglial (Olig2")
cells remained increased compared to manipulated WT controls (P <
0.05 for NPCs; P < 0.01 for Olig2"; fig. S4 and Fig. 5A). Neuronal activ-
ity-regulated oligodendrogenesis is evidenced by an increase in the
number of both EAU" early oligodendroglial cells expressing transcrip-
tion factor Oligl in a nuclear pattern (Oligl™'**) and in EdU" mature
oligodendrocytes expressing Oligl in a perinuclear pattern (Ol-
ig1Perinuelearty compared to manipulated WT control (P < 0.05 for nuclear
Oligl and P < 0.05 for perinuclear Oligl; Fig. 5, C and D) (39). Neu-
ronal activity-regulated oligodendrogenesis was confirmed using CCl,
also a marker for mature oligodendrocytes (534 + 131 EAU/CC1" cells
vs. 39 £ 30 cells; n =4 Thyl::ChR2 mice, 3 WT mice; P < 0.01; Fig. 5,
E and F). Supporting the interpretation that the cells dividing in response
to neuronal activity had differentiated into oligodendrocytes, the EdU"
OPC population (EdU"/PDGFRa" and EdU"/Sox2"/Olig2") had dimin-
ished compared to the acute time point (Fig. 5B and fig. S4B) concomi-
tantly with the appearance of EdU" oligodendrocytes (Fig. 5, C to F). An
increase in newly generated oligodendrocytes was also found in the cor-
pus callosum of optogenetically stimulated Thyl::ChR2 mice as com-
pared to identically manipulated WT littermate controls (162 + 39

EdU"/CC1" cells vs. 36 + 19 cells; n = 4 Thyl::ChR2 mice, 3 WT mice;
P < 0.05; Fig. 2F). These results demonstrate activity-regulated oli-
godendrogenesis within the active neural circuit.

Histone deacetylation is required for oligodendrocyte differentiation
(37, 38). Blockade of histone deacetylation with trichostatin A (TSA), an
inhibitor of histone deacetylases (HDAC) 1 and 2, prevented new mature
oligodendrocyte production assessed with OliglP*"™™" and CC1 mark-
ers (n = 4/group; P =0.49 for Olig]™"™** and P = 0.44 for CCI; Fig. 5,
C to F). TSA administration had no effect on the total number of EdU-
labeled cells detected at four weeks following stimulation (P = 0.3; fig.
S5). Consistent with epigenetic blockade of differentiation, an increase
in the number of EdU-labeled, Oligl™®**™" cells representing immature
oligodendrocytes was observed at four weeks post stimulation (P < 0.01;
Fig. 5D).

Response of Oligodendroglial Lineage Cells to Neuronal Activity in
Adults

Using the same model, we evaluated the effect of neuronal activity on
oligodendroglial lineage cells in adult animals. At 4 weeks following the
7-day paradigm of optogenetic stimulation (commencing at age P84), we
found a two-fold increase in the total number of EdU-marked cells in the
stimulated M2 compared to manipulated WT controls (2306 cells + 337
vs. 983 + 382; n = 4 Thyl::ChR2 mice, 3 WT mice; P < 0.05). There
was a significant increase in the number of Olig2", EdU-marked cells in
both M2 (788 + 45 vs. 204 + 71; n = 4 Thyl::ChR2 mice, 3 WT mice; P
< 0.0001; fig. S6B) and in the corpus callosum (79 17 vs. 20+ 9; n =4
Thyl::ChR2 mice, 3 WT mice; P < 0.05; fig. S7B) of stimulated
Thyl::ChR2 mice compared to identically-manipulated WT controls.
Concomitant with a decrease in EdU-marked OPCs (figs. S6C and S7C),
mature oligodendrocytes marked by EdU were increased 4 weeks fol-
lowing the end of the stimulation paradigm in adult animals. In M2, an
increase in EdU"/CC1" mature oligodendrocytes was found in optoge-
netically stimulated Thyl::ChR2 mice compared to manipulated WT
littermates (767 + 106 vs. 72 = 50; n = 4 Thy1::ChR2 mice, 3 WT mice;
P < 0.001; fig. S6D). Similarly, an increase in EdU-marked mature oli-
godendrocytes was observed in the adult corpus callosum (112 + 32
EdU"/CC1" cells vs. 7 = 4 EQU"/CC1" cells; n = 4 Thyl::ChR2 mice, 3
WT mice, respectively; P < 0.05; fig. S7D).

As above, EdU-marked, newly generated oligodendrocytes were
quantified in premotor cortex and in corpus callosum following optoge-
netic stimulation at P35 or P84. Adjusting the total number of
EdU"/CC1" cells for the volume of tissue analyzed, we found more
EdU'/CC1" cells per mm® in the corpus callosum compared to M2 in
mice stimulated at P35 (8983 = 2188 cells/mm’ in corpus callosum vs.
3010 + 737 cells/mm’ in M2; n = 4 Thyl::ChR2 mice; P < 0.05; fig.
S8A). In animals stimulated at P84, a more comparable number of newly
generated oligodendrocytes per tissue volume was found (6214 + 1763
cells/mm?® in corpus callosum vs. 4318 + 599 cells/mm® in M2; n = 4
Thyl1::ChR2 mice; P = 0.35; fig. S8B).

Neuronal Activity-Regulated Myelination

Even small changes in the thickness of the myelin sheath relative to axon
caliber (i.e., g-ratio) can have a profound effect on impulse conduction
speed (40). To ascertain the effect of neuronal activity on myelin thick-
ness, we used transmission electron microscopy (TEM) to analyze mye-
lin thickness in M2 layer VI and subcortical fibers entering the corpus
callosum four weeks after optogenetic stimulation (Fig. 6A). Relative to
axonal diameter (g-ratio = axon diameter/axon + myelin sheath diame-
ter), myelin sheaths were thicker (i.e., decreased g-ratio) in optogenet-
ically-stimulated M2 and subcortical fibers (g = 0.701 + 0.014; n = 4
mice) compared to manipulated WT controls (g = 0.756 + 0.003; n = 3
mice; P <0.05; Fig. 6B). No difference in g-ratio was observed between
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genotypes on the side contralateral to stimulation (P = 0.13; Fig. 6C).
Quantification of g-ratios was performed by two independent blinded
raters.

As supportive evidence to the TEM studies above, we examined the
expression of the myelin-related protein myelin basic protein (MBP).
While MBP expression levels do not necessarily indicate the formation
of compact myelin, as pre-myelinating oligodendrocytes express MBP,
consistent with the TEM data above we found that MBP expression was
also increased within M2 and subcortical white matter at four weeks
following optogenetically-stimulated neuronal activity (n = 10
Thyl::ChR2,n =9 WT; P <0.001; fig. S9).

Behavioral Consequences

To evaluate possible functional consequences of neuronal activity-
regulated oligodendrogenesis and myelination, we tested motor behav-
ioral performance using CatWalk gait analysis four weeks following the
7-day stimulation paradigm, hypothesizing a priori that increased mye-
lination would result in improvement of the sensitive measure of limb
swing speed (47). The CatWalk gait analysis test does not require any
prior training. CatWalk gait analysis (Fig. 7A) indicated improvement in
swing speed of the correlate (left) forelimb during normal gait (inter-
limb variation +4.8 £ 1.4 cm/s in Thy1::ChR2 mice vs. 4.3 £ 1.7 cm/s
in WT mice; n =5 Thyl::ChR2, n = 9 WT; P < 0.05; Fig. 7B), with no
change in other parameters of gait such as forepaw strike intensity or
stride length (Fig. 7, C and D). There was no effect of genotype on
swing speed symmetry (inter-limb variation for unmanipulated mice —
1.8 +4.0 cm/s vs. —1.2 £ 3.2 cm/s; n = 6 Thyl::ChR2, n = 6 WT, respec-
tively; P = 0.58). Thus, oligodendrogenesis and increased myelin thick-
ness in response to neuronal excitation correlates with altered motor
function four weeks later.

Necessity of Myelin Changes

Do changes in myelin-forming cells account for the observed behavioral
improvement? Neuronal activity could affect multiple parameters be-
yond oligodendrogenesis and myelination that are relevant to behavioral
performance in the active circuit. One possibility is that asymmetric
walking behavior led to asymmetric muscle development. However, we
found that muscle mass and mean fiber diameter of the triceps and bi-
ceps brachii were unaffected by our protocol (n = 4/group; P > 0.3; fig.
S10).

While muscle structure remains unaltered by the optogenetic stimu-
lation paradigm, other activity-dependent changes in the motor circuit
such as subtle alterations in synaptic strength could account for the ob-
served behavioral improvement. To address this question, we used
HDAC inhibition with TSA, a manipulation that would be expected to
enhance synaptic plasticity (42, 43) but to block oligodendrogenesis (37,
38), reasoning that preventing the behavioral improvement in this con-
text would argue for the necessity of activity-induced changes in myelin-
forming cells. We thus blocked oligodendrogenesis to determine if it was
necessary for the increase in correlate limb swing speed. We adminis-
tered TSA concomitantly with optogenetic stimulation at P35 to block
oligodendrogenesis epigenetically and measured both myelination by
TEM and gait performance on the CatWalk four weeks post stimulation.
TSA administration effectively blocked oligodendrogenesis (n = 4
Thyl::ChR2, n =3 WT; P <0.05; Fig. 5, D and F) and blocked the ef-
fect of neuronal activity on myelination (g-ratio = 0.756 + 0.009 in stim-
ulated, TSA-treated Thyl::ChR2 vs. 0.762 + 0.008 in manipulated TSA-
treated WT; n = 3/group; P = 0.62; Fig. 6D). The observed effect on
myelin thickness could be due to HDAC inhibitor-mediated blockade of
new oligodendrocyte differentiation, or due to effects of TSA on existing
oligodendrocytes. Blockade of activity-regulated oligodendrogenesis and
myelination prevented the behavioral effect (n = 6 Thyl::ChR2, n =5

WT; P = 0.67; Fig. 7B). TSA administration did not affect baseline be-
havior or other parameters of gait (Fig. 7, C and D). As noted above,
HDAC inhibition will affect many cell types, and an important consider-
ation is whether TSA administration could itself negatively modulate
motor function by effects on neurons or synaptic function. To the contra-
ry, HDAC inhibition has been shown to improve learning and synaptic
plasticity (42, 43) and so effects of TSA on neuronal plasticity or func-
tion would not be expected to account for the blockade of improvement
in motor function. These findings support the interpretation that oli-
godendrocyte differentiation and/or myelination are necessary for the
motor behavioral improvement observed following neuronal activity in
this model.

Discussion

The results presented here demonstrate that behaviorally-relevant neu-
ronal activity in layer V projection neurons of the premotor cortex elicits
a brisk proliferative response from neural precursor and oligodendroglial
precursor cells in the deep layers of cortex and subcortical white matter,
a subset of which differentiate into mature oligodendrocytes that persist
weeks after the cessation of stimulation. Myelin thickness increases
within the active circuit. These changes in myelin and myelin-forming
cells are associated with an improvement in behavioral function that can
be blocked by inhibition of oligodendrocyte differentiation and mye-
lination. Taken together, these findings illustrate the plastic nature of
myelin in the mammalian brain, raising numerous conceptual and mech-
anistic questions.

While the present study provides evidence that active neurons influ-
ence OPC proliferation, differentiation and myelination, the relationship
between these three aspects of myelin formation may not be linear or
simple. Bergles and colleagues have demonstrated that OPCs can differ-
entiate directly into oligodendrocytes without dividing and that OPC
proliferation may occur in response to the decision to differentiate by a
neighboring OPC (24). In the present study, those OPCs that differenti-
ate without first proliferating would not be accounted for using EdU fate
mapping, and so the number of newly generated oligodendrocytes may
have been underestimated. Similarly, while Richardson and colleagues
have recently shown that adult-born oligodendrocytes contribute to on-
going myelin remodeling (44), it is not yet clear exactly how this occurs.
In the present study, we cannot distinguish between the possibilities that
neuronal activity results in myelination of previously unmyelinated ax-
ons, that new oligodendrocytes incorporate into existing sheaths, or that
existing oligodendrocytes increase the thickness of the sheath. It is also
interesting to note the difference in magnitude of the robust OPC prolif-
erative response and new oligodendrocyte generation compared to the
relatively small magnitude of change in myelin thickness (~10% change
in average g-ratio), suggesting an alternative fate for some of these cells.

The paradigm used here mimics practicing a complex motor task.
Would volitional, repetitive execution of a complex motor task result in
the same findings? Neuroimaging studies suggest that this would be the
case. A diffusion tensor imaging (DTI) study of humans before and after
a six-week period of practicing a new complex visuo-motor task (juggl-
ing) revealed changes in the microstructure of subcortical white matter
within a brain region active in the task (45). Similarly, training in a com-
plex motor task involving one limb was correlated with DTI-based indi-
cation of more developed white matter microstructure in the corpus
callosum subjacent to the correlate motor cortex, precisely in the same
location we observed activity-regulated oligodendrogenesis and in-
creased thickness of myelin sheaths (46). The degree of complexity,
directionality or repetition necessary to elicit changes in myelin micro-
structure is not clear. Thus, wandering around a cage may not focally
alter motor circuit myelin, but repeated episodes of a specific motor task
(e.g., walking in a counterclockwise circle) may elicit a response in the
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relevant neural circuit that facilitates that behavior subsequently. Con-
versely, would hypoactivity of a circuit result in thinner myelin? Elegant
studies evaluating the effects of social isolation on myelin thickness in
the medial prefrontal cortex, a region important in social function, sug-
gest that this, too, may be the case (47, 48).

It may be that neuronal activity-regulated changes in myelin-forming
cells are most relevant to cortical and association fiber myelin. We ob-
served the proliferative response in the deep layers of cortex and subcor-
tical projections, including those in the corpus callosum projecting to the
contralateral motor area, but not those in deep white matter projections
down the corticospinal tract. Similarly, the aforementioned DTI study of
white matter changes following training in a complex visuo-motor task
revealed alterations in myelin microstructure consistent with improved
myelination within the subcortical association fibers underlying the in-
traparietal sulcus (45). Regional differences may exist in the response of
myelin-forming cells to neuronal activity that may reflect differences
inherent in cortical OPCs compared to those found in the deep white
matter; cortical OPCs have a distinct developmental origin (34), respond
differentially to mitogens (35), appear to contribute uniquely to the path-
ogenesis of glial tumors (49), and may respond differentially to activity-
regulated signals. Alternatively, the localization of the observed effect
on OPC proliferation and differentiation may reflect proximity to the
neuronal cell bodies, as OPC mitogens can be released from the neuronal
soma rather than from axons (36). A third possibility is that specific
neuronal types (e.g., callosal neurons compared to corticofugal neurons)
may interact differentially with myelin-forming cells.

How would small or localized changes in myelin structure affect
neural circuit function? Subtle g-ratio changes in the 0.6-0.8 range can
result in substantial changes in conduction velocity (40). Neural circuit
function is complex and incompletely understood, but some prominent
models of cortical performance (50) invoke the need for activity-
dependent myelination as a means of balancing conductance delay and
synaptic strength parameters [see (5/) for a recent review]. It should be
noted, however, that maladaptive changes in conduction delay could
conversely result in perturbation of neural function by disrupting neu-
ronal signal synchrony.

The present study may elucidate the mechanistic role of experience
in brain development, defining activity-dependent adaptive changes in
myelin as a dimension along which experience modulates neural func-
tion. Adult-born oligodendrocytes contribute to myelin remodeling
throughout life (44), sensory deprivation via social isolation results in
hypomyelination of the prefrontal cortex of mice (47, 48) and learning a
new language (52) or complex motor tasks (45) has been shown to alter
white matter structure within the relevant neural circuits in humans.
These studies imply the dynamic nature of cerebral myelin throughout
life and the role experience may have in modulation of the brain’s infra-
structure. The data presented here demonstrate that the effect of experi-
ence on myelinated fiber microstructure may result from direct effects of
neuronal activity on myelin-forming cells.

The potent effects of neuronal activity on OPC proliferation, oli-
godendrogenesis and myelination could have broad clinical implications.
When dysregulated, neuronal activity-induced OPC proliferation may
play a role in glioma pathogenesis, given that OPCs are thought to be the
cell of origin for multiple subtypes of high-grade glioma in both children
and adults (49, 53). Pediatric high-grade gliomas appear linked to epige-
netic dysregulation caused by driver mutations in histone H3 that may
prevent effective control of such proliferation (54, 55). Conversely, pre-
cisely harnessing the myelinogenic potential of neuronal-OPC interac-
tions could yield effective regenerative strategies in diseases of myelin.

Materials and Methods

Statistical Analysis

For total EAU counts, cell identity counts, muscle morphometry anal-
yses, and Catwalk behavioral tests (swing speed, forepaw intensity
measurements, and stride length) group mean differences were assessed
using two-way analysis of variance (two-way ANOVA) with Tukey or
Tukey-Kramer post-hoc tests to further examine pairwise differences.
Paired, two-tailed Student’s t-tests were used for analysis of mean dif-
ferences between the ipsilateral and contralateral sides within the same
animal in MBP intensity analyses. Unpaired, two-tailed Student’s t-tests
were used for analysis of mean differences between animals in electron
microscopy measurements. A level of P < 0.05 was used to designate
significant differences.

As determined before data collection, animals were excluded from
analysis if optogenetic stimulation did not result in the expected ambula-
tion behavior (for Thyl::ChR2 animals) or, in the case of behavioral
analysis, if the animal did not complete four successful runs character-
ized by variation under 60%, lasting no more than 5 seconds, and con-
sistent movement along the CatWalk apparatus.

Mice and Housing Conditions

Male Thyl::ChR2 (The Jackson Laboratory, line #20) mice were bred
with female CD1 mice (Charles River Laboratories). All experiments
were performed on animals either heterozygous for Thy1::ChR2 or wild-
type littermates housed in a 12-hour light:dark cycle with ad libitum
access to food and water. Animals were housed 5 per cage. Male animals
were used for the behavioral analysis, and both sexes were used equally
for all other studies. No animals were manipulated other t7han as report-
ed for that experimental group, i.e. there was no history of drug expo-
sures, surgeries or behavioral testing for the animals used other than that
reported for the given experimental group. All procedures were per-
formed in accordance with guidelines set in place by the Stanford Uni-
versity Institutional Care and Use Committee.

Fiber Optic Placement and in Vivo Optogenetic Stimulation

On P32-33, animals were anesthetized using 1-4% isoflurane and placed
in a stereotactic apparatus. After aseptically preparing the skin, the skull
was exposed using a midline incision and a dental drill with a 0.5 mm
burr was used to expose the brain. A fiber optic ferrule (Doric Lenses)
was placed over the premotor cortex (M2) and secured with dental ce-
ment. Ferrules were implanted at the following coordinates: —0.5 mm
lateral to midline, 1.0 mm anterior to bregma, —0.6 mm from the skull in
the right hemisphere [as described in (56)]. On P35, all freely-moving
animals were connected to a 100-mW 473 nm DPSS laser system with a
mono fiber patch cord, and pulses of light were administered at 20 Hz.
Approximately 3.7 V at 20 Hz (50-ms pulse length; 25 ms on/25 ms off)
produced an output of ~1 mW which is the minimum intensity necessary
to initiate the unidirectional circling behavior of the mice. The blue light
from the laser penetrates approximately 0.5 mm from the tip of the fiber
optic and stimulates the apical dendrites of cortical layer V neurons ex-
pressing the ChR2 opsin. M2 layer V output neurons project to M1 mo-
tor cortex, which in turn projects down the corticospinal tract, and also
project to the contralateral motor cortex via the corpus callosum. For
acute (3-hour) and subacute (24-hour) time points, light was adminis-
tered during a 30-minute session, with alternating 30-second light expo-
sures and 2-minute recovery periods, and mice were sacrificed either 3
hours or 24 hours, respectively, after the start of the stimulation session.
For the long-term time point (4 weeks), animals were exposed to the
same alternating light exposure paradigm (30 seconds on: 2 minutes off)
for 10 minutes/day for 7 days beginning at P35 or P84 and sacrificed 4
weeks after the cessation of the 7-day stimulation paradigm. For the 7-
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day time point, P29 mice were stimulated according to the stimulation
protocol used for the 4 week time point but were sacrificed 3 hours after
the final stimulation session on day 7 at P35. For all stimulation ses-
sions, all animals were given an ip. injection of S-ethynyl-2’-
deoxyuridine (EdU; 40 mg/kg). In order to control for stimulation in the
analysis of corpus callosum, a separate group of unstimulated mice were
used. In unstimulated mice, animals underwent surgery, ferrule-fiber
optic implantation and EdU injections as described above but were not
exposed to 20 Hz pulses of blue light. In animals treated with histone
deacetylase inhibitor, mice were given an i.p. injection of trichostatin A
(TSA; Selleck Chemicals; 10 mg/kg) concurrently with EQU administra-
tion. When the ferrule is properly placed over right M2, Thyl::ChR2
animals respond with increased locomotor behavior (circling) to the left
(movie S1) while WT animals have no change in behavioral output.

In order to induce seizures without circling behavior, the ferrule was
placed slightly more medially in M2 (—0.25 mm lateral to midline) with
no change in stimulation intensity or frequency. Animals exhibited obvi-
ous motor seizure activity (tonic-clonic movements) of approximately 10
seconds in duration; at the onset of tonic-clonic movements the stimula-
tion was held (blue light off) and animals were allowed to recover to
behavioral baseline before further stimulation within the 30-minute
stimulation session. Animals had an average of 5-10 brief seizures, last-
ing 10-15 seconds each, during the single stimulation session and were
sacrificed 3 hours later.

Perfusion and Immunohistochemistry
All animals were anesthetized with avertin and transcardially perfused
with 15 mL PBS. Brains were post-fixed in 4% paraformaldehyde (PFA)
overnight at 4°C prior to cryoprotection in 30% sucrose. Brains were
embedded in O.C.T. (Tissue-Tek) and sectioned in the coronal plane at
40 um using a sliding microtome (Leica, HM450). Spinal cords were
dissected from the column and allowed to equilibrate in 30% sucrose.
From each cord, transverse segments 3 mm in length were isolated and
embedded in O.C.T., and a series of 40um transverse sections were col-
lected using a sliding microtome (Leica, HM450). For immunohisto-
chemistry, sections were stained using the Click-iT EdU cell
proliferation kit and protocol (Invitrogen) to expose EdU labeling fol-
lowed by incubation in blocking solution (3% normal donkey serum,
0.3% Triton X-100 in TBS) at room temperature for 1 hour. Goat anti-
Sox2 (1:50; R&D Systems AF2018), rabbit anti-Olig2 (1:500; Millipore
AB9610), goat anti-PDGFRa (1:500; R&D Systems AF1062), rabbit
anti-Ibal (1:2000; Wako 019-19741), rat anti-CD68 (1:200; Abcam
ABS53444), rabbit anti-GFAP (1:500; Dako Z0334), rabbit anti-Ki67
(1:500; Abcam AB155580), rabbit anti-Caspase-3 (1:500; Cell Signaling
9662), rabbit anti-Oligl (1:500; generous gift from Dr. Charles Stiles),
rabbit anti-Histone H3K9me3 (tri-methyl K9; 1:200; Abcam AB8898),
rabbit anti-Acetyl-histone H3 (1:200; Millipore 06-599), goat anti-cFos
(1:300; Abcam AB87655), chicken anti-MAP2 (1:10,000; Abcam
AB5392), mouse anti-CC1 (1:20; Calbiochem OP80), rabbit anti-S10003
(100ug/ml; Sigma S2644) or rat anti-MBP (1:200; Abcam AB7349)
were diluted in 1% blocking solution (normal donkey serum in 0.3%
Triton X-100 in TBS) and incubated overnight at 4°C with the exception
of the anti-CC1 antibody for which a one week incubation was used. All
antibodies have been validated in the literature and/or in Antibodypedia
for use in mouse immunohistochemistry. To further validate the antibod-
ies in our hands, we confirmed that each antibody stained in the expected
cellular patterns and brain-wide distributions (e.g. nuclear Sox2 staining
in the subventricular zone). For the case of cleaved caspase-3 staining,
we confirmed antibody staining in ischemic brain tissue as a positive
control. Secondary-only stains were performed as negative controls.

The following day, sections were rinsed 3 times in 1X TBS and in-
cubated in secondary antibody solution (1:500) and DAPI (1:1000) in

1% blocking solution at 4°C overnight. The following secondary anti-
bodies were used: DyLight 405 donkey anti-rabbit (Jackson Immu-
noResearch), Alexa 488 donkey anti-goat (Jackson ImmunoResearch),
FITC donkey anti-rabbit (Jackson ImmunoResearch), FITC donkey anti-
rat (Jackson ImmunoResearch), Alexa 647 donkey anti-chicken (Jackson
ImmunoResearch), Alexa 647 donkey anti-mouse (Invitrogen) or Alexa
647 donkey anti-goat (Invitrogen). The next day, sections were rinsed 3
times in TBS and mounted with Krystalon (HARLECO) mounting me-
dium.

Confocal Imaging and Quantification

All cell counting was performed by experimenters blinded to the exper-
imental conditions using a Zeiss LSM700 scanning confocal microscope
(Carl Zeiss Inc.). For EdU stereology, all EdU-labeled cells in every
12th bilateral (ipsilateral and contralateral to fiber optic ferrule) section
(or every 6th for the 4 week time point tissue) throughout the extent of
M2 or the corpus callosum were counted by blinded experimenters at
200X or 400X magnification, excluding those cells in the outermost field
of focus (i.e. the edge of the section) as well as those within 100 pm
surrounding ferrule-induced tissue damage. The total number of EdU-
labeled cells per M2 or corpus callosum was determined by multiplying
the number of EdU" cells by 12 (or 6 for the 4 week time point). For
each animal, 50-100 EdU" cells for M2 and 15-25 EdU" cells for corpus
callosum were randomly chosen and assessed for double-labeling with
the aforementioned primary antibodies to determine the proportion of
EdU" cells with specific cell identities or epigenetic markers. A mini-
mum of three animals was assessed for each marker. Cells were consid-
ered double-labeled when they co-localized within the same plane. This
proportion was then multiplied by the total number of EdU-labeled cells
to determine the total number of cells within each M2 hemisphere or
corpus callosum for every animal with that specific cell identity. For
EdU quantification in the cervical spinal cord, EdU-labeled cells were
counted at 200X magnification in representative 40-um sections within
the extent of the dorsal corticospinal tract. For MBP intensity measure-
ments, forebrain sections surrounding the site of the fiber optic ferrule
were used for the analysis. Z-stack images of the M2 area, both ipsilat-
eral and contralateral to the optogenetically-stimulated side, were ac-
quired at 100X using a Zeiss LSM700 confocal microscope and Zen
2011 imaging software. For regional analysis of MBP expression, Im-
agel software (Version 1.47) was used to quantify the average fluores-
cent intensity of pixels in a region drawn around the entry of M2 fibers
into the horn of the corpus callosum. Comparisons of intensity were
made between ipsilateral and contralateral sides within a given slice.
Average values across all sections were calculated for each animal and
hemisphere.

For analysis of EQU"/CC1" cells per mm’, estimated volume meas-
urements for ipsilateral and contralateral M2 and corpus callosum were
obtained using MBF Bioscience Stereolnvestigator version 11.01.2.
Bright field tile images of 1:6 series of M2 and corpus callosum were
obtained at 50x using Zen Zeiss software through areas that were quanti-
fied in EdU stereology counts, which amounted to 11 total slices. The
Cavalieri Estimator probe was used to analyze the tissue, and boundaries
of the regions of interest were determined using published mouse ana-
tomical guides (57). A random sampling grid with dimensions of 50 pm
x 50 um was overlaid. Coefficients of error (Gunderson, m = 0) for the
regions of interest were as follows: ipsilateral M2 = 0.071; contralateral
M2 = 0.067; corpus callosum = 0.1. The number of EdU*/CC1" cells per
mm’ was determined by dividing the total number of EdU*/CC1" cells
by the estimated volume analyzed for each region.

Muscle Histology and Morphometry
Thyl::ChR2 and WT mice were anesthetized with avertin, then perfused
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with 10 mL PBS followed by 10 mL 2% glutaraldehyde/4% PFA/100-
mM sodium cacodylate 4 weeks following the 7-day optogenetic stimu-
lation paradigm. Forelimbs were removed, and biceps and triceps brachii
muscles were dissected out bilaterally and weighed with an analytical
balance. Whole muscles were embedded in paraffin, sectioned at 5 pm,
and stained with hematoxylin and eosin. Blinded morphometric analysis
was performed at 400X magnification (SPOT Imaging Solutions) by
obtaining the mean of the shortest diameter of all muscle fibers within a
single field of view (80 * 5 fibers), excluding damaged fibers.

Electron Microscopy
Four weeks after optogenetic stimulation (as above), Thyl::ChR2 or WT
mice (untreated or treated with 10 mg/kg TSA as above) were sacrificed
by transcardial perfusion with Karnovsky’s fixative: 2% glutaraldehyde
(EMS #16000) and 4% paraformaldehyde (EMS #15700) in 0.1M sodi-
um cacodylate (EMS #12300), pH 7.4. Bilateral premotor cortex (M2)
was resected from the brain and post-fixed in Karnovsky’s fixative for at
least 2 weeks. Transmission electron microscopy was performed in the
region of the M2 subcortical fibers as they exit cortical layer VI and
enter the corpus callosum. The samples were then post-fixed in 1% os-
mium tetroxide (EMS #19100) for 1 hour at room temperature, washed 3
times with ultrafiltered water, then en bloc stained for 2 hours at room
temperature. Samples were then dehydrated in graded ethanols (50%,
75%, and 95%) for 15 minutes each at 4° C; the samples were then al-
lowed to equilibrate to room temperature and were rinsed in 100% etha-
nol 2 times, followed by acetonitrile for 15 minutes. Samples were
infiltrated with EMbed-812 resin (EMS #14120) mixed 1:1 with acetoni-
trile for 2 hours followed by 2:1 EMbed-812:acetonitrile for 2 hours.
The samples were then placed into EMbed-812 for 2 hours, then placed
into TAAB capsules filled with fresh resin, which were then placed into
a 65°C oven overnight. Sections were taken between 75 and 90 nm on a
Leica Ultracut S (Leica, Wetzlar, Germany) and mounted on
Formvar/carbon coated slot grids (EMS #FCF2010-Cu) or 100 mesh Cu
grids (EMS #FCF100-Cu). Grids were contrast stained for 30 seconds in
3.5% uranyl acetate in 50% acetone followed by staining in 0.2% lead
citrate for 30 seconds. Samples were imaged using a JEOL JEM-1400
TEM at 120kV and images were collected using a Gatan Orius digital
camera. With experimenters blinded to sample identity and condition,
axons ipsilateral and contralateral to ferrule placement were analyzed for
g-ratios calculated by dividing the shortest axonal diameter by the corre-
sponding axonal-plus-sheath diameter (diameter of axon/diameter of
axon + myelin sheath). For each group, 235 to 422 axons were scored.
Measurements of g-ratio were confirmed by a second, blinded rater.
Myelinated fiber density was analyzed by quantifying the number of
myelinated axons per 8000X electron micrograph. An average of 71
such images were quantified per animal and the average number of mye-
linated fibers per image was calculated for each animal. We did not find
a significant change in the density of myelinated fibers (2.59 + 0.65
myelinated axons per field in Thyl::ChR2 mice vs. 1.88 + 0.47 myelin-
ated fibers per field in WT mice on the side ipsilateral to optogenetic
stimulation, n» = 4 Thyl::ChR2 animals and 3 WT animals; P = 0.45).
However, this analysis is complicated by the fact that the distribution of
projection axons entering the corpus callosum from motor cortex is
shaped like an inverted cone or a funnel in which the same number of
axons would appear less dense superiorly at the base of the cone and
denser inferiorly at the vertex of the cone. Thus, even micrometer
changes in the level of analysis would affect the density of fibers ob-
served. While Thyl::ChR2 and WT mice were sampled in the same way
and at the same approximate level, we believe that the variability intro-
duced by the conformation of the structure makes it difficult to detect
small changes in myelinated fiber density. We thus do not detect pro-
nounced differences, but cannot exclude small changes in myelinated

fiber density following optogenetic stimulation.

Behavioral Analysis

To investigate the effect of unilateral optogenetic stimulation of the cor-
ticospinal tract on motor output, the CatWalk gait analysis system (Nol-
dus, Netherlands) was used. The apparatus consists of a glass walkway
with opaque, black siding that is internally illuminated with fluorescent
lights via one of the long edges of the glass floor. As the mouse traverses
the glass floor, the footprints cause the light to be reflected downward
and are recorded by a camera positioned underneath the glass and re-
layed to an adjacent computer. For a detailed description of the CatWalk
method see Hamers et al. (47). To ensure consistent running, mice were
acclimated to handling for several weeks before recording, and all tests
were run in a dark room. Only male mice were used to reduce variability
in output measures between males and females based on body weight.
Animals were tested 4 weeks after the cessation of the 7-day optogenetic
stimulation paradigm previously described. Male mice that did not un-
dergo surgery and optogenetic stimulation were used to control for
changes in behavior due to experimental manipulation. No behavioral
training on the CatWalk apparatus was performed. Behavioral testing
was performed during the light cycle. Four successful runs (with success
being characterized by variation under 60%, lasting no more than 5 sec-
onds, and consistent movement) were processed with the CatWalk XT
9.0 software. A sample size calculation using the ANOVA sample size
calculator in SigmaPlot was used and the numbers (the standard devia-
tion and the minimum detectable difference in means) were based on an
initial pilot study comparing untreated Thyl::ChR2 to WT animals using
a power of 0.8 and an alpha of 0.05; this resulted in a sample size of 5
animals.

Our a priori hypothesis was that swing speed, as a sensitive measure
of motor system function, would be selectively improved if myelination
was increased within the premotor circuit. We did not expect to see a
difference in stance or paw strike intensity as a result of an increase in
myelination. In this study, only the following three parameters were
analyzed:

Swing speed: the speed (cm/s) of the paw during limb swinging.
Swing speed was calculated as the difference in speed between the left
forepaw and the right forepaw; thus, a positive value signifies a faster
left forepaw swing speed compared to the right forepaw.

Stride length: the distance (cm) between successive placements of
the same paw. Calculation of stride length is based on the X-coordinates
of the center of the paw print of two consecutive placements of the same
paw during maximum contact of the paw with the glass floor.

Paw intensity: the mean intensity (0-255, arbitrary units) of the paw
print as projected onto the glass floor. The intensity of a print depends
on the degree of contact between a paw and the glass plate and increases
with increasing pressure.
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Fig. 1. Neuronal activity that elicits complex motor behavior stimulates OPC proliferation in premotor cortex. (A)
Schematic of optogenetic stimulation with simplified M2 circuit projections; expanded view shows area quantified. (B) Proliferating
oligodendroglial lineage cells are found near active neuronal cell bodies in the deep layers of the optogenetically stimulated M2
motor cortex. Confocal micrograph (split view on the left; composite image on the right) of the M2 deep cortical layers V and Vla
three hours following optogenetic stimulation in a Thy1::ChR2 mouse. The immediate early gene c-Fos (cyan) indicates recent
neuronal activity. MAP2 (white) indicates neuronal cell bodies and apical dendrites. Proliferating cells marked by EdU (red) are
seen throughout the deep cortical layers and frequently co-localize with the oligodendroglial lineage marker Olig2 (green; co-
localized EdU*/Olig2" cells are indicated by the white arrowheads.) Scale bar = 100 um. (C) Total EdU" cells in M2 of P35 (n =
3/group) mice three hours following optogenetic stimulation; the M2 regions ipsilateral and contralateral to the site of the optical
fiber are quantified. (D) Representative confocal micrograph (200X) of EdU™ cells (red) and Olig2" (green) together with total
number of EdU"/Olig2" cells in M2 three hours following optogenetic manipulation. (E) Representative confocal micrograph
(400X) of an EdU-marked (red) PDGFRa" (green) OPC, together with total number of EdU-marked OPCs in M2 three hours
following optogenetic manipulation. In all graphs, red bars = Thy1::ChR2 mice and blue bars = WT littermate controls identically
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Fig. 2. Oligodendroglial lineage cells in corpus callosum respond to premotor circuit activity. (A) Schematic of optogenetic
stimulation with simplified M2 circuit projections; expanded view shows area quantified in corpus callosum (shaded gray). (B)
Confocal micrograph from a stimulated Thy1::ChR2 corpus callosum overlaid on a DIC background to illustrate regional tissue
architecture. Activated microglial marker CD68 = green, EdU = red. No EdU" activated microglia were detected in the corpus
callosum of stimulated or unstimulated mice. Scale bar = 20 pm. (C to E) Total EdU" (C), EdU*/Olig2* (D) and EdU/Iba1*/CD68"
cells (E) in the indicated region of corpus callosum of P35 stimulated (n = 3/group) or unstimulated (n = 3/group) mice three hours
following optogenetic stimulation. (F) Total number of EAU*/CC1" mature oligodendrocytes 4 weeks following premotor cortex
optogenetic stimulation (or no stimulation) at P35 in Thy1::ChR2 (n = 4/group) or WT (n = 3/group) mice. In all graphs, red bars =
Thy1::ChR2 mice and blue bars = WT littermate controls identically manipulated. As the corpus callosum is a single structure, the
contralateral structure does not serve as an internal control for stimulation. Thus, an unstimulated group (“unstim”) was included in
corpus callosum analyses in which surgery was performed and the optical-neural interface was placed but no light exposure
occurred. Mice in whom seizures were induced rather than ambulatory behavior are shown on the right hand side of the graph (n =
3/group). *P < 0.05, **P < 0.01, ***P < 0.001. Error bars, SEM.
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Fig. 3. Microglial inflammatory response to optical fiber manipulation is equivalent in Thy1::ChR2 and
WT mice. (A) The majority of reactive microglia are localized to superficial cortex (layer 1), near the site of the
optical fiber placement. Representative confocal micrographs illustrating CD68" activated microglia in the
superficial M2 cortex in comparison to largely CD68™ microglia in deep cortex (layer V/VI). EAU = red, pan-
microglial marker Iba1 = green, activated microglial marker CD68 = white. Scale bar = 50 ym. (B) Percentage
of EdU-marked activated microglia (Iba1*/CD68") in superficial versus deep layers of M2 cortex ipsilateral to
the optical fiber, three hours following blue light stimulation in Thy1::ChR2 and WT littermate control mice. (C)
Representative confocal micrograph illustrating a CD68" activated microglia marked with EdU. EdU = red, Iba1
= green, CD68 = blue. Scale bar = 10 ym. (D) Total numbers of EdU-marked activated microglia throughout
M2 cortex in Thy1::ChR2 and WT littermate control mice three hours and 24 hours following optogenetic
manipulation ipsilateral and contralateral to the optical fiber placement. (E) Density of total CD68" microglia
throughout M2 cortex ipsilateral and contralateral to the optical fiber placement at three hours and 24 hours
following a single 30 min session of optogenetic manipulation in P35 Thy1::ChR2 and WT mice. (F) Density of
total CD68" microglia throughout M2 cortex ipsilateral and contralateral to the optical fiber placement following
a 7-day stimulation paradigm (10 min per day for 7 days) was measured on day 7 (following stimulation from
P29 — P35) or measured 4 weeks after the completion of stimulation (from P35 — P42) in Thy1::ChR2 and WT
mice. In all graphs, red bars = Thy1::ChR2 mice and blue bars = WT littermate controls identically
manipulated. Mice in whom seizures were induced rather than ambulatory behavior are shown to the right of
the 3-hour graphs (n = 3/group). n.s. indicates P > 0.05. *P < 0.05, **P < 0.01, ***P < 0.001. Error bars, SEM.
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Fig. 4. Neuronal activity initiates differentiation. (A) Total number of EdU" cells in
Thy1::ChR2 and WT mice at 24 hours (n = 4/group) and 4 weeks (n = 7/group) post-
stimulation. (B to D) Representative confocal micrographs (400X) illustrating co-
localization of EdU (red) with markers (green) of cell mitosis (Ki67), apoptosis (cleaved
caspase-3) or histone modification markers histone H3 lysine 9 trimethylation
(H3K9me3) and histone H3 acetylation (AcH3). In all graphs, red bars = Thy1::ChR2
mice and blue bars = WT littermate controls identically manipulated. *P < 0.05, **P <
0.01,***P < 0.001. n.s. indicates P > 0.05. Error bars, SEM. Scale bar = 10 ym. Value of
(—) over x-axis =0 £ 0.
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Fig. 5. Neuronal activity promotes oligodendrogenesis. Thy1::ChR2 and WT optogenetically-stimulated
mice sacrificed 4 weeks following a 7-day stimulation paradigm (P35-P42) with (n = 4 Thy1::ChR2 and 3
WT) or without (n = 7/group) exposure to TSA (10 mg/kg). (A to F) Cell identity markers of EdU-marked
surviving cells quantified in M2 cortex reveal that the majority of the remaining EdU" cells are in the
oligodendroglial lineage [Olig2*, (A)], with diminution of the oligodendrocyte precursor cell (PDGFRa")
population (B) and concomitant appearance of EdU" immature oligodendrocytes [(D); nuclear Olig1™; red
and blue bars] and mature oligodendrocytes marked by perinuclear Olig1™ [(C and D), pink and light blue
bars] and CC1 (E and F). (C and E) Representative confocal micrographs (400X) illustrating co-localization
of EdU (red) with perinuclear Olig1 [green; (C)] or CC1 [green; (E)]. Scale bar = 10 ym. (D and F)
Administration of the histone deacetylase inhibitor trichostatin A (TSA) during the week of optogenetic
stimulation results in a blockade of mature oligodendrogenesis. TSA-treated groups shown on right half of
graph. Increased numbers of immature (Olig1™“**™) oligodendrocytes in the TSA group are consistent with
an epigenetic blockade of precursor differentiation. In all graphs, red or pink bars = Thy1::ChR2 mice and
blue bars = WT littermate controls identically manipulated. *P < 0.05, **P < 0.01,***P < 0.001. n.s. indicates
P > 0.05. Error bars, SEM. Scale bar = 10 ym. Value of (—) over x-axis =0 £ 0.
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Fig. 6. Neuronal activity increases myelin thickness. (A) Transmission
electron microscopy (TEM) was performed in the projections from
premotor cortex entering corpus callosum at the level indicated (red box).
A representative image demonstrating M2 deep cortical/subcortical fibers
ipsilateral to optogenetic stimulation (8000X, scale bar = 200 nm). (B to D)
Scatter plots of g-ratio as a function of axon caliber in the
cortical/subcortical projections from the ipsilateral (B) and contralateral (C)
M2 in Thy1::ChR2 (n = 4 mice) and WT (n = 3 mice). Black squares =
Thy1::ChR2; red circles = WT. (D) Scatter plot of g-ratios in TSA-treated
Thy1::ChR2 (black squares; n = 3 mice) and WT (red circles; n = 3 mice)
ipsilateral to stimulation. *P < 0.05, **P < 0.01,***P < 0.001. n.s. indicates
P > 0.05. Error bars, SEM.
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Fig. 7. Activity-regulated oligodendrogenesis and myelin remodeling correlate with improved
behavioral function. CatWalk gait analysis was used to evaluate motor performance during normal gait
at four weeks following the stimulation paradigm described above. (A) Schematic of the CatWalk
apparatus is shown. Experimental mice walk through a long, narrow corridor on a touch-sensitive glass
platform, under which a digital camera records paw print contours, allowing for software-guided
reconstruction and analysis of gait. LF = left forepaw; LH = left hindpaw; RF = right forepaw; RH = right
hindpaw. (B) Inter-limb forelimb swing speed (cm/s) difference of left forelimb minus right forelimb (n =5
Thy1::ChR2 and 9 WT; n = 6 TSA-treated Thy1::ChR2 and 5 TSA-treated WT). (C and D) No alterations
to paw pressure (C) or stride length (D) were observed in optogenetically-stimulated Thy1::ChR2 mice or
their WT littermate controls. The same is true in animals treated with the histone deacetylase inhibitor
trichostatin A (TSA) (C and D). Untreated: n = 5 Thy1::ChR2 mice and 9 WT mice. TSA-treated: n = 4
Thy1::ChR2 mice and 5 WT mice. n.s. indicates P value > 0.05. *P < 0.05. Error bars, SEM.
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