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Summary

Activity-dependent myelination is thought to contribute to adaptive neurological function.
However, the mechanisms by which activity regulates myelination and the extent to which myelin
plasticity contributes to non-motor cognitive functions remain incompletely understood. Using a
mouse model of chemotherapy-related cognitive impairment (CRCI), we recently demonstrated
that methotrexate chemotherapy induces complex glial dysfunction for which microglial activation
is central. Here we demonstrate that remote methotrexate exposure blocks activity-regulated
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myelination. Methotrexate decreases cortical Bdnf expression, which is restored by microglial
depletion. Bdnf-TrkB signaling is a required component of activity-dependent myelination.
Oligodendrocyte precursor cell (OPC)-specific TrkB deletion in chemotherapy-naive mice results
in impaired cognitive behavioral performance. A small molecule TrkB agonist rescues both
myelination and cognitive impairment after MTX chemotherapy. This rescue after MTX depends
on intact OPC-TrkB expression. Taken together, these findings demonstrate a molecular
mechanism required for adaptive myelination that is aberrant in CRCI due to microglial
inflammation.
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Methotrexate chemotherapy results in a microglial-dependent reduction of Bdnf expression and
loss of activity-regulated myelination, which requires Bdnf to TrkB signaling. OPC-specific loss
of TrkB results in cognitive impairment. Stimulating OPC TrkB signaling restores myelination and
rescues cognition after MTX.

Introduction

The role that neuronal activity plays in shaping developing circuitry has long been
appreciated (Wiesel and Hubel, 1965). A new dimension along which neuronal activity
modulates neural structure, and thus function, is emerging in the myelinated infrastructure of
the brain. We previously reported that optogenetic stimulation of frontal cortical projection
neuronal activity results in robust oligodendrocyte precursor cell (OPC) proliferation and
subsequent oligodendrogenesis in both juvenile and adult mice, with activity-regulated
increase in myelination (Gibson et al., 2014). This circuit-specific change in myelin
structure results in positive alterations to motor function that depend on the generation of
new oligodendrocytes (Gibson et al., 2014). Subsequent work demonstrated that neuronal
activity similarly influences myelination in the somatosensory system (Hill et al., 2018;
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Hughes et al., 2018; Mitew et al., 2018), that oligodendrogenesis is necessary for motor
learning (McKenzie et al., 2014; Xiao et al., 2016), and that neuronal activity can influence
axon selection for successful developmental myelination (Hines et al., 2015; Mensch et al.,
2015). These insights support the emerging concept that plasticity of myelin can contribute
to structural changes sculpting adaptive development and ongoing plasticity. However, the
extent to which activity-regulated myelination contributes to non-motor cognitive function
and the molecular mechanisms mediating myelin plasticity remain to be fully elucidated.

Cancer chemotherapy frequently results in a lasting syndrome of cognitive dysfunction
characterized by deficits in attention, memory, speed of information processing, multi-
tasking and executive function (Ellenberg et al., 2009; Koppelmans et al., 2012). The
commonly used antimetabolite chemotherapeutic agent methotrexate (MTX) is particularly
associated with chemotherapy-related cognitive impairment (CRCI), colloquially known as
“chemobrain” or “chemofog” (Aukema et al., 2009; Deprez et al., 2011; Kaiser et al., 2014;
Pierson et al., 2016). We recently demonstrated that tri-glial dysfunction underlies MTX
CRCI, with direct effects of MTX on microglial activation state subsequently inducing
neurotoxic astrocyte reactivity and oligodendroglial lineage dysregulation (Gibson et al.,
2019). Microglial depletion following MTX exposure decreases astrocyte reactivity,
normalizes oligodendroglial lineage dynamics and myelination, and rescues cognitive
function in a mouse model of juvenile MTX exposure. Myelination, which continues
throughout the lifespan (Hill et al. 2018; Hughes et al., 2018; Tripathi et al., 2017) is
regulated both by activity-independent (Bechler et al., 2015; Lee et al., 2013; Mayoral et al.,
2018; Rosenberg et al., 2008) and activity-dependent (Gibson et al. 2014; Hughes et al.,
2018; Mitew et al., 2018) mechanisms. Whether disruption of activity-dependent, adaptive
myelination contributes to cognitive dysfunction following MTX chemotherapy is an
important open question that may further elucidate the role of adaptive myelination in non-
motor cognition and may implicate loss of activity-regulated myelin plasticity as an
etiological factor in a cognitive disease. In the present study, we sought to explore the role of
activity-regulated myelination in cognitive function and dysfunction following MTX
chemotherapy.

Failure of adaptive myelination in a mouse model of methotrexate chemotherapy-related
cognitive impairment

To test the integrity of adaptive myelination after chemotherapy exposure, we utilized our
recently developed mouse model of MTX CRCI (Gibson et al., 2019). MTX administered to
mice at doses that achieve clinically-relevant serum and brain drug concentrations (Bratlid
and Moe, 1978; Janka et al., 1984) results in persistent dysregulation of white matter OPC
population dynamics and dysmyelination (Gibson et al., 2019). Mice exposed to MTX at
P21, 28, and 35 exhibit lasting deficits in OPC proliferation, oligodendrogenesis and myelin
structure following cessation of MTX exposure together with complex alterations of the
gliogenic microenvironment and persistent impairment in attention and short-term memory
function (Gibson et al., 2019). To ascertain the extent to which oligodendroglial lineage
dysregulation after MTX exposure includes disruption of neuronal activity-regulated
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myelination, we tested the influence of optogenetically stimulated frontal cortical projection
neuronal activity in 7hy1::ChR2 mice with previous MTX exposure. 7hy1..ChR2mice
chiefly express the excitatory opsin channelrhodopsin-2 (ChR2) in cortical layer V
projection neurons (Arenkiel et al., 2007). Optical fiber placement in superficial premotor
cortex allows for light penetration to mid-cortex, stimulating the apical dendrites of ChR2-
expressing layer V projection neurons (Yizhar et al., 2011). The premotor cortex is an
association cortical area in the medial prefrontal complex just lateral to the anterior cingulate
cortex and is involved in motor planning, learning and goal-directed actions (Barthas and
Kwan, 2017). This optogenetic stimulation paradigm results in complex motor behavior that
confirms successful stimulation of premotor circuit activity (Gibson et al., 2014; Yizhar et
al., 2011). Microglial inflammation occurs chiefly in the superficial cortex around the
optical-neural interface, resolves within a week of optical fiber placement and does not
involve the corpus callosum at any time point (Gibson et al., 2014). We have previously
shown in this model that neuronal activity results in circuit-specific OPC proliferation,
oligodendrogenesis and myelin structural changes in the premotor projections in the corpus
callosum (Gibson et al., 2014), and we examined the same region of corpus callosum here
(Figure 1A).

Thyl::ChR2*"~ and WT (no opsin) mice were exposed to MTX (100 mg/kg i.p.) or PBS
vehicle on P21, 28 and 35 (Figure 1A; Gibson et al., 2019). The optical-neural interface was
placed in premotor superficial cortex at P56. Mice underwent a single optogenetic
stimulation session at P63 together with administration the thymidine analogue EdU and
were sacrificed 3 hours later (Figure 1A). Similar to our previous findings (Gibson et al.,
2014), optogenetically stimulated PBS vehicle control-treated mice exhibited the expected
increase in EdU-marked, proliferating OPCs compared to identically manipulated WT (no
opsin) controls (Figure 1B). In contrast, 7/y1::ChR2"'~ mice exposed to remote MTX did
not exhibit activity-regulated OPC proliferation (Figure 1B), demonstrating a failure of
activity-dependent OPC proliferation following remote MTX exposure.

To determine if activity-regulated myelin changes accompany the failure of activity-
regulated OPC proliferation following MTX, we exposed 7#y1::ChR2*~ mice to MTX or
PBS vehicle control and optogenetically stimulated or identically manipulated mice from
P63-69 (Figure 1A). Four weeks following the end of the stimulation paradigm (P98; Figure
1A), myelin sheath thickness was assessed using transmission electron microscopy (TEM) at
the level of the cingulum of the corpus callosum. As expected (Gibson et al., 2014),
optogenetically stimulated 7AyZ.:ChR2*~ mice exposed to PBS vehicle exhibited an
increase in myelin sheath thickness (as indicated by a decreased g-ratio) compared to
unstimulated PBS-exposed mice (Figures 1C-D,F, S1). This neuronal activity-dependent
increase in myelin sheath thickness was completely abrogated in mice exposed to previous
MTX (Figures 1C,E,F, S1). Taken together, these data demonstrate a failure of adaptive
myelination in this model of MTX CRCI.

Methotrexate chemotherapy reduces Bdnf levels in a microglia-dependent manner

A role for Bdnf in activity-regulated myelination has been postulated (Lundgaard et al.,
2013) but not yet directly tested. Prompted by the intriguing observations that BONF
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polymorphisms predict cognitive impairment severity in women receiving chemotherapy for
breast cancer (Ng et al., 2016) and that other chemotherapy agents can decrease Bdnf
expression in rodent models (Mustafa et al., 2008; Park et al., 2018), we examined Bdnf
levels following MTX exposure to determine if decreased Bdnf levels accompany the
observed failure of adaptive myelination in this mouse model of CRCI.

Banfis expressed by layer V projection neurons in the healthy brain (Zeisel et al., 2015;
Tasic et al., 2016). We examined BdnfmRNA expression in the deep layers of frontal cortex
using RNAscope in mice exposed to MTX or PBS vehicle at 4 weeks after the final dose.
Evaluation of the neuronal marker Rbfox3 (NeuN) and astrocyte marker S/c1a3 (Glast)
revealed that BanfmRNA puncta are chiefly found in neurons in this region rather than
cortical astrocytes (Figure 2A). The fraction of cells expressing Banfwas markedly
decreased in mice previously exposed to MTX compared to PBS vehicle control mice
(Figure 2B). Microglial depletion using the CSF1R inhibitor PLX5622 during the 4-week
period following the final MTX dose, which rescues myelination and cognitive behavioral
performance in this model (Gibson et al., 2019), restored frontal cortex BanfmRNA
expression (Figure 2B). Concordant with the observed changes in BdnfmRNA expression,
mice with previous MTX exposure exhibited a substantial decrease in Bdnf protein levels
compared to PBS vehicle controls in microdissected frontal deep cortex and subjacent
corpus callosum tissue (Figure 2C), and microglial depletion restored Bdnf protein levels
after MTX exposure (Figure 2D). Bdnf signals through the TrkB receptor (also known as
Ntrk2), and MTX exposure decreases TrkB phosphorylation (Figure 2E) as well as signaling
events downstream of TrkB such as ERK phosphorylation (Figure 2F). Similar to the effect
on BanfmRNA and protein, microglial depletion restores both phospho-TrKB and phospho-
ERK levels after MTX exposure (Figure 2E-F). Of note, PLX5622 independently
diminishes Bdnf protein and pERK levels to a moderate extent (Figure 2 D and F). Taken
together, these data indicate that MTX exposure results in decreased neuronal Bdnf
expression evident at the mMRNA, protein and signaling levels, and that Bdnf expression is
largely restored by microglial depletion after MTX.

Bdnf signaling to OPC TrkB is necessary for activity-regulated myelination

Given that activity-regulated myelination is dysfunctional in the context of chemotherapy-
induced reduction in Bdnf expression, we next set out to test the role of Bdnf to TrkB
signaling in neuronal activity-regulated myelination. We optogenetically stimulated neuronal
activity as above in genetically engineered mouse models that either lack activity-regulated
Banfexpression, or lack OPC-specific TrkB expression. In the first model, we used a mouse
deficient in activity-induced expression of Badnfdue to knockin mutations in the Badnf
promoter IV (Banf"™MKI TMKI= triple-site mutant (Hong et al., 2008); Figure 3A). These
engineered mutations prevent the binding of calcium-regulated factors critical for neuronal
activity-induced Bdnftranscription, particularly CREB, and specifically block activity-
regulated Banftranscription while allowing activity-independent transcription to proceed
(Hong et al., 2008). Bdnf secretion is also activity-dependent (Balkowiec and Katz, 2000;
Dieni et al., 2012; Hartmann et al., 2001; Kokaia et al., 1998; Park et al., 2014; Wong et al.,
2015), and the constitutive loss of activity-regulated Banftranscription results in reduced
protein levels available for activity-regulated release in this mouse model. In frontal cortex
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and subjacent corpus callosum tissue microdissected from unmanipulated mice in standard
housing conditions, we find a decrease in total Bdnf protein levels by ~50% in TMKI mice
compared to WT controls (Figure 3B). In the second model, Pdgfra-CreER mice (Kang et
al., 2010) were bred to 77kB™ mice (Grishanin et al., 2008) to conditionally knockout the
TrkB receptor specifically from OPCs (Figure 3C). Using this conditional, inducible Pdgfra-
CreER™ driver mouse we find recombination is achieved in ~80% of OPCs following
tamoxifen administration (Venkatesh et al., 2017). Accordingly, induction of recombination
with tamoxifen (P24-P28) resulted in a robust decrease in OPC expression of TrkB (Figure
3D, S2A).

To test the role of Bdnf to TrkB signaling in activity-dependent myelination, we performed
optogenetic stimulation as above. The Banf"MK! mouse and the Pdgfra-CreERTZ: TrkB"1
(henceforth referred to as OPC-TrkB cKO) mouse were each bred to the 7hyl.:ChR2*~
mouse (Arenkiel et al., 2007). To conditionally delete TrkB specifically in OPCs in the
OPC-TrkB cKO model, tamoxifen was administered (P24-28) to all mice in the four
experimental groups, including OPC-TrkB cKO mice with and without ChR2 expression and
TrkB WT (no Cre driver) littermates with and without ChR2 expression (OPC-TrkB

cKO; Thyl::ChR2*~, OPC-TrkB cKO;WT, TrkB WT; Thyl.:ChR2*~ TrkB WT;WT). We
have previously demonstrated that optogenetic stimulation of cortical projection neuronal
activity in the 7AyZ::ChR2*'~ mouse results in Bdnf secretion (Venkatesh et al., 2015).

Using these two genetic mouse models (Badnf"/MKI: Thy1::ChR2''~ and OPC-TrkB

cKO, Thyl1::ChR2*"), we sought to determine if loss of activity-dependent Bdnf to TrkB
signaling influences OPC proliferation, subsequent oligodendrogenesis and myelin changes
in response to optogenetic stimulation of neuronal activity. The optical-neural interface was
placed in the superficial premotor cortex at P28 and mice underwent a single optogenetic
stimulation at P35. Non-opsin expressing (WT) littermate control mice were identically
manipulated to control for any effects of surgery, ferrule placement, or blue light exposure.
As above, EdU was administered at the time of stimulation to mark cells proliferating during
this time, and mice were sacrificed three hours after the end of a single stimulation session
to assess OPC proliferation, or one month following 7 daily stimulation sessions to assess
oligodendrogenesis and myelin structure.

Optogenetic stimulation of the premotor cortex in BanfY7 Thy1::ChR2''~ mice or TrkB
WT; Thyl.:ChR2*'~ mice resulted in the expected increase in proliferating OPCs within the
corpus callosum, measured as the density of PDGFRa*™ OPCs co-expressing EdU, compared
to identically manipulated, non-opsin expressing (WT) littermate controls (Figure 3E-F,
S2B). In contrast, optogenetic stimulation of premotor circuit activity in mice that lack
activity-regulated Banfexpression (Banf"™MK! mice) or that lack OPC-specific expression of
TrkB (OPC-TrkB cKO; Thyl.:ChR2*'~ mice) exhibited no increase in OPC proliferation in
response to neuronal activity (Figure 3E-F, representative images Figure 3G-H). OPC
proliferation was not different between identically manipulated, nhon-opsin containing groups
in either experiment (Figure 3E—H). Thus, loss of activity-regulated Banfexpression or loss
of OPC-specific TrkB expression blocks activity-regulated OPC proliferation in the
premotor circuit.
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We next examined the role of activity-dependent Bdnf to TrkB signaling in activity-
regulated oligodendrogenesis. Oligodendrogenesis can occur through OPC proliferation with
subsequent differentiation of the daughter cell, or by direct differentiation of an OPC
without antecedent proliferation (Hughes et al., 2013). In both cases, generation of new
mature oligodendrocytes depends upon successful differentiation and survival of the cell.
Using both the Banf"K! and OPC-TrkB cKO mouse models, we quantified EdU-marked
and total oligodendrocytes in the same corpus callosum location at one month following the
end of the one-week paradigm of daily premotor optogenetic stimulation. Consistent with
the loss of OPC proliferation described above, we found no increase in EdU-marked, newly
generated oligodendrocytes nor increase in total oligodendrocyte numbers in either
Badnf™KI or OPC-TrkB cKO mouse models following optogenetic stimulation of neuronal
activity (Figure S3), in contrast to the increase in oligodendrogenesis observed in Bdnf WT
or OPC-TrkB WT animals following optogenetic stimulation (Figure S3).

We sought to determine the influence of Bdnf to TrkB signaling in activity-regulated myelin
changes in these mouse models. As above, the week-long optogenetic stimulation paradigm
was administered and myelin examined 4 weeks later by TEM, measuring myelin sheath
thickness relative to axon caliber in the premotor projection fibers at the level of the
cingulum. Optogenetically stimulated BanfV7: Thy1::ChR2""~ mice exhibited thicker myelin
sheathes, consistent with our previous observations (Gibson et al., 2014). In contrast,
optogenetically stimulated Banf"K!-Thy1::ChR2"'~ mice exhibited no change in myelin
thickness as compared to either identically manipulated Banf’MK!-wT (no opsin) and
Banf’T-WT (no opsin) mice (Figures 4A-C and S4A-C). When we repeat this experiment
in the OPC-TrkB cKO model, we find that while TrkB WT, TAy1.:ChR2"~ mice exhibit the
expected increase in myelin sheath thickness following optogenetic stimulation of premotor
neuronal activity, this myelin change was blocked in mice lacking OPC-TrkB expression
(Figures 4D-F and S4D-F). Bdnf to TrkB signaling is thus required for activity-regulated
myelination of cortical projection neurons.

Impaired cognitive behavioral function in mice lacking OPC-specific expression of TrkB

As impairments in attention and memory are prominent features of CRCI (Pierson et al.,
2016) that are recapitulated in our MTX mouse model (Gibson et al., 2019), we next asked
how loss of OPC-TrkB influences these cognitive parameters. Attention and short-term
memory function were tested in chemotherapy-naive, group-housed OPC-TrkB cKO mice
one month following tamoxifen induction (compared to tamoxifen-exposed TrkB WT mice
as above) using a modified novel object recognition test (NORT) in which the time interval
between training and testing phases is shortened to weight the test towards attentional
function (Leger et al., 2013; Messier, 1997). After introduction to two identical objects, mice
are then exposed to one familiar object and a novel object after a time delay of 5 minutes
(Figure 5). Healthy mice spend more time exploring the novel object, while mice
experiencing deficits in attention and/or short-term memory do not recognize either object as
new and therefore spend equal time with each object (Leger et al., 2013). Discrimination of
novel objects over familiar objects is a test that is sensitive to previous environmental
enrichment (Loss et al., 2015; Mesa-Gresa et al., 2013), indicating that performance is
influenced by mechanisms of plasticity. Distinct from previous work demonstrating a role

Neuron. Author manuscript; available in PMC 2020 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geraghty et al.

Page 8

for active oligodendrogenesis in motor learning (McKenzie et al., 2014; Xiao et al., 2016),
here we are instead investigating the cumulative effects of OPC-TrkB loss for one month on
cognitive behavioral function. TrkB deletion from OPCs was induced at P35 to mirror the
juvenile timepoint of MTX administration in the CRCI model. Because developmental
myelination is not complete at this juvenile time point (P35), we also tested a second cohort
of mice in which TrkB deletion was induced at P60 to evaluate the effects conferred by loss
of TrkB in OPCs after the developmental period for myelination has passed. Mice were
assessed one month after induction of OPC-specific TrkB loss in both groups. Loss of OPC
TrkB expression does not influence vision (Figure 5A), overall locomotion (Figure 5B) nor
rearing behavior (Figure 5C), confirming that this mouse model has the capacity to see the
objects and to move around to explore them. As expected, in TrkB WT mice we observed
increased exploration of the novel object over the familiar one (Figure 5D-F). In contrast,
OPC-TrkB cKO mice performed poorly in the novel object recognition test, failing to
discriminate between familiar and novel objects in both age groups (Figure 5E-F). One
interpretation of this finding is that ongoing adaptive myelination contributes to these
aspects of cognitive function both during the juvenile period and in adulthood. It is
important to note that there may be additional mechanisms by which OPC TrkB expression
contributes to cognitive function apart from a role in activity-regulated myelination.

TrkB partial agonist LM22A-4 normalizes myelination and rescues cognitive function after
chemotherapy exposure

As OPC TrkB expression contributes to cognitive behavioral function and Bdnf to TrkB
signaling is both required for activity-regulated myelination and dysregulated after MTX, we
hypothesized that therapeutic TrkB agonism might improve cognitive behavioral function in
CRCI. We thus tested a small molecule TrkB partial agonist (LM22A-4), a compound with a
preclinical toxicity and physical chemistry profile suitable for potential therapeutic
development. This compound specifically activates the TrkB receptor (Massa et al., 2010)
and penetrates the blood-brain-barrier following systemic administration (Simmons et al.,
2013). To validate that LM22A-4 functions similarly to Bdnf in the oligodendroglial lineage,
we tested it side-by-side with Bdnf in /n vitro protocols of OPC proliferation and
oligodendrogenesis and also tested its capacity to promote repair after toxic demyelinating
injury (Figure S5). In all assays, we found that LM22A-4 functions similarly to Bdnf to
promote OPC proliferation, oligodendrogenesis and myelin repair (Figure S5).

Having validated LM22A-4, we next tested the hypothesis that stimulating TrkB signaling
could promote myelination and improve cognitive dysfunction after MTX exposure. Mice
were subjected to the above MTX protocol, then treated with the TrkB partial agonist
LM22A-4 or vehicle control (Figure 6A). Myelin structure and behavioral performance in
the novel object recognition test were then assessed. As expected (Gibson et al., 2019), mice
that received MTX exhibited decreased myelin sheath thickness (Figure 6B). Chemotherapy-
naive mice treated with LM22A-4 exhibited an increase in myelin sheath thickness as
compared with those that received vehicle control (Figures 6B-C and S6A-B). LM22A-4
restored myelin sheath thickness to control levels following MTX exposure (Figures 6B) in
small, medium and large caliber axons (Figure S6C).
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To test the influence of LM22A-4 on attention and short-term memory function, NORT
(Figure 6D) was used as above. As expected (Gibson et al., 2019), control mice interact with
the novel object significantly more than chance (Figure 6E) while MTX-treated mice
demonstrate no preference for the novel object (Figure 6E), similar to performance of OPC-
TrkB cKO mice described above. Treatment with LM22A-4 rescues NORT performance in
MTX-treated mice (Figure 6E).

Bdnf influences numerous mechanisms of neuroplasticity and the cognitive behavioral
improvement observed could thus reflect more than just effects on myelin. To test the
relative importance of oligodendroglial effects to this rescue by LM22A-4, we repeated this
experiment of LM22A-4 administration after MTX exposure in OPC-TrkB cKO mice
(Figure 6F). Strikingly, the rescue of cognitive behavioral performance with LM22A-4
administration in this model of CRCI depends upon OPC expression of TrkB (Figure 6G).
Taken together, these data demonstrate that LM22A-4 normalizes myelin sheath thickness
and rescues cognitive behavioral deficits in attention and short-term memory function
following MTX exposure in a manner dependent on oligodendroglial effects.

Discussion

The present study demonstrates that activity-regulated myelination fails in a model of MTX
chemotherapy-related cognitive impairment, a relatively common and clinically
consequential syndrome characterized by impaired attention and memory function for which
microglia are central to the complex pathophysiology (Gibson et al., 2019). Associated with
this failure of adaptive myelination is microglial-dependent reduction in cortical Bdnf
expression. Bdnf-TrkB signaling in OPCs is a necessary mechanistic component of cortical
projection neuronal activity-regulated myelination. Loss of TrkB signaling in OPCs impairs
cognitive behavioral performance in a test of attention and short-term memory function in
chemotherapy-naive mice. Harnessing this mechanistic insight, we find that TrkB agonism
with a small molecule therapeutic restores myelin following MTX exposure and rescues the
behavioral deficits observed in a CRCI mouse model in a manner dependent on
oligodendroglial TrkB signaling. Taken together, these data demonstrate that dysfunction of
adaptive myelination is one important component of MTX CRCI and that stimulating OPC
TrkB signaling represents a promising strategy to improve cognition following MTX
chemotherapy exposure.

The neural substrate of attentional and short-term (<5 min) memory function is diffusely
distributed (Cohen and Maunsell, 2011; Zhou and Desimone 2011; Zhang and Desimone,
2011; Luo and Maunsell, 2015; Veldsman et al., 2017). While both attentional and short-
term memory function involve the prefrontal cortex, including premotor cortex (Rizzolatti et
al., 1987; Bichot and Desimone, 2015; Chen and Svoboda, 2017; Barthas and Kwan 2017;
Moore 2006), there is no clearly defined fiber bundle to specifically examine the axons
relevant to these cognitive behavioral functions. An important caveat is that the region of
frontal cortical projection neuron myelination analyzed for the optogenetic activity-regulated
myelination assay contains dense projections of axons involved in motor function (Gibson et
al., 2014).
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Intrinsic and adaptive myelination

The idea that neuronal activity may influence myelin-forming cell behavior was introduced
by Ben Barres and Martin Raff (Barres and Raff, 1993), and the well-described but still
somewhat functionally enigmatic discovery that OPCs receive synaptic inputs from neurons
(Bergles et al., 2000; Karadottir et al., 2005) stoked interest in the role neuronal activity may
play in myelin development and plasticity. Several elegant /n vitro studies (Ishibashi et al.,
2006; Stevens et al., 1998) and observations linking experience to changes in myelin
ultrastructure (Liu et al., 2012; Makinodan et al., 2012; Scholz et al., 2009) supported the
concept of adaptive myelination. Controversy surrounded this idea, however, as activity-
independent modes of myelination also exist (Bechler et al., 2015; Lee et al., 2013; Mayoral
et al., 2018; Rosenberg et al., 2008) and contribute to myelin development and homeostasis.

New techniques such as optogenetics and chemogenetics enabling precise, cell type-specific
modulation of neuronal activity facilitated direct demonstration that neuronal activity can
promote OPC proliferation, oligodendrogenesis and myelin structural changes in the
juvenile and adult forebrain (Gibson et al., 2014; Mitew et al., 2018). Learning a new
complex motor task and stimulation of whisker sensation similarly induces OPC
proliferation and oligodendrogenesis in the premotor and somatosensory circuits,
respectively (Hughes et al., 2018; McKenzie et al., 2014). During development, neuronal
activity can influence axon selection (Hines et al., 2015; Mensch et al., 2015), and
interneurons can also govern developmental myelination through secreted factors that may
be activity-independent (Moronova et al., 2017). Coalescing the available evidence into a
cohesive model, ffrench-Constant and colleagues have proposed that an intrinsic program of
myelination proceeds independent of activity during development and that myelination can
be further sculpted and refined by experience-dependent, adaptive changes (Bechler et al.,
2015; Bechler et al., 2018).

Adaptive myelination: unresolved mechanistic and conceptual questions

The neuronal activity threshold level or pattern required to elicit adaptive changes in
oligodendroglial lineage cells remains to be fully defined. Not all neuronal activity recruits
an oligodendroglial response, as the level of oligodendrogenesis and myelination would be
beyond what is observed in the healthy brain. Accordingly, a measurable change was not
observed in premotor projection myelination in the non-opsin expressing TrkB WT or OPC
TrkB-cKO mice during the month following TrkB loss. These mice remained in the same
standard group housing cage environment in which their premotor circuit myelination was
established and were not exposed to a motor planning-dependent challenge following TrkB
recombination. However, repetitive stimulation of neuronal activity in these premotor
projection neurons uncovered a stark difference in myelination between TrkB WT and OPC
TrkB cKO mice. Better understanding what defines the threshold for activity to recruit
changes in myelin-forming cells represents a critical question for future work.

How new oligodendrocytes incorporate into the myelinated infrastructure is not yet entirely
clear, but recent insights have begun to shed light on this question. Myelination of axons in
somatosensory cortex is discontinuous (Tomassy et al., 2014), revealing axonal territory
available for activity-regulated myelination. Concordantly, cortical myelin accumulates over

Neuron. Author manuscript; available in PMC 2020 July 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Geraghty et al.

Page 11

the lifespan, with new internodes forming on previously unmyelinated axonal regions (Hill
et al., 2018; Hughes et al., 2018). Like the neocortex, myelination is also variable and
incomplete in subcortical projections, with as many as 30% of corpus callosum fibers
remaining unmyelinated (Olivares et al., 2001), creating opportunity for new
oligodendrocytes to incorporate. In most regions of the central nervous system (CNS),
oligodendrocytes exhibit marked stability until old age in the healthy brain and in the
absence of sensory deprivation (Hill et al., 2018; Hughes et al., 2018; Tripathi et al., 2017),
arguing against turnover and replacement of older oligodendrocytes. Taken together, the
evidence suggests activity-regulated myelination of previously unmyelinated axonal
territory, although future work will be needed to understand activity-regulated myelin
incorporation in various regions of the CNS. Whether the oligodendrocytes generated as a
result of neuronal activity in the corpus callosum myelinate previously unmyelinated axonal
territory or remodel existing myelin internodes cannot be conclusively determined in the
experimental paradigm used here as previously discussed (Gibson et al., 2014), and this
remains an open question for future studies.

While the manner in which newly generated oligodendrocytes incorporate into myelin and
how the resultant myelin changes influence neural circuit dynamics remains to be fully
determined, it is clear that activity-regulated oligodendrogenesis can influence motor
function (Gibson et al., 2014) and motor learning (McKenzie et al., 2014; Xiao et al., 2016).
Changes in myelin and the subsequent influence on spike time arrival and neural circuit
dynamics could play diverse roles in additional aspects of neural function and cognition. The
demonstration here that conditional OPC TrkB deletion results in impaired cognitive
behavioral performance, together with failure of activity-regulated myelination in CRCI
further suggests a role for myelin plasticity in normal cognitive function and links a
neurocognitive disease to dysregulated myelin plasticity. It is important to note that the
dysmyelination observed in MTX CRCI is multifactorial (Gibson et al., 2019) and is not
solely accounted for by loss of activity-regulated myelination. Additional domains of
cognitive behavioral function that may be influenced by adaptive myelination remain to be
studied.

Neurotransmitters, neurotrophins and neuron to OPC synapses

Axon-glial synapses provide a direct pathway for communication between neurons and
OPCs and have long been suspected to play a role in adaptive myelination, although the
functional role of these synaptic connections remains to be fully elucidated.
Neurotransmitters influence OPC proliferation and differentiation (Gallo et al., 1996; Wake
et al., 2011; Zonouzi et al., 2015), and glutamatergic signaling at the axon-glial synapse
promotes oligodendroglial cell survival (Kougioumtzidou et al., 2017). While NMDA
receptor activation stimulates 7 vitro myelination (Lundgaard et al., 2013; Wake et al.,
2011), OPC-specific knock out of the requisite NMDA receptor NR1 subunit was not found
to influence myelination /n vivo (De Biase et al., 2011). However, explicit testing of the
activity-regulated response was not probed in that mouse model nor have roles for other
forms of glutamatergic neurotransmission been ruled out.
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Bdnf influences NMDA receptor expression in OPCs (Lundgaard et al., 2013), suggesting a
possible link between neurotrophins and glutamatergic signaling. While the subcellular
localization of TrkB in OPCs is not yet known, it is intriguing to note that TrkB can localize
to the postsynaptic membrane in neurons (Garber et al., 2018; Lin et al., 1998) and Bdnf can
be released in synaptic vesicles (Fawcett et al., 1997; von Bartheld et al., 1996). Vesicular
release is responsible for the influence of neuronal activity on axonal selection during
development in the zebrafish, although it is not yet clear if the relevant vesicular mechanism
involves vesicular glutamate, Bdnf or both (Hines et al., 2015; Mensch et al., 2015).
Vesicular release occurs throughout the corpus callosum at axon-glial synapses (Kukley et
al., 2007), and this may represent the relevant source of Bdnf. Alternative sources of Bdnf
include astrocytes (Fulmer et al., 2014; Zhang et al., 2014) and microglia (Parkhurst et al.,
2013). Synaptic localization of TrkB in OPCs would imply that structural synapses between
neurons and OPCs may play a crucial role in facilitating activity-regulated myelination. The
current working model includes Bdnf to TrkB signaling as one required component of the
likely multifaceted mechanism mediating adaptive myelination.

Bdnf in developmental and regenerative myelination

Brain-derived neurotrophic factor (Bdnf), a secreted growth factor robustly regulated by
neuronal activity, mediates numerous processes of neurodevelopment and plasticity (Korte et
al., 1995; Li et al., 2008; Lohof et al., 1993; Park and Poo, 2013; Patterson et al., 1996).
Bdnf plays a role in both developmental myelination (Cellerino et al., 1997; VonDran et al.,
2010; Xiao et al., 2010; Wong et al., 2013; Goebbels et al., 2017;) and in remyelination after
toxin-induced demyelinating injury (Fulmer et al., 2014; Tsiperson et al., 2015; VonDran et
al., 2011). Of note, the oligodendroglial lineage response to Bdnf may be heterogeneous
between brain regions (Goebbels et al., 2017). Consistent with the demonstrated role of
Bdnf in remyelination following injury (Fulmer et al., 2014; Tsiperson et al., 2015; VonDran
et al., 2011), we find that LM22A-4 similarly promotes remyelination after focal
demyelinating injury.

LM22A-4 is a small molecule partial agonist developed from /n sifico screening of small
molecule libraries modeled on the loop 11 domain of Bdnf to identify TrkB agonists (Massa
etal., 2010). Currently serving as a lead compound for clinical development in treatment of
neurodegenerative disorders, LM22A-4 achieves Bdnf-type-trophic effects including
promotion of neuronal survival and neurogenesis, and modulation of neuronal activity
(Massa et al., 2010; Han et al., 2012; Li et al., 2017). Preclinical studies utilizing LM22A-4
have thus far focused on its neuronal effects. We now report similarly trophic effects on
myelin-forming cells. While TrkB agonism may influence numerous processes of
neuroplasticity and regeneration (Korte et al., 1995; Li et al., 2008; Lohof et al., 1993; Park
et al., 2014; Patterson et al., 1996), LM22A-4 acts through OPC TrkB to rescue cognitive
behavioral function after MTX chemotherapy.

Bdnf levels in frontal cortex and corpus callosum projections are restored by microglial
depletion after MTX chemotherapy exposure. How MT X-activated microglia influence Bdnf
expression remains to be elucidated, but normalization of Bdnf expression levels following
microglial depletion joins a growing list of aberrations rescued by microglial depletion
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following MTX exposure (Gibson et al., 2019). The cellular consequences of MTX
chemotherapy are complex and involve dysregulation of multiple neural cell types in which
microglial activation is central (Gibson et al., 2019). TrkB agonism circumvents this
complex pathophysiology to restore myelin and rescue cognitive behavioral function. Thus,
modulation of microglial activation (Gibson et al., 2019), and TrkB signaling each emerge as
potential therapeutic strategies for those suffering long-term cognitive dysfunction following
cancer chemotherapy.

In conclusion, Bdnf to TrkB signaling is a necessary component of adaptive myelination and
both are dysregulated in MTX chemotherapy-related cognitive impairment. Blocking
activity-regulated myelination through OPC-specific loss of TrkB phenocopies key aspects
of the cognitive behavioral impairment observed after MTX chemotherapy (Gibson et al.,
2019). As future work further elucidates the roles that adaptive myelination may play in
healthy cognitive function, implications for dysfunction or dysregulation in a range of
neurological diseases may similarly come to light.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Michelle Monje (mmonje@stanford.edu).

Experimental Model and Subject Details:

Animal procedures and mouse models

Mouse models: All mouse experiments were conducted in accordance with protocols
approved by the Stanford University Institutional Animal Care and Use Committee
(IACUC). Mice were housed in group cages (up to 5 mice/cage) according to standard
guidelines with ad /ibitum access to food and water in a 12 h light/dark cycle. Both sexes
were used equally in all experiments, with the exception of Bdnf protein, pTrkB and pERK
analyses in which male mice were used to avoid effects of the estrous cycle on Bdnf levels
(Jezierski and Sohrabji, 2000). No animals were manipulated other than as reported for that
experimental group, i.e. there was no history of drug exposures, surgeries or behavioral
testing for the animals used other than that reported for the given experimental group. Mice
were healthy and tolerated all experimental manipulations well, with the exception of
decreased appetite during the period of MTX exposure in the MTX CRCI model.

BdnfTMKI: Thy1::ChR2*~ model—Bdnf"™K! mice (C57BL/6J background) with knock-
in mutations in three calcium regulatory element binding sites in the Banfpromoter IV:
CaRE1, CaRE2 and CaRE3/CREB (M. Greenberg; Hong et al., 2008) were bred to
Thyl::ChR2*"~ mice (line 18, The Jackson Laboratory, C57BL/6J background) to produce
the Banf"™MKI: Thy1::ChR2*'~ genotype. All experiments were performed with both male
and female mice either homozygous for the Banf MK/ mutant or Ban"7 control mice and
heterozygous for 7Ay1::ChR2*"~ or WT (no opsin) littermates.
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OPC TrkB cKO and OPC TrkB cKO; Thy1::ChR2*/~ model—For the TrkB
conditional knockout studies, TrkB-flox mice (MMRRC) were bred to either Pdgfra-
CreER™ mice (The Jackson Laboratory) to generate Pdgfra-CreER'2; TrkB™" (OPC-TrkB
cKO) mice (C57BL/6J background) or to 7Ay1::ChR2*~ mice to generate

TrkB™" ; Thy1::ChR2''~ mice. These offspring were then bred to each other to create a final
genotype of Pdgfra-CreER2; TrkB™"1  Thy1::ChR2'~. All experiments were performed
with both male and female mice that were heterozygous for both Pdgfra-CreER’? and
Thyl::ChR2and littermate WTs. Cre* and Cre™ mice were treated with 100 mg/kg
tamoxifen intraperitoneally as indicated in specific studies. (As described below, for
optogenetic experiments, tamoxifen was given from postnatal day 24 (P24) to P28, for novel
object recognition test (NORT) studies, animals were given tamoxifen from P31-35, and
then tested on P63 for the P35 group, or given tamoxifen from P56-60 and tested on P89 for
the P60 group. For MTX and LM22A4 studies, tamoxifen was given from P35-37 to avoid
overlap of administered drugs.) For verification of knockdown (Fig 3D), tamoxifen was
administered on days P24-28, and percentage of TrkB-expressing PDGFRa* was measured
by immunohistochemical analysis in deep cortical tissue at P35. Verification of OPC TrkB
knockdown was replicated with the 3-day tamoxifen paradigm used in the MTX + LM22A4
experiment and found to be equivalent to the 5-day tamoxifen paradigm.

Lysolecithin demyelination model—Lysolecithin (L-a-Lysophosphatidylcholine from
egg yolk, Sigma L4129) was diluted to 1% in PBS, and aliquots were frozen at —20°C for
single use. Mice at approximately P28 were anesthetized with 1-4% isoflurane and placed in
a stereotactic apparatus. The cranium was exposed via midline incision under aseptic
conditions, and a hole was drilled in the skull for injection. A 26s-gauge Hamilton syringe
was used to inject 1pl lysolecithin into the cingulum using a digital pump at infusion rate of
0.2 pl/min. Stereotactic coordinates used for cingulum were 1.0 mm lateral to midline, 1.0
mm anterior to bregma, —1.5 mm deep to cranial surface. At the completion of infusion,
syringe needle remained in place for a minimum of 5 min to minimize backflow of the
injection.

C57BL/6J male and female mice (The Jackson Laboratories) were used in the lysolecithin
demyelination/remyelination model. Mice were stereotactically injected with 1%
lysolecithin at P28 and were injected intraperitoneally with either 50mg/kg small molecule
partial agonist LM22A-4 (F. Longo) or vehicle beginning at P35. Mice did not exhibit overt
neurological deficits nor sickness behavior following lysolecithin injection.

Methotrexate chemotherapy-related cognitive impairment model—Mice were
treated with 100 mg/kg methotrexate (MTX) or PBS vehicle control i.p. on P21, P28, and
P35 (Gibson et al., 2019). For the MTX and LM22A-4 experiments, mice were injected
intraperitoneally with either 50mg/kg LM22A-4 or vehicle beginning at P38, administered
daily until P63. For the OPC-TrkBcKO MTX experiments, mice were injected
intraperitoneally with 100 mg/kg tamoxifen from P35-37. C57BL/6J male mice were bred to
CD-1 female mice (Charles River Laboratories) to generate BL6/CD1 mice which were used
in all MTX CRCI experiments except where the indicated genetic mouse models (i.e.
Thy1::ChR2*~ or OPC TrkB cKO models) were used. Mice exhibited mild sickness
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behavior (decreased appetite) during the period of MTX exposure, with recovery and normal
appetite after MTX cessation.

For microglial depletion experiments, PLX5622, an inhibitor of colony-stimulating factor 1
receptor, was administered to BL6/CD1 mice ad libitum for a month beginning 3 days after
the last MTX (or vehicle) injection (P38-63). PLX5622 was provided by Plexxikon Inc.
(Berkeley, CA) and formulated in AIN-76A standard chow with 1,200 ppm of PLX5622 by
Research Diets Inc. Animals then underwent behavioral testing using the Novel Object
Recognition Test (NORT) or perfusion for immunohistochemical analysis, RNAscope or
biochemical analyses.

Optogenetic stimulation in BDNFTMKI and OPC-TrkB cKO models—Banf™MKI;
Thyl::ChR2!~ or Pdgfra-CreER™?; TrkB; Thyl.:ChR2""~ mouse models (described above)
were used. Fiber optic placement was performed at P28 as previously described (Gibson et
al., 2014), 7 days prior to optogenetic stimulation. In short, mice were anesthetized with 1—
4% isoflurane and placed in a stereotactic apparatus. The cranium was exposed using a
midline incision under aseptic conditions. A fiber optic ferrule (Doric Lenses, Quebec,
Canada) was placed at the premotor cortex (M2) of the right hemisphere using the following
coordinates: 0.5 mm lateral to midline, 1.0 mm anterior to bregma, 0.65-0.7 mm deep to
cranial surface in the right hemisphere. For optogenetic stimulation, mice were connected to
the laser system with a mono fiber patch cord, which freely permits wakeful behavior of the
animal. Pulses of 473 nm wavelengths of light (15-25 mW/mm?2 measured at the tip of the
patch cord, 1.5-2.5 mW/mm? in the tissue where stimulation of the layer V projection
neuron apical dendrites occurs (Yizhar et al., 2011)), were administered at a frequency of 20
Hz for periods of 30 sec, followed by 120 sec recovery periods, for a total session duration
of 30 min for the single stimulation paradigm (on P35) or 10 min per day for 7 consecutive
days (P35 — P41) for the repetitive stimulation paradigm. During periods of light
administration, all 7AyZ.:ChR2""~ mice responded with unidirectional ambulation to the left
for the duration of light exposure, confirming proper ferrule placement at the superficial
right premotor cortex. All WT mice demonstrated no change in behavioral output in
response to light stimulation. For the single session stimulation, two intraperitoneal injection
of 5-ethynyl-20-deoxyuridine (EdU; 40 mg/kg; Invitrogen A10044) were administered to the
animal, one five minutes prior to the start of stimulation, and one immediately following
stimulation. For the repetitive stimulation paradigm, one 40mg/kg intraperitoneal injection
of EdU was administered five minutes prior to the start of stimulation daily. Mice were
sacrificed 3h after administration of the second EdU injection in the single stimulation
paradigm experiment. For the repetitive stimulation experiment, mice were sacrificed 4
weeks following the final stimulation session.

Optogenetic stimulation in the methotrexate chemotherapy-related cognitive
impairment model— 7#y1::ChR2*~ male mice (C57BL/6J background) were bred to
CD-1 female mice (Charles River Laboratories) to generate CD-1; 7hy1::ChR2+~ mice
and CD-1; Thyl.:ChRZ'~ WT mice (single session optogenetic study) or 7hyl.:ChR2*'*
male mice were bred to CD-1 female mice to generate CD-1; 7hy1::ChR2*~ mice (for
repetitive stimulation optogenetic study).
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Single session optogenetic study: WT non-opsin containing mice and 7AyZ.:ChR2"'~ mice
were injected intraperitoneally with 100 mg/kg methotrexate (MTX) or PBS at P21, 28, and
35. At P56, all animals underwent surgery for fiber optic placement (see above) and allowed
to recover for one week. At P63, all animals underwent a single, acute 30-min optogenetic
stimulation paradigm at 20 Hz and sacrificed 3 h after stimulation (see above). Animals were
perfused and brains were cryoprotected for immunohistochemical analysis as described
below.

Repetitive optogenetic stimulation study: 7/yZ.:ChR2*'~ mice were injected with MTX
or PBS at P21, 28, and 35 followed by stereotactic surgery to place the optic fiber in
superficial M2 at P56 (see above). Half of the MTX and PBS animals were optogenetically
stimulated daily for 7 days starting on P63 as described above. The other half of the MTX
and PBS mice were sham stimulated so as to control for surgery and fiber optic placement
but were not exposed to 473 nm blue light (mock-stimulated). Four weeks following the last
stimulation session, mice were perfused for transmission electron microscopy processing
and myelin sheath thickness was assessed (see below).

Generation of mouse OPC cultures—To generate cultures of mouse oligodendrocyte
precursor cells for /n vitro BDNF and LM22A-4 experiments, BL6/CD1 P6-8 mouse pups
were anesthetized and rapidly decapitated, and the full cortex region was dissected in
Hibernate-A medium (Thermo Fisher Scientific, A12475-01) for processing. Both male and
female pups were included from each litter. Tissue was enzymatic dissociated in buffer
containing HEPES-HBSS with DNAse (Worthington Biochemical LS002007) and Liberase
(Roche Applied Sciences 05401054001) at 37°C. Cells were then passed through a 100 pum
cell strainer and processed through a sucrose gradient to remove myelin. OPCs were isolated
using the CD140 (PDGFRa) Microbead Kit (MACS, Miltenyi Biotec 130-101-502)
according to the manufacturer’s protocol. Cells were plated at 10,000 cells per well in an 8
well chamber slide (Thermo Fisher Scientific 154534PK) and kept in proliferative media
DMEM (Thermo Fisher Scientific 11320082) containing: Glutamax (Invitrogen 35050-061),
Sodium pyruvate (Invitrogen 11360070), MEM Non-Essential Amino Acids (Thermo Fisher
Scientific, 11140076), antibiotic-antimytotic (Gibco), N21-MAX (R&D systems AR012),
Trace Elements B (Corning 25-022-Cl), 5ug/ml Insulin (Sigma-Aldrich 19278), 5mg/ml N-
acetyl cysteine (Sigma-Aldrich A9165), 10ng/ml PDGFAA (Shenandoah Biosciences
200-54), 10ng/ml CNTF (PeproTech 450-13), and 1ng/ml NT-3 (PeproTech 450-03). For the
proliferation studies, after 3 days in proliferative media, cells were treated with various
concentrations of either recombinant BDNF (PeproTech 450-02), LM22A-4 (F. Longo), or
appropriate vehicles, in the presence of 10 uM EdU for 24 h. This proliferation assay was
adapted from (Van’t Veer et al., 2009). Cells were then fixed with 4% PFA for 30 min,
incubated with DAPI for 5 min (1:1,000; Thermo Fisher Scientific) and mounted with
ProLong Gold mounting medium (Life Technologies).

For the oligodendrogenesis studies, after 3 days in proliferative media, cells were changed to
‘differentiation media’, containing all the same factors as above but from which PDGFAA,

CNTF and NT-3 were removed and T3 was added. Cells were then treated with either 50nM
BDNF, 100nM LM22A-4 or vehicle for 48 h. This “differentiation” assay was adapted from
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(Du et al., 2006). Following the final treatment, cells were fixed for 30 min with 4% PFA,
incubated with DAPI for 5 min (1:1,000; Thermo Fisher Scientific) and mounted with
ProLong Gold mounting medium (Life Technologies). All /n vitro experiments were
performed in duplicate wells (technical replicates) and then independently replicated
(biological replicates).

Generation of hiPSC-derived oligodendrocyte lineage cells in human
oligodendrocyte-lineage spheroids—Human oligodendrocyte-lineage spheroids
(hOLS) were generated from human induced pluripotent stem cell (hiPS) cells using a
variation of the protocol described in (Marton et al., 2019). Cells were plated on vitronectin-
coated plates (5 pg/mL, Thermo Fisher Scientific, A14700) in Essential™ 8 media (Thermo
Fisher Scientific, A1517001). Cells were passaged every 4 days with 0.5 mM EDTA (Life
Technologies, pH 8.0).

For the generation of 3D spheroids, hiPS cells were incubated with Accutase (Innovate Cell
Technologies, AT104) at 37°C for 7 min and dissociated into single cells. To obtain
uniformly-sized spheroids, AggreWell-800™ (Stemcell Technologies, 34815) containing
300 microwells were used. Approximately 3 x 106 single cells were added per
AggreWell-800™ well in Essential™ 8 medium supplemented with the ROCK inhibitor
Y-27632 (10 pM, EMD Chemicals, S1049), centrifuged to capture the cells in the
microwells and incubated at 37°C with 5% CO,. After 18-24 h, spheroids from each
microwell were harvested by pipetting medium in the well up and down and transferred into
ultra-low attachment plastic dishes (Thermo Fisher Scientific, 3262) in Essential™ 6
medium (Thermo Fisher Scientific, A1516401) supplemented with two SMAD pathway
inhibitors— dorsomorphin (2.5 uM, Sigma-Aldrich, P5499-CONF) and SB-431542 (10 uM,
R&D systems, 1614). For the first five days, Essential™ 6 medium was changed every day
and supplemented with dorsomorphin and SB-431542.

To generate hOLS, on the sixth day in suspension the spheroids were transferred to glial
medium containing DMEM/F12 (Thermo Fisher Scientific, 11330-057), B-27 Supplement
without vitamin A (Thermo Fisher Scientific, 12587010), N-2 Supplement (Thermo Fisher
Scientific, 17502048), MEM Non-Essential Amino Acids (1:100, Thermo Fisher Scientific,
11140076), GlutaMax (1:100, Thermo Fisher Scientific, 35050079), human insulin solution
(25 pg/mL, Sigma-Aldrich, 19278-5ML), and Penicillin-streptomycin (1:100, Thermo Fisher
Scientific, 15140163). The glial medium was supplemented with 20 ng/ml EGF (R&D
Systems, 236-EG-01M) and 20 ng/ml bFGF (Peprotech, 100-26) for 19 days (until day 24)
with daily medium change in the first 10 days, and every other day for the subsequent 9
days. Retinoic acid (RA, 100 nM, Sigma Aldrich, R2625) was added from day 3 until day
24, and the SHH pathway agonist SAG (smoothened agonist, 1 UM, Millipore Sigma,
566660) was added from day 12 to day 24. From day 25 to day 36, hOLS were cultured in
glial medium supplemented with T3 (60 ng/mL, Sigma Aldrich, T2877), Biotin (100 ng/mL,
Sigma Aldrich, B4639), NT3 (20 ng/mL, Peprotech, 450-03), BDNF (20 ng/mL, Peprotech,
450-02), cAMP (1 pM, Sigma Aldrich, D0627), HGF (5 ng/mL, Peprotech, 315-23), IGF-1
(10 ng/mL, VWR, 100-11), and PDGFaa (10 ng/mL, R&D Systems, 221-AA). Beginning on
day 37, hOLs were cultured in complete glial media (glial media supplemented with T3,
Biotin, CAMP, and ascorbic acid (AA, 20 pg/mL, Wako Pure Chemical, 323-44822) for the
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duration of culture. From day 17 to day 43 media changes took place every other day. From
day 44 onwards media changes took place every 4 days. All hiPSC experiments were
performed in multiple wells (2 technical replicates) and then independently replicated (2
biological replicates). Two hiPSC lines (S. Paca) were used for the two biological replicates
of these experiments; one hiPSC line was male (line 8858-3) and one hiPSC line was female
(line 0410-1). To authenticate the hiPSC lines used, hiPS cell lines were assessed for
pluripotency and genomic integrity (by Cyto-SNP arrays).

Method Details:

Perfusion and immunohistochemistry

Mice were anesthetized with intraperitoneal injections of 2.5% Avertin (tribromoethanol;
Sigma T48402) and transcardially perfused with 20ml 0.1M PBS. Brains were fixed in 4%
PFA overnight at 4°C, before being transferred to 30% sucrose for cryoprotection. Brains
were embedded in Tissue-Tek (Sakura 25608-930) and sectioned coronally at 40mm using a
sliding microtome (Microm HM450; Thermo Scientific). For immunohistochemistry, a 1 in
6 series of 40-um coronal sections was first stained using the Click-iT EdU cell proliferation
kit and protocol (Life Technologies C10339), then incubated in 3% normal donkey serum in
0.3% Triton X-100 in TBS blocking solution at room temperature for one hour. Goat anti-
PDGFRa (1:500; R&D Systems AF1062), rabbit anti-TrkB (1:100; Santa Cruz
Biotechnology sc-8316) mouse anti-CC1 (1:100; EMD Millipore OP80), mouse anti-O4
(1:500; Millipore MAB345), rabbit anti-PDGFRa (1:200, Cell Signaling Technology 5241;
for human iPSC analysis) and rat anti-MBP (1:200; Abcam ab7349) were diluted in 1%
normal donkey serum in 0.3% Triton X-100 in TBS and incubated overnight at 4°C (CC1
was incubated for 7 days at 4°C as previously described (Gibson et al., 2014; Gibson et al.,
2019)). Sections were then rinsed three times in 1X TBS and incubated in secondary
antibody solution (Alexa 647 donkey anti-mouse 1gG, 1:500 (Jackson Immunoresearch
715-605-150); Alexa 488 donkey anti-rabbit 1gG, 1:500 (Jackson Immunoresearch
711-545-152); Alexa 647 donkey anti-goat 1gG, 1:500 (Thermo Fisher Scientific A-21447))
in 1% blocking solution at 4°C overnight. The next day, sections were rinsed 3 times in
TBS, incubated with DAPI for 5 min (1:1000; Thermo Fisher Scientific 62247) and mounted
with ProLong Gold mounting medium (Life Technologies P36930).

Confocal imaging and quantification

All cell counting was performed by experimenters blinded to experimental conditions and
genotype on a Zeiss LSM700 scanning confocal microscope (Zeiss). Images were taken at
400X magnification and analyzed using Zen 2011 software. Z-stacks were acquired and a
maximum intensity image was generated for each frame. Cells were considered co-labeled
when two immunofluorescent markers co-localized in the same plane. For each mouse,
400-600 cells were counted for each immunohistochemical marker analysis. In all
optogenetic stimulation studies, three consecutive sections ranging approximately from
bregma +1.1 to +0.8 mm surrounding the ferrule placement were selected for imaging. For
each section, the cingulum and genu of the corpus callosum were identified, and four
standardized 159.9um x 159.9um fields were selected in those two areas for quantification
(Figure S3B). These standardized regions contain the projections of the layer V premotor
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projection neurons stimulated optogenetically. All EdU*/PDGFRa* cells and CC1* cells
with and without EdU were counted in those regions. For lysolecithin studies, three
consecutive slices ranging from approximately +1.1 to +0.8 mm anterior to bregma were
selected, and two 159.9um x 159.9um frames were selected within the lesioned area of the
cingulum for quantification. All EdU*/ PDGFRa* cells and CC1* cells with and without
EdU were counted within those regions. The density of cells was determined by dividing the
total number of cells quantified for each lineage by the total volume of the imaged frames
(mm3).

Electron Microscopy

Mice were sacrificed by transcardial perfusion with Karnovsky’s fixative: 2%
glutaraldehyde (EMS 16000) and 4% paraformaldehyde (EMS 15700) in 0.1M sodium
cacodylate (EMS 12300), pH 7.4. Region containing premotor cortex and projections to the
corpus callosum 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
premotor projections entering the corpus callosum at the level of the cingulum. The samples
were post-fixed in 1% osmium tetroxide (EMS 19100) for 1 hr at room temperature, washed
3 times with ultrafiltered water, then en bloc stained for 2 hrs at room temperature. Samples
were then dehydrated in ethanol (50%, 75%, and 95%) for 15 min each at 4°C. The samples
were then allowed to equilibrate to room temperature and were rinsed in 100% ethanol 2
times, followed by acetonitrile for 15 min. Samples were infiltrated with EMbed-812 resin
(EMS 14120) mixed 1:1 with acetonitrile for 2 hrs followed by 2:1 EMbed-812:acetonitrile
for 2 hrs. The samples were then placed into EMbed-812 for 2 hrs, then placed into TAAB
capsules filled with fresh resin, which were then placed into a 65°C oven overnight. Sections
were cut at 75 to 90 nm thickness 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 sec in 3.5% uranyl acetate in 50%
acetone followed by staining in 0.2% lead citrate for 30 sec. 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, g-ratios were
measured by dividing the axonal diameter by the diameter of the entire fiber (diameter of
axon/diameter of axon + myelin sheath) at 4000X using ImageJ software. For each animal,
approximately 100 axons were scored. Statistical analyses were calculated using the mean g-
ratio per mouse, with each mouse representing one data point.

Enzyme-linked immunosorbent assay (ELISA)

For Bdnf protein analysis, animals were sacrificed at P21 for the TMKI experiment, and at
P63 for the MTX chemotherapy experiments. As Bdnf levels vary over the estrus cycle in
mice (Jezierski and Sohrabji, 2000), only male mice were used for Bdnf analysis. Animals
were rapidly decapitated and the deep frontal cortex and corpus callosum were
microdissected in Hibernate-A medium (Thermo Fisher Scientific A12475-01). Tissue was
lysed using RIPA buffer and protease inhibitors. Lysates were incubated on ice for 30 min,
then centrifuged at 14,0009 for 15 min at 4°C. Quantification of Bdnf protein levels were
determined by using a Total BDNF Quantikine ELISA kit (R&D Systems DBNTO00),
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performed according to the manufacturer’s instructions. One sample in each experiment was
not included in the dataset because it fell below the level of detection of the kit.

Western Blots

RNAscope

Western blot analyses were used to probe for protein levels present in the same
microdissected brain homogenate used above in ELISA analysis. All samples were
normalized to protein concentration, mixed with NUPAGE Sample Reducing Agent (10X;
Invitrogen NP0009) and NuPAGE LDS sample buffer (4X; Invitrogen NP0007), incubated at
98°F for 10 min, and loaded onto 4-15% BioRad Mini-Protean TGX precast gels (Biorad
4561086). Protein was transferred to PVDF membranes (iBlot™ 2 Transfer Stacks, PVDF;
Thermo Fisher Scientific IB24001) and blocked with 5% bovine serum albumin (BSA,;
Sigma A3294) in TBST for 1 h. Rabbit anti phospho-TrkB tyr705 (1:1,100; Signalway
Antibody 11328), rabbit anti-TrkB (1:2,000; EMD Millipore 07-225), rabbit anti-p44/42
ERK1/2 (1:1,000; Cell Signaling 9102S) and rabbit anti-phospho-p44/42 ERK1/2 (1:1,000;
Cell Signaling 4370S) diluted in 1% BSA/TBST and incubated with the membrane
overnight. Secondary anti-rabbit conjugated to horseradish peroxidase (HRP) (BioRad
7074S) was then added for 1 h (1:1,000). Proteins were visualized using Clarity ECL
Western Substrate (BioRad 1705061) and quantified and analyzed using Image Studio Lite
software (Li-Cor).

Animals were sacrificed at P62-64 and perfused with HBSS. Brains were removed and
immediately placed in OCT and frozen in liquid nitrogen. Tissue was stored at —80°C until
sectioned on a cryostat (Leica CM30508S) at a thickness of 16 um. Before performing
RNAscope, slides were transferred directly from —80°C to 4% PFA/HBSS on ice for 15 min.
Sections were then successively dehydrated in 50% ethanol, 70% ethanol, and twice in
100% ethanol for 5 min each and allowed to dry before treatment for 5 min with Protease 1V
from the RNAscope Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics,
320851). Slides were washed twice with HBSS before proceeding to probe hybridization.
RNAscope was performed according to Fluorescent Multiplex Reagent Kit protocol using
RNAscope probes against BDNF (Advanced Cell Diagnostics, 424821), RbFox3 (NeuN;
Advanced Cell Diagnostics 313311-C2) and Slcla3 (Glast; Advanced Cell Diagnostics,
320851-C3). Slides were mounted in Prolong Gold and imaged on a Zeiss LSM700 at 400X
magnification within 72 h of hybridization. Z-stacks were acquired for four counting frames
in the deep cortical levels of the frontal cortex and a maximum intensity image was
generated for each image. The number of BDNF puncta per DAPI* cell was quantified by a
blind rater for each image. Banfpuncta* cell fraction was determined using CellProfiler
software. A DAPI* cell was considered to have high Banfexpression if the intensity of Banf
puncta expression was greater than the median Banfintensity of all DAPI* cells quantified
within the imaging frame. All DAPI* cells that exhibited BDNF puncta intensity lower than
the median were considered low Bdnfexpressing cells.

Novel object recognition Test

Cognition was analyzed using a modified version of the novel object recognition task
(NORT) that focused on the attentional component of the task. The test was modified so that
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the duration between the training and testing phase was shortened, to ensure that the test
placed a greater cognitive load on short-term (< 5 min) memory, attention and frontal lobe
function rather than longer-term memory and hippocampal function. In the OPC-TrkB cKO
model, animals were exposed to tamoxifen from P31-35, and then tested on P63 for the P35
group, or given tamoxifen from P56-60 and tested on P89 for the P60 group. In the
LM22A-4 studies, all mice were exposed to the same MTX/PBS paradigm at P21-35 as
described above, tamoxifen was administered from P35-37 and then mice received either
LM22A-4 or vehicle control daily from P38-P63 (100 mg/kg, i.p.). Animals were handled
daily for the week leading up to the test for 2 min each day. On the day before testing, the
mice were placed in the experimental chamber to acclimatize for 20 min. The set up
consisted of an opaque Plexiglas experimental chamber (61cm x 61cm x 61cm), and a
camera mounted 115 cm above the chamber. The test was conducted during the animal’s rest
phase, in a dark room illuminated with red light. On the day of testing, the mice were
handled for 2 min and then placed in the chamber to acclimate for 20 min before being
returned to the home cage for another 5 min. Mice were then placed in the experimental
chamber with two identical Lego objects (each approximately 5 cm in size). Each time the
mouse was placed into the chamber it was facing the opaque wall, with the animal’s tail in
the direction of the objects. For the training phase, the mouse was allowed to explore the two
identical objects for 5 min and then the mouse was returned to the home cage for 5 min
while the experimental chamber and objects were cleaned with 70% ethanol. During this
time, one cleaned object from the sample phase was placed back into the experimental
chamber along with a new Lego object (of similar size) for the novel object phase. For the
novel object testing phase, the mouse was returned to the experimental chamber and allowed
to explore for 10 min. The objects used as novel and familiar were counterbalanced, as was
the position of the novel object from trial to trial, animal to animal. All of the Lego objects
used in the behavioral paradigm were piloted to ensure that there was no bias, or object
preference for the animals. The camera footage was then analyzed (using CowLog analysis
software), and any exploratory head gesturing within 2 cmof the Lego object, including
sniffing and biting, was considered object investigation, but sitting on the object, or casual
touching of the object in passing was not considered object investigation (Leger et al., 2013).
Only animals that explored the objects for a minimum of 20 s were included in the analysis.
After the testing was completed the mice were weighed, as a measure of health.

Slow angled descent forepaw grasping (SLAG)

To measure vision in OPC-TrkB ¢KO mice (adult recombination paradigm), the SLAG task
was utilized. At P90, both TrkB WT and OPC-TrkB cKO mice were held roughly 20 cm
above a wire-bar cage-lid by the tail. The mouse is first oriented facing the lid and slowly
lowered over and past the lid. Once the mouse begins to descend past the cage lid, a mouse
with intact vision will stretch its forepaws towards the lid (SLAG+), while a mouse with
impaired or no vision will not (SLAG-). Mice are placed briefly on the lid after the test. The
test is immediately repeated, however this time the mouse is facing away from the cage lid.
The mouse loses sight of the lid as it descends, and a SLAG+ mouse should twist around
towards the lid and reach out their forepaws, while SLAG- mice do not. Determination of
SLAG+ or SLAG- was made at the time of the task by an experimenter blinded to the
genetic background of the mice. All animals exhibited intact vision.
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Intellicage Activity Chamber

To measure distance traveled and number of rears, mice were introduced to the Intellicage
activity chamber. The Intellicage is a fully automated testing chamber that uses RFID
readers to track tagged mice over a period of time in the chamber, capturing both overall
locomotion and rearing. This allows multiple mice to be tested simultaneously, reducing
effects of anxiety on behaviors. Mice were handled daily for 2 min for one week, and then
were introduced to the chamber and allowed to explore freely for 10 min. All data collection
is fully automated and free of experimenter input. OPC-TrkB cKO mice tested in the
Intellicage were given tamoxifen at P56-60 and tested on P89.

Quantification and Statistical Analyses:

For all quantifications, experimenters were blinded to sample identity and condition. For EM
quantification of g-ratio, g-ratios were measured by dividing the axonal diameter by the
diameter of the entire fiber (diameter of axon/diameter of axon + myelin sheath) at 4000X
using ImageJ software; approximately 100 axons were scored for each mouse. For
fluorescent immunohistochemistry and confocal microscopy, images were taken at 400X
and cells considered co-labeled when markers co-localized within the same plane. Three
sections per mouse, four frames in standardized locations per section (12 sections per
mouse) were counted. For each mouse, 400-600 cells were counted for each
immunohistochemical marker analysis. The density of cells was determined by dividing the
total number of cells quantified for each lineage by the total volume of the imaged frames
(mm3). In all experiments, “n” refers to the number of mice with the exception of in vitro
experiments for which “n” refers to number of wells. In every experiment, “n” equals at least
3 mice per group or wells per condition; the exact “n” for each experiment is defined in the
figure legends.

All statistics were performed using Prism Software (Graphpad). For all analyses involving
comparisons of one, two or three variables, 1-way, 2-way or 3-way ANOVAs, respectively,
were used with Tukey’s multiple comparisons post-hoc corrections used to assess main
group differences. For analyses involving only two groups, unpaired two-tailed Student’s t-
tests were used. Shapiro-Wilk test was used to determine normality for all data sets; all data
sets were parametric. A level ofp < 0.05 was used to designate significant differences.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Methotrexate (MTX) causes a microglia-dependent reduction in Bdnf
expression

Activity-regulated myelination requires Bdnf-TrkB signaling and fails after
MTX

Conditional, inducible TrkB loss in OPCs impairs cognitive behavioral
performance

TrkB agonism rescues cognitive performance after MTX only if OPCs
express TrkB
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Fig 1. Failure of adaptive myelination in a mouse model of MTX CRCI
A) (Above) Coronal section of mouse brain, with prefrontal cortex areas labeled (M2 =

premotor cortex; Cg = cingulate cortex). Optogenetic stimulation of premotor (M2)
projection neurons, with analysis of oligodendroglial lineage cells in the corpus callosum
(CC) in the region of premotor projections (shaded grey). (Below) Timelines of methotrexate
(MTX) treatment and optogenetic stimulation (single and 7-day stimulation paradigms).

B) MTX abrogates activity-regulated OPC proliferation. Density of EdU-marked OPCs in
the corpus callosum of 7#yZ1::ChR2*~ mice and identically manipulated WT (no opsin)
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mice that were previously exposed to MTX or PBS vehicle control at 3-hours following a
single optogenetic stimulation session. n=4 mice per group.

C) MTX abrogates activity-regulated myelination. TEM was performed one month
following the end of the 7-day optogenetic stimulation paradigm in 7/yZ.:ChR2*'~ mice that
were either stimulated or identically manipulated (mock-stimulated controls) that were
previously exposed to MTX of PBS vehicle control. Myelin sheath thickness (g-ratio)
analyzed at the level of the cingulum of the corpus callosum. n = 4-5 mice/group.

D-E) g-ratio shown as a function of axon caliber in scatterplot of all axons measured in (D)
PBS vehicle control-treated, mock-stimulated mice (n = 4; black triangles) compared to PBS
vehicle control-treated, optogenetically stimulated mice (n = 5; red triangles) and in (E)
MTX-treated, unstimulated mice (n = 4; black triangles) compared to MTX-treated,
optogenetically stimulated mice (n = 5; red triangles). A single point indicates the g-ratio for
a single axon; ~100 axons quantified. P-values (indicated on plots) determined by comparing
the mean g-ratio per mouse between groups.

F) Representative TEM images of premotor projections. Scale bars=2um.

Data shown as mean + SEM (B, C). Each point = one mouse (B, C). ns =p >0.05, *p <
0.05, **p < 0.01, two-way ANOVA with Tukey post-hoc analysis for multiple comparisons.
See also Figure S1.
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Figure 2. MTX treatment depletes Bdnf mRNA and protein expression and disrupts TrkB
signaling.

A% Rep?esentative image demonstrating RNAscope visualization of frontal cortex deep layer
neurons (NeuN, white), astrocytes (Glast, green), and BanfmRNA (red). DAPI, blue. Scale
bar =20 ym

B) MTX treatment decreases Banf mRNA expression and microglial depletion with
PLX5622 rescues Banflevels. (Left) Representative images of Banfpuncta (red) in mice
treated with PBS+control chow (n=3 mice) and PBS+PLX5622 chow (n=4 mice), MTX
+control chow (n=3 mice) and MTX+PLX5622 chow (n=4 mice). (right) Quantification of
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DAPI+ cells expressing above threshold BanfmRNA puncta in each group. Scale bar = 20
pm

C) Decreased Bdnf protein levels following MTX exposure. Total Bdnf protein levels from
frontal deep cortex and corpus callosum tissue microdissected at P63 and measured by
ELISA in mice treated with MTX (n = 6 mice) or PBS vehicle control (n = 5 mice).

D) Microglial depletion with PLX5622 restores Bdnf levels following MTX exposure. Total
Bdnf protein levels from frontal deep cortex and corpus callosum tissue microdissected at
P63 and measured by ELISA in mice treated with PBS+control chow (n =5 mice), PBS+
PLX5622 chow (n = 4 mice), and MTX+control chow (n =5 mice), MTX+PLX5622 chow
(n =5 mice).

E) Microglial depletion with PLX5622 restores TrkB signaling following MTX exposure.
Ratio of phospho-TrkB/TrkB western blot band intensity from microdissected frontal deep
cortex and corpus callosum tissue of mice treated with PBS+control chow (n = 5 mice), PBS
+ PLX5622 chow (n =5 mice), MTX+control chow (n = 4 mice), and MTX+PLX5622
chow (n =5 mice). Representative images of westerns to the right of the graph.

F) Microglial depletion with PLX5622 restores downstream TrkB signaling following MTX
exposure. Ratio of phospho-ERK/ERK western blot band intensity from microdissected
frontal deep cortex and corpus callosum tissue of mice treated with PBS+control chow (n =
5 mice), PBS+ PLX5622 chow (n = 5 mice), MTX+control chow (n = 5 mice), and MTX
+PLX5622 chow (n = 5 mice). Representative images of westerns to the right of the graph.
Data shown as mean £ SEM. Each point = one mouse. ns = p > 0.05, * p < 0.05, ** p < 0.01,
*** n<0.001, **** p<0.0001. Students t-tests (B, C); Two-way ANOVA with Tukey post-
hoc analysis for multiple comparisons (D,E,F).
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Fig. 3. BDNF to TrkB signaling is necessary for activity-regulated oligodendrocyte precursor cell

proliferation

A) Schematic of Banf"MK! mouse, which lacks activity-regulated Banfexpression.
B) Bdnf protein is decreased in TMKI animals. Total Bdnf protein levels in frontal deep
cortex and corpus callosum tissue are decreased in Banf™K! mice compared to BanfV"

control mice (n = 4 mice/group).

C) Schematic of OPC-TrkB cKO genetic mouse model in which exonl of the 7rkB gene is
deleted, resulting in loss of both full-length and truncated TrkB receptor in PDGFRa+ cells
(OPCs) following tamoxifen administration.
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D) Residual OPC TrkB expression following recombination induced by tamoxifen (P24-28),
expressed as percentage of PDGFRa* OPCS co-expressing TrkB (n = 3 mice/group).

E) Loss of activity-dependent Bdnf blocks neuronal activity-regulated OPC proliferation.
Density of proliferating OPCs (EdU*/PDGFRa™*) in the corpus callosum of BanfY7WT (no
opsin; n = 9), BanfVT - Thyl::ChR2*'~ (n = 7), Banf ™MK!-WT (no opsin; n = 8), and
BanfMKI: Thy1::ChR2*'~ (n = 10) mice at 3-hr following a single optogenetic stimulation
session.

F) Inducible loss of OPC-specific TrkB blocks neuronal activity-regulated OPC
proliferation. Density of proliferating OPCs (EdU*/PDGFRa” cells) in the corpus callosum
of TrkB WT;WT (no opsin; n=7), TrkB WT, Thy1.:ChR2*'~ (n=8), OPC-TrkB cKO;WT (no
opsin; n=10), OPC-TrkB cKO, Thy1.:ChR2*~ (n=8) mice at 3-hr following a single
optogenetic stimulation session.

G) Representative confocal images of PDGFRa* OPCs (green) co-localized with EdU*
nuclei (red) in the corpus callosum. Scale bars = 20um.

Data shown as mean £ SEM. Each point = one mouse. ns = p > 0.05, ** p < 0.01. Student’s
t-test (B and D); Two-way ANOVA with Tukey post-hoc analysis for multiple comparisons
(E and F). See also Figure S2 and S3
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Fig 4. BDNF to TrkB signaling is necessary for activity-regulated myelination
A) Loss of activity dependent Bdnf blocks neuronal activity-regulated myelination. TEM

performed 4 weeks following the cessation of the 7-day optogenetic stimulation paradigm.
Bar graphs representing the g-ratio data shown in B, expressed as mean g-ratio + SEM for
each group of mice (BanfV7, WT (no opsin), BanfVT Thy1::ChR2'~, Banf"MK!-WT (no
opsin), and Bdnj™K!: Thy1::ChR2"~; n=5 mice/group).

B) Scatterplot of g-ratios as a function of axon caliber for BanfV7, Thy1::ChR2"'~ mice
(n=5; red triangles) compared to Bdnf"MK!-Thy1::ChR2*'~ mice (n=5; black triangles). A
single point indicates the g-ratio for a single axon. ~100 axons quantified for each mouse. P-
values (indicated on plots) determined by comparing the mean g-ratio per mouse between
groups.
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C) Banf"™K! model: Representative TEM images of premotor projections in cross section.
Scale bars = 2um.

D) Inducible loss of OPC-specific TrkB blocks neuronal activity-induced myelination. TEM
analyses of g-ratio as described in A, in the OPC-TrkB cKO model. Bar graphs representing
the g-ratio data shown in C, expressed as mean g-ratio + SEM for each group of mice (TrkB
WT:WT (no opsin), TrkB WT, 7Thy1.:ChR2*"~ OPC-TrkB cKO;WT (no opsin), OPC-TrkB
cKO, Thyl..ChR2"~;n=6 TrkB WT mice/group and n = 5 OPC-TrkB cKO mice/group).

E) Scatterplot of g-ratios as a function of axon caliber in TrkB WT, ThyZ::ChR2*"~ mice~
(n=6; red triangles) compared to OPC-TrkB cKO, 7hy1::ChR2*'~ mice (n=5; black
triangles). A single point indicates the g-ratio for a single axon; ~100 axons were quantified
for each mouse. P-values (indicated on plots) were determined by comparing the mean g-
ratio per mouse between groups.

F) OPC-TrkB cKO model: Representative TEM images of premotor projections in cross
section. Scale bars = 2um.

Data shown as mean + SEM;Each point = one mouse (A, D). ns = p > 0.05, *p < 0.05. Two-
way ANOVA with Tukey post-hoc analysis for multiple comparisons (A, B, D and E). See
also Figure S4
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Figure 5. OPC-specific TrkB receptor loss results in deficits in cognitive behavioral performance
A) Vision is unaffected in OPC-TrkB cKO mice. OPC-TrkB cKO mice underwent slow

angled-descent forepaw grasping (SLAG) testing at P90 and again one week later. All mice
(n=19) exhibited SLAG+ behavior consistent with intact visual perception of objects.

B) Locomotion is similar between OPC-TrkB cKO mice and WT controls. Total distance
moved in Intellicage activity chamber over 10-min testing period in OPC-TrkB cKO mice
(n=7) and TrkB WT mice (n=11).

C) Rearing behavior is similar between OPC-TrkB cKO mice and WT controls. Total
number of rears counted in the Intellicage activity chamber over ten minutes in OPC-TrkB
cKO mice (n=7) and TrkB WT mice (n=11).

D) Schematic illustrating the Novel Object Recognition Test (NORT) of attention and
shortterm memory function. Preference for novel object expressed as percent time spent with
novel object over the total time spent interacting with either object (recognition ratio).

E) OPC-TrkB cKO mice (juvenile TrkB loss with tamoxifen given to all mice at P35) exhibit
a deficit in novel object recognition. NORT performed at P63 in OPC-TrkB ckO mice (n=5
mice) and no Cre, 77kB™f (TrkB WT; n=6) controls.

F) OPC-TrkB cKO mice (adult TrkB loss with tamoxifen given to all mice at P60) exhibit a
deficit in novel object recognition. NORT performed at P89 in OPC-TrkB ckO mice (n=6
mice) and no Cre, 77kB™f (TrkB WT; n=8) control mice.

Data shown as mean £ SEM. Each point = one mouse. ns = p > 0.05, ** p < 0.01, Student’s
t-test (B,C,E,F)
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Fig 6. TrkB partial agonist LM22A-4 normalizes myelination and rescues cognitive behavioral
function after methotrexate chemotherapy exposure

A) Schematic of LM22A-4 treatment in MTX CRCI model, with MTX or PBS vehicle
control at P21, 28 and 35 followed by daily LM22A-4 or vehicle control administration from
P38-P63.

B) Treatment with LM22A-4 rescues myelin deficits after MTX. TEM performed at P63 and
g-ratios measured at the level of the cingulum of the corpus callosum. Bar graphs
representing the g-ratio data shown in C and Fig. S6. n=4 mice/group.
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C) Scatterplot of g-ratios as a function of axon caliber in MTX+LM22A-4-treated mice
(n=4; red triangles) compared to MTX+vehicle control-treated mice (n=4; black triangles).
A single point indicates the g-ratio for a single axon; ~100 axons quantified for each mouse.
P-values (indicated on plots) determined by comparing the mean g-ratio per mouse between
groups.

D) Schematic of Novel Object Recognition Test (NORT). Preference for novel object
measured as the percent time spent with novel object over the total time spent with either
object (recognition ratio).

E) LM22A-4 rescues the cognitive behavioral impairment observed after MTX. NORT
performance in mice previously exposed to MTX or PBS vehicle control and subsequently
treated with LM22A-4 or vehicle control. (n=4 mice in each group).

F) Schematic of LM22A-4 treatment in MTX CRCI model, with tamoxifen (TAM)
induction of OPC TrkB cKO prior to LM22A-4 exposure.

G) TrkB expression in OPCs is required for LM22A-4 rescue of cognitive behavioral
performance after MTX. NORT performance in OPC-TrkB cKO and TrkB WT mice
previously exposed to either MTX or PBS vehicle control followed by LM22A-4 or vehicle
control, as outlined in F.

Data shown as mean + SEM; each point = one mouse (B, E, G). ns =p > 0.05, * p < 0.05, **
p < 0.01 *** p<0.001 as determined by two-way ANOVA (B, C, E) or three-way ANOVA
(G) with Tukey post-hoc analysis for multiple comparisons. See also Figure S5 and S6
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