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Neuronal mechanisms regulating oligodendrocyte precursor cell
differentiation and axon selection for myelination
Lindsay A. Osso

ABSTRACT

Myelin is the insulating membrane concentrically wrapped around some axons, which
serves to increase the speed and efficiency of action potential propagation. In the central
nervous system (CNS), myelin is formed by oligodendrocytes, which differentiate from
self-renewing oligodendrocyte precursor cells (OPCs) throughout life. While factors
intrinsic to oligodendrocyte lineage cells control certain features of myelination, extrinsic
cues also play an important role in regulating myelination both in development and in
response to experience. Thus far, identifying these extrinsic molecular players has proved
challenging. Chapter 1 of this dissertation describes the known patterns of CNS
myelination and provides a framework to understand how neuronal signaling could
influence this architecture, using it to evaluate previous work in this field. Chapter 2
presents our experimental work identifying one of these extrinsic neuronal cues for
myelination as the neuropeptide dynorphin. We demonstrate that dynorphin, which is
released from neurons upon high levels of activity, promotes experience-dependent
myelination. Following forced swim stress, an experience that induces striatal dynorphin
release, we observe increased striatal OPC differentiation and myelination, which is
abolished by deleting dynorphin or blocking its endogenous receptor, kappa opioid
receptor (KOR). We find dynorphin also promotes developmental OPC differentiation and

myelination, and demonstrate that this effect requires KOR expression specifically on
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OPCs. We characterize dynorphin-expressing neurons and use genetic sparse-labeling
to trace their axonal projections. Surprisingly, we find they are unmyelinated normally and
following forced swim stress, in part due to their small size. We propose a new model
whereby experience-dependent and developmental myelination is mediated by
unmyelinated, neuropeptide-expressing neurons that promote OPC differentiation for the
myelination of neighboring axons. Chapter 3 evaluates our findings in the context of the

framework presented in Chapter 1 and comments on the significance of our work.
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CHAPTER 1: Architecting the myelin landscape

1.1 Summary

Myelin increases the speed and efficiency of action potential propagation. Yet, not all
axons are myelinated and some axons are discontinuously myelinated, prompting the
question of how myelinating glia select axons for myelination. Whereas myelination by
Schwann cells depends on axonal induction, oligodendrocytes can form myelin
membrane in the absence of axons. However, oligodendrocytes alone cannot architect
the complex myelination patterns of the central nervous system (CNS) and recent
advances have implicated axonal signaling in this process. This review considers how
oligodendrocytes and their precursors could be influenced by inductive, attractive,
permissive, repulsive, and preventative cues, and discusses recent evidence identifying
synaptic activity and membrane-bound adhesion molecules as such cues directing axon

selection.

1.2 The myelin landscape

Myelin, the insulating membrane concentrically wrapped around axons, accelerates
impulse propagation and offloads neuronal energy expenditure. Despite these
advantages, not all axons are myelinated and some axons are only intermittently
myelinated. In the peripheral nervous system (PNS), Schwann cells myelinate solely
large diameter axons (Voyvodic, 1989), with individual Schwann cells each myelinating
only one axon segment. By contrast, CNS myelination patterns are more complicated.

During development, myelination proceeds in a stereotyped sequence with different



regions being myelinated at different times as oligodendrocyte precursor cells (OPCs),
which are distributed throughout the CNS, differentiate into myelinating oligodendrocytes
(Foran and Peterson, 1992; Kinney et al., 1988). OPC differentiation and myelination
continues into adulthood, albeit at a much slower rate (Hughes et al., 2013; Yeung et al.,
2014; Young et al., 2013). Unlike Schwann cells, each oligodendrocyte extends many
processes to myelinate several different axon segments. The smallest caliber CNS axons
are never myelinated but there is significant overlap in the diameters of myelinated and
unmyelinated axons (Sturrock, 1980), whereas other CNS structures geometrically
similar to axons — dendrites, blood vessels, and glial processes — remain unmyelinated,
with rare exceptions.

Recent volumetric reconstructions of cortical tissue have further refined our
understanding of CNS myelination. Intriguingly, myelination may depend on neuronal
subtype: a recent study found that parvalbumin-positive basket cells are essentially the
only type of GABAergic interneuron with myelinated axons in the adult mouse neocortex
(Micheva et al., 2016). Another study contested the prevailing dogma of myelination as
an all-or-none phenomenon; rather, many pyramidal axons in the adult mouse neocortex
are intermittently myelinated, with large unmyelinated gaps between myelinated sections
(Tomassy et al., 2014), a configuration distinct from nodes of Ranvier that separate
individual myelin sheaths (internodes) to permit saltatory conduction.

This partial myelin coverage likely reflects the need to balance the advantages of
myelination with overall energy (Harris and Attwell, 2012) and space constraints, and
likely contributes to the precise control of circuit timing (Hoz and Simons, 2015),

underscoring the importance of appropriate myelin localization. In the case of intermittent



myelination along a single axon, unmyelinated gaps could provide space for new myelin
formation to fine-tune myelination patterns as circuit activity changes in the adult. This
review will focus on our current understanding of how these intricate patterns of

myelination are established.

1.3 The intrinsic nature of oligodendrocyte myelination

Given that sensory and motor axons that pass between the CNS and PNS are myelinated
by both oligodendrocytes and Schwann cells, it seems intuitive that CNS and PNS axons
would use similar mechanisms to control myelin formation. In the PNS, axons play a
necessary and inductive role in their own myelination. Neuregulin-1 type lll is required for
Schwann cell maturation and myelination of PNS axons (Taveggia et al., 2005) and its
expression level determines myelin sheath thickness (Michailov et al., 2004). Importantly,
its ectopic suprathreshold expression induces the myelination of normally unmyelinated
axons (Taveggia et al., 2005), demonstrating its importance in determining myelination
fate.

However, neuregulin-1 type Ill is largely dispensable for CNS myelination
(Brinkmann et al., 2008; Taveggia et al., 2008). In fact, several aspects of oligodendrocyte
myelination proceed successfully without molecular axonal signaling altogether. Cultured
OPCs intrinsically differentiate into oligodendrocytes, which, remarkably, can form
compact myelin around inert polystyrene fibers (Lee et al., 2012). In fact, certain
properties of in vivo myelination can be explained by how oligodendrocyte lineage cells
intrinsically interact with axonal geometries. Neither OPCs or oligodendrocytes will

ensheathe or wrap synthetic fibers with a diameter smaller than 0.3um, a similar threshold



to that observed in vivo (Lee et al., 2012), indicating that oligodendrocyte lineage cells
directly sense fiber geometries. Geometric sensing by oligodendrocyte lineage cells may
also explain the general correlation between internode length and axon diameter in vivo
(Ibrahim et al., 1995; Murray and Blakemore, 1980) as this correlation persists with
synthetic fibers (Bechler et al., 2015). Exactly how oligodendrocyte lineage cells detect
radial axon size remains elusive, but they may utilize properties such as curvature or
circumference to do so. Curvature-inducing components could impose a physical limit on
oligodendrocyte lineage cell membrane curvature that prevents wrapping of highly
curved, subthreshold diameter axons. Alternatively, oligodendrocyte lineage cells could
sense their own membrane curvature as they wrap (for an example of curvature sensing
at a similar scale, see Bridges et al., 2016) and avoid wrapping axons above a threshold
curvature. Another approach could be for oligodendrocyte lineage cells to infer axonal
circumference by sensing the length of one wrap of their membrane around an axon (for
a potential mechanism of length sensing, see Rishal et al., 2012). Upon completing one
wrap, an oligodendrocyte lineage cell process would contact itself. If the process length
was subthreshold, the process would retract upon self-contact, preventing wrapping.
Retraction of a growing OPC process upon contact with another process of the same
OPC has been observed in the adult mouse cortex (Hughes et al., 2013); the same
mechanism could operate in this context as well. To avoid retraction upon self-contact,
the oligodendrocyte lineage process would have to exceed a threshold length. At this
threshold, the length sensing machinery would initiate a rapid downregulation of the self-
repulsion mechanism locally within the wrapping process (e.g. by internalizing cell

adhesion molecules), enabling self-contact and myelination of suprathreshold



circumference axons. Similar mechanisms could also be used to correlate internode
length with radial axon size.

Regional differences in oligodendrocyte lineage cells, which likely emerge after
OPC specification (Kessaris et al., 2006), may explain some differences in myelination
between CNS regions. OPCs isolated from developing spinal cord form longer internodes
upon differentiation than do those isolated from neocortex in cultures with synthetic fibers
or neurons (Bechler et al., 2015), reproducing the differences in internode length
observed between these regions in vivo (Chong et al., 2012). Another study demonstrated
that the higher levels of differentiation and myelination in white matter (Dawson et al.,
2003) might be partially explained by differences between white matter and gray matter
OPCs. Adult white matter OPCs transplanted into either adult white matter or gray matter
differentiated more efficiently than adult gray matter OPCs transplanted into either region

(Vigano et al., 2013).

1.4 Extrinsic factors regulating oligodendrocyte axon selection

Whereas intrinsic properties of oligodendrocyte lineage cells might be helpful for setting
up some basic features of the myelin landscape, they cannot independently produce the
complex and specific myelination patterns observed in the CNS. For example, the
relationship between myelin sheath thickness and axon diameter (Bishop et al., 1971) is
not reproduced with synthetic fibers (Bechler et al., 2015), and the ratio of internode
length to axon diameter is actually highly variable in vivo (Ford et al., 2015; Ibrahim et al.,
1995; Murray and Blakemore, 1980). In particular, since oligodendrocytes are not

programmed to myelinate a specific type of axon (Almeida et al., 2011; Fanarraga et al.,



1998; Osanai et al., 2017) and many suprathreshold diameter axons are not myelinated
in vivo (Sturrock, 1980), other factors must contribute to the regulation of axon selection.
Indeed, extrinsic factors have an important role in this process. For myelination of the
appropriate axons at the appropriate time, oligodendrocytes must be present and they
must know where to form myelin — two components that can be influenced by extrinsic
factors. By influencing virtually every aspect of oligodendrocyte development, extrinsic
signals can affect the distribution of oligodendrocytes at any time. Furthermore, extrinsic

signals can influence where individual oligodendrocytes localize their myelin sheaths.
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/

_—cu ] |
ji Inductive cue Repulsive cue jr Attractive cue b_)

/A /A /A

e
O Retraction
Differentiation cue Oligodendrocyte

Figure 1.1: Different mechanisms of axon selection could produce the same CNS
myelination patterns. These three models are non-exhaustive and not mutually-
exclusive. Structures with suprathreshold diameters are shown in yellow as permissive.
The first axon has a subthreshold diameter, rendering it non-permissive. (A) An inductive
cue (blue) turns on in axons to initiate their myelination. Shown here, an OPC senses a
threshold myelination need from the second and fourth axons that causes the OPC to
differentiate and myelinate these axons. These axons are among the permissive
structures. (B) OPCs respond to attractive (green), permissive (yellow), and repulsive
(red) cues on axons and other cellular compartments that regulate the contacts that OPCs
make and the eventual placement of myelin sheaths. The OPC processes retract from
repulsive cues on the third axon and the somatodendritic compartment. Upon
differentiation, this cell will myelinate the second and fourth axons. The differentiation cue
(purple) is uncoupled from axon selection. (C) Oligodendrocytes respond to attractive
(green), permissive (yellow), and repulsive (red) cues that affect sheath initiation or
stability. Retraction of an early sheath in response to a repulsive cue on the third axon is
shown. This oligodendrocyte myelinates the second and fourth axons.
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Axons, as the substrates for myelination, are logical candidates for being the
source of these extrinsic cues. Axons might precisely regulate the timing of their
myelination by expressing dynamic cues. An inductive cue could turn on, or a converse
preventative cue could turn off, in an axon to initiate its myelination. OPCs, which actively
survey their environment (Hughes et al., 2013; Kirby et al., 2006) and receive synaptic
inputs from axons (Maldonado and Angulo, 2015), are well-positioned to integrate such
cues from multiple axons. A threshold level of change in these axons could cause OPCs
to differentiate and to myelinate these axons. By utilizing a combined differentiation/axon
selection cue (Figure 1.1 A), this system would be extremely efficient in matching the
number of oligodendrocytes and their internodes to the axons requiring myelination at
any time.

Alternatively, differentiation and axon selection could be uncoupled (Figure 1.1 B,
C) (Almeida and Lyons, 2016). Differentiation could occur either through an actively
regulated mechanism or through one that is indiscriminately applied wherein
oligodendrocytes that differentiated in excess of available axons would eventually die
(Barres et al., 1992; Calver et al., 1998; Trapp et al., 1997). Axon selection could be
performed by either OPCs (Figure 1.1 B) or oligodendrocytes (Figure 1.1 C). OPCs could
identify axons to myelinate upon their eventual differentiation (Figure 1.1 B), or, once
differentiated, oligodendrocytes could become receptive to axonal cues that regulate
either sheath initiation or stability (Figure 1.1 C). The axon selection cues described
below could apply to either cell type. Inductive or preventative axon selection cues could
operate in this context (although they are not illustrated in Figure 1.1 B, C). In the case

of unregulated OPC differentiation, both the patterns and timing of myelination would be



controlled solely by the axons that become available for myelination based on their
changing expressions of inductive or preventative cues. In the case of actively regulated
OPC differentiation, the timing of inductive (or preventative) cue onset (or offset) would
have to precisely coordinate with the timing of the regulated differentiation mechanism to
be able to initiate myelination of an axon during the seemingly short period between OPC
differentiation and the termination of new sheath formation (Czopka et al., 2013; Hughes
et al., 2013) (although, see Yeung et al., 2014). With regulated OPC differentiation, it
would instead be simpler for oligodendrocyte lineage cells to respond to axon selection
cues that are not dynamically regulated, perhaps having existed on axons long before
differentiation occurs. Such cues would influence myelin localization but not its timing.
These cues could be termed attractive or repulsive, positively or negatively biasing an
axon’s selection for myelination by either altering the distribution or number of
oligodendrocyte internodes (Figure 1.1 B, C).

Finally, regardless of whether differentiation and axon selection are coupled or not,
axons must be permissive for myelination — a feature that permits their myelination but
does not guarantee it (e.g. suprathreshold axon diameters). Axon permissiveness may
be static or dynamically regulated (e.g. as subthreshold axons grow). An outstanding
question in the field is whether structures that are simply permissive — lacking any
inductive or afttractive cues — are myelinated in the CNS (as illustrated in Figure 1.1 B,
C). While the models of axon selection presented here are not mutually exclusive, their
conceptual separation is useful for establishing a framework to evaluate research in this

field.



1.5 A role for axons in oligodendrocyte myelination

Efforts to elucidate the role of CNS axons in their own myelination have greatly benefited
from innovations in sparse (low-efficiency recombination), targeted genetic manipulations
and live imaging with single-cell resolution. A creative genetic approach generating
zebrafish with supernumerary large caliber spinal cord Mauthner axons provided
compelling evidence for the influence of axons on an individual oligodendrocyte’s
myelination patterns. These extra axons caused Mauthner axon-associated
oligodendrocytes to extend more internodes to myelinate more Mauthner axons than
normal, and even prompted non-Mauthner axon-associated oligodendrocytes to
myelinate Mauthner axons. Notably, oligodendrocyte numbers did not change (Almeida
et al., 2011), supporting a model wherein axonal cues alter axon selection independent
of OPC differentiation (Figure 1.1 B, C).

A recent study in mice demonstrated that axonal cues can have a considerably
broader impact on oligodendrocyte development and myelination. Knocking-out Pten
specifically from cerebellar granule cells, which increased axon caliber to suprathreshold
diameters and altered gene expression, caused ectopic proliferation and differentiation of
OPCs and myelination of granule cell axons in the normally unmyelinated cerebellar
molecular layer (Goebbels et al., 2017). It is unclear whether all of these effects are
mediated through the same or disparate mechanisms — or exactly what those
mechanisms are. Could these effects be entirely attributable to increasing axon caliber to
a permissive level, or are molecular changes also involved? Intriguingly, ectopic
myelination was still observed when Pten was only sparsely knocked-out (Goebbels et

al., 2017). Identifying whether the axons lacking PTEN were the ones that were



myelinated in this sparse manipulation will provide important information on the spatial
nature of this change. Moving forward, this genetic model could be a tractable system to

investigate the mechanisms by which axons regulate their own myelination.

1.6 Axonal cues for axon selection
An axon selection cue must be sufficiently localized to facilitate the distinction between
axons as well as geometrically similar substrates in close proximity. Membrane-bound

cues or those released at synapses both meet this requirement.

Synaptic activity

OPCs receive glutamatergic and GABAergic synaptic inputs from axons and express a
myriad of other neurotransmitter receptors (Larson et al., 2016; Maldonado and Angulo,
2015), perhaps to inform OPCs of a myelination need. A model often termed “activity-
dependent myelination” posits that changes in synaptic inputs to OPCs could serve as an
inductive cue, causing OPC differentiation and myelination of the axons providing
modified inputs, perhaps even converting axon-OPC synapses into a myelinating sheath
(Figure 1.1 A) (Almeida and Lyons, 2014). This process could shape brain development
based on experience or contribute to learning by modifying circuit timing.

Two landmark in vivo studies energized this hypothesis. Optogenetic stimulation
of neurons in the mouse premotor cortex increased proliferation and differentiation of
OPCs (Gibson et al., 2014), which presumably generate new myelin. Similarly, training
mice to run on a complex wheel increases OPC proliferation and differentiation in the

corpus callosum. In fact, generating new OLs, and presumably new myelin, was required

10



for mice to properly learn the task (McKenzie et al., 2014). Since simply increasing OPC
density can enhance differentiation (Rosenberg et al., 2008), the direct effects of neuronal
activity on OPC differentiation in these studies is unclear. A follow-up study using the
same motor learning paradigm showed that differentiation occurs from the existing pool
of OPCs (Xiao et al., 2016), suggesting that subsequent OPC proliferation may occur in
response to local OPC differentiation, as was observed in live imaging of cortical OPC
dynamics (Hughes et al., 2013). An important next step is to analyze where new myelin
is localized in these paradigms; are axons with increased activity inducing their own
myelination by expressing a combined differentiation/axon selection cue (Figure 1.1 A)
or might axonal activity simply act as a differentiation cue without affecting axon selection
(Figure 1.1 B)?

A recent study supports the latter. Social isolation of adult mice reduced OPC
differentiation, the number of myelinated axons, and myelin thickness in the prefrontal
cortex (PFC) and caused social withdrawal, all of which were rescued by oral
administration of the pro-differentiation compound clemastine (Liu et al., 2016). If the
presumably reduced activity of specific sociability-related axons during social isolation
prevented these axons from expressing an inductive cue that would normally cause OPC
differentiation and their selection for myelination (Figure 1.1 A), it's unlikely that the
ostensibly indiscriminate upregulation of OPC differentiation by clemastine would rescue
these deficits. More plausibly, PFC activity from social interaction upregulates overall
OPC differentiation without affecting axon selection, and is important for providing
sufficient numbers of oligodendrocytes to myelinate the relevant axons, which utilize other

cues to regulate their selection for myelination (Figure 1.1 B, C).
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Notably, other studies have found no (Makinodan et al., 2012) or opposite
(Etxeberria et al., 2016) effects of neuronal activity on OPC differentiation, while others
have observed differences in properties such as oligodendrocyte internode number
(Makinodan et al., 2012; Mensch et al., 2015), length (Etxeberria et al., 2016; Hines et
al., 2015; Koudelka et al., 2016), or thickness (Gibson et al., 2014; Liu et al., 2012, 2016;
Makinodan et al., 2012). Of these, two pioneering studies found a direct role for the
synaptic activity of individual axons in regulating their selection for myelination. Treatment
of zebrafish with tetrodotoxin (TTX) to block action potentials reduced the myelination of
phox2b+ axons in the spinal cord without affecting total internode or oligodendrocyte
numbers, suggesting that these axons use neuronal activity to facilitate their myelination
(Hines et al.,, 2015). Indeed, expressing tetanus toxin (TeNT), which prevents
synaptobrevin/VAMP2-mediated synaptic exocytosis, in individual phox2b+ axons
substantially reduced the myelination of these axons (Hines et al., 2015). The same was
true for TeNT expression in single reticulospinal axons (Mensch et al., 2015). TeNT
expression globally or specifically in neurons caused individual oligodendrocytes to form
30% fewer internodes (Hines et al., 2015; Mensch et al., 2015).

The results with TTX versus TeNT suggest different mechanisms of activity-
mediated axon selection, highlighting the importance of elucidating the specific
mechanisms involved to resolve the sources of these discrepancies. The TTX data
support a model of competition between axons for myelination. When neuronal activity
was abolished, phox2b+ axons lost their competitive advantage, and so other axons were
myelinated in their place. Conversely, the TeNT data suggests that the axon selection

cue used by these axons promotes their myelination by increasing the number of
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internodes per oligodendrocyte, perhaps by affecting downstream oligodendrocyte Fyn
kinase signaling (Czopka et al., 2013). One study observed increased sheath retractions
in the TeNT condition by live imaging (Hines et al., 2015) — a possible explanation for the
decreased sheath number per oligodendrocyte in this condition. Despite the reduction in
excitatory synaptic input as OPCs differentiate into early oligodendrocytes, these cells
continue to respond to glutamate (Biase et al., 2010; Kukley et al., 2010) and maintain
some glutamate receptor expression (Marques et al., 2016; Zhang et al., 2014). The
increase in sheath retractions in response to blocking synaptic exocytosis along with the
observation that synaptic vesicles preferentially stopped at nascent ensheathment sites
(Hines et al., 2015) imply that early myelinating oligodendrocytes do respond to synaptic
inputs and that these inputs are important for axon selection (Figure 1.1 C).

Could synaptic activity-mediated axon selection account for CNS myelination
patterns? Different neuronal subtypes utilize different neurotransmitters and have distinct
firing rates, features oligodendrocyte lineage cells could use to identify specific axonal
subtypes to myelinate (Micheva et al., 2016). But since these features do not differ within
a single neuron, how could synaptic activity produce intermittent myelination along a
single axon (Tomassy et al., 2014)? Axons could synapse with OPCs unevenly along
their lengths. Alternatively, cues from an individual axon could remain consistent but the

surrounding environment could affect that axon’s competitiveness for myelination.

Membrane-bound adhesion molecules

Not surprisingly, not all axons utilize synaptic activity to regulate their selection for

myelination. While individual reticulospinal neurons expressing TeNT had reduced myelin
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coverage, TeNT expression in individual commissural primary ascending axons had no
effect on their myelination (Koudelka et al., 2016). What other cues might axons use to
regulate their selection for myelination?

Adhesion molecules, which mediate cell-cell interactions, are logical candidates.
In fact, several axonal adhesion molecules negatively regulate OPC differentiation and/or
myelination, and seem to downregulate their expression as myelination proceeds (e.g.
Jagged1 (Wang et al., 1998), PSA-NCAM (Charles et al., 2000), or Lsamp (Sharma et
al., 2015)). It is tempting to regard these molecules as potential preventative cues for
myelination, wherein their removal from an axon would initiate myelination of that axon,
potentially in conjunction with causing OPC differentiation. Future studies genetically
manipulating these molecules sparsely in axons will elucidate their potential roles in axon
selection.

Recently, the adhesion molecule JAM2 was identified as a negative regulator of
myelination with no effect on OPC differentiation. It is expressed by the somatodendritic
compartment of cultured spinal cord neurons and prevents myelination of this cellular
compartment. Oligodendrocytes ectopically myelinate the somata and dendrites of
cultured Jam2 knock-out spinal cord neurons, and increased ectopic myelination of
PAX2+ neuronal somata was found in the dorsal spinal cord of Jam2 knock-out mice
(Redmond et al., 2016). This study confirms the presence of repulsive cues that shape
where OLs form internodes. It also suggests either that neuronal somata express
sufficiently attractive cues such that they become myelinated when inhibition is reduced,
or that simply permissive structures can be myelinated in the CNS (Figure 1.1 B, C).

Intriguingly, JAM2-Fc coated micropillars are repulsive to both cultured OPCs and OPC-
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derived oligodendrocytes (Redmond et al., 2016), indicating that OPCs respond to
substrate selection cues that influence their eventual internode placement, independent
of that cue’s ability to affect differentiation (Figure 1.1 B). Likewise, contact-mediated self-
repulsion by OPCs (Hughes et al., 2013; Kirby et al., 2006) supports the idea that these
cells are well-equipped with adhesion molecules to regulate the placement of their
processes.

Could similar repulsive cues exist that prevent the myelination of glia or blood
vessels? Might there be adhesion molecules, attractive or repulsive, that distribute
unevenly along axons or differentially between different neuronal subtypes, shaping CNS

myelination patterns (Micheva et al., 2016; Tomassy et al., 2014)?

1.7 Wrapping it up
The question of how axons are selected for myelination has been historically difficult to
answer. However, new research efforts utilizing sparse genetic manipulations and high-
resolution live imaging have begun to shed light on this complex issue and will be
essential moving forward. Despite in vitro work establishing the intrinsic nature of
oligodendrocyte myelination, current research has clearly demonstrated that axons have
a role in their selection for myelination. The extent of their contribution and the molecular
players remain to be determined and will be fruitful grounds for future studies.

This review has focused primarily on the mechanisms through which axons might
communicate with oligodendrocyte lineage cells to regulate their initial myelin coverage.
While myelin sheath retractions have been observed in early oligodendrocytes, it is not

yet clear how ongoing communication between axons and oligodendrocytes might alter
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myelin coverage in the long term. In addition to affecting axon selection, evidence
suggests that axons can regulate internode length and sheath thickness, properties that
— like axon selection — affect conduction velocity and energy usage. It remains a beautiful
mystery as to how these properties are regulated in concert with one another, and to what
extent axons are active players in this coordination, functioning as grand architects of the

ever-changing myelin landscape.
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CHAPTER 2: Experience-dependent myelination following stress is

mediated by the neuropeptide dynorphin

2.1 Summary

Emerging evidence implicates experience-dependent myelination in learning and
memory. However, the specific signals underlying this process remain unresolved. We
demonstrate that the neuropeptide dynorphin, which is released from neurons upon high
levels of activity, promotes experience-dependent myelination. Following forced swim
stress, an experience that induces striatal dynorphin release, we observe increased
striatal oligodendrocyte precursor cell (OPC) differentiation and myelination, which is
abolished by deleting dynorphin or blocking its endogenous receptor, kappa opioid
receptor (KOR). We find dynorphin also promotes developmental OPC differentiation and
myelination, and demonstrate that this effect requires KOR expression specifically on
OPCs. We characterize dynorphin-expressing neurons and use genetic sparse-labeling
to trace their axonal projections. Surprisingly, we find they are unmyelinated normally and
following forced swim stress, in part due to their small size. We propose a new model
whereby experience-dependent and developmental myelination is mediated by
unmyelinated, neuropeptide-expressing neurons that promote OPC differentiation for the

myelination of neighboring axons.

2.2 Introduction

Brain plasticity in response to experience is considered essential for learning and

memory. Historically, experience-dependent plasticity has been understood to involve
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changes in synaptic strength (Takeuchi et al., 2014) and structure (Fu and Zuo, 2011),
but recent studies have found that non-neuronal cells also respond to experience and
can, in turn, regulate neuronal function and behavior (Cheadle et al., 2020; Lacoste et al.,
2014; Murphy-Royal et al., 2020; Whiteus et al., 2014; Xin and Chan, 2020).

In particular, the oligodendrocyte lineage can be profoundly impacted by
experience (Xin and Chan, 2020). Oligodendrocytes form myelin, the concentrically
wrapped membrane that insulates axons and facilitates rapid and efficient action potential
conduction. Each oligodendrocyte extends numerous processes to form myelin
internodes around many different axons. Oligodendrocytes arise from self-renewing
OPCs, which populate the entire central nervous system (CNS) and undergo a burst of
differentiation and subsequent myelination in development, followed by ongoing — but
slowing — OPC differentiation and myelination throughout life (Hill et al., 2018; Hughes et
al., 2018; Sturrock, 1980; Wang et al., 2020). This results in the myelination of the axons
of some neuronal subtypes while others remain unmyelinated or partially myelinated into
adulthood (Micheva et al., 2016; Sturrock, 1980; Tomassy et al., 2014). Recent studies
have shown that the experiences of motor, spatial, and contextual learning (Bacmeister
et al., 2020; McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Xiao et al.,
2016), socialization (Swire et al., 2019), and sensory stimulation (Hughes et al., 2018)
can promote OPC differentiation and myelination. This process, termed experience-
dependent myelination, seems to play an important role in learning and memory
(McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Wang et al., 2020; Xiao
et al., 2016). Other studies have found that oligodendrocyte lineage cells can be similarly

impacted by neuronal activity (Gibson et al., 2014; Mitew et al., 2018), leading to the
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hypothesis that experience acts on the oligodendrocyte lineage through increases in
neuronal activity, likely involving activity-dependent neuronal vesicular release.

To advance our understanding of experience-dependent myelination and the role
it plays in brain function and plasticity, there is a clear need to determine precisely which
molecular signals regulate this process. However, to date, no signal has been shown to
underlie experience-dependent myelination. We sought to address this question in the
context of forced swim stress, an experience involving well-defined signaling pathways
and brain regions. We found that forced swim stress induced a pronounced increase in
OPC differentiation and myelination in the striatum. Next, we interrogated the
mechanisms regulating this novel form of experience-dependent myelination. Acute
stress signaling involves several hormones and neuropeptides, including the
neuropeptide family of dynorphin, which contributes to the development or expression of
depressive, anxious, and addictive behaviors following acute stress (Knoll and Carlezon,
2010). The dynorphin family of peptides derive from prodynorphin, encoded by Pdyn
(Schwarzer, 2009). These peptides are stored in large dense-core vesicles (Drake et al.,
1994; Yakovleva et al., 2006) and are released from neurons following high levels of
neuronal activity (Simmons et al., 1995; Terman et al., 1994; Yakovleva et al., 2006).
Crucially, dynorphin is released in the striatum following forced swim stress (Bruchas et
al., 2008; Schindler et al., 2012).

Previously, we performed an unbiased screen for small molecules that promote
OPC differentiation. We identified a cluster of molecules that activate the endogenous
dynorphin receptor, kappa opioid receptor (KOR), on OPCs to dramatically increase the

rate of OPC differentiation into myelinating oligodendrocytes (Mei et al., 2016). Mice
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lacking KOR on OPCs have deficits in OPC differentiation and myelination in
development as well as following a demyelinating lysolecithin lesion in the adult corpus
callosum (Mei et al., 2016). These results suggest that the endogenous KOR ligand,
dynorphin, might play an important role in OPC differentiation and myelination. Taken
together, these features of dynorphin — its striatal release following forced swim stress
and its agonism for KOR — led us to investigate its potential role as a novel signal
underlying experience-dependent myelination. By genetically or pharmacologically
blocking dynorphin-KOR signaling, we abolished striatal stress-induced OPC
differentiation, indicating that dynorphin is essential for this novel form of experience-
dependent myelination.

Furthermore, we found that dynorphin also promotes developmental OPC
differentiation and myelination and demonstrated that this requires the expression of
KORs specifically on OPCs. To determine the source of dynorphin, we characterized
dynorphin-expressing cells and identified several neuronal subtypes. In light of previous
work showing that the activity of some neurons both promotes OPC differentiation as well
as their own selection for myelination (Mitew et al., 2018) and the untested possibility that
these two processes could be regulated by the same signal, we investigated whether
dynorphin also acts as a signal to promote the selection of dynorphin-expressing neurons
for myelination. Using genetic sparse-labeling to trace the axonal projections of
dynorphin-expressing neurons, we, surprisingly, found that they were overwhelmingly
unmyelinated both under normal conditions and following forced swim stress, in part due

to their small size. Collectively, these results identify dynorphin as a novel signal
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underlying experience-dependent and developmental myelination, whose release from

unmyelinated neurons promotes OPC differentiation for the myelination of other axons.

2.3 Results

Forced swim stress promotes striatal OPC differentiation in adult mice

Several recent studies have found that experience can promote OPC differentiation and
myelination (Bacmeister et al., 2020; Hughes et al., 2018; McKenzie et al., 2014; Pan et
al., 2020; Steadman et al., 2020; Swire et al., 2019; Xiao et al., 2016), but the molecular
signals mediating this process remain unresolved. We first sought to determine whether
acute stress would promote experience-dependent myelination, using the classic
paradigm of forced swim stress. Mice were subjected to a 15 min swim on the first day,
followed by four 6 min swim sessions 24 h later, while littermate controls remained in their
home cage (Figure 2.2 A).

To assess new OPC differentiation in adult mice, we took advantage of a genetic
method that allows for the visualization of newly formed oligodendrocytes with
membrane-GFP (mGFP) (Mitew et al., 2018; Wang et al., 2020; Young et al., 2013). We
crossed Cspg4-CreER™ mice to Mapt-mGFP reporter mice to generate Cspg4-CreER™;
Mapt-mGFP mice. Cspg4 (NG2) is expressed in OPCs, allowing for tamoxifen-dependent
recombination in OPCs, while the Mapt-mGFP reporter is expressed in oligodendrocytes,
preventing mGFP expression until differentiation. Thus, following tamoxifen
administration, OPCs that undergo recombination and differentiate can be visualized as
mGFP-expressing oligodendrocytes (Figure 2.1 A-D and Figure 2.2 D, G). Following

forced swim stress, we observed a 1.8-fold increase in the density of mGFP+MBP+
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Figure 2.1: Cspg4-CreER™; Mapt-mGFP mice allow for identification of newly
differentiated oligodendrocytes. (A) Experimental paradigm for tamoxifen or oil
administration and tissue collection performed in Cspg4-CreER™; Mapt-mGFP and
Mapt-mGFP littermates at postnatal day (P) 8, when a high rate of developmental OPC
differentiation readily allows for visualization of newly differentiated mGFP+
oligodendrocytes in CreER+ mice gavaged with tamoxifen. (B) Recombined OPCs
express MmGFP upon differentiation. Abbreviation: OL = oligodendrocyte. (C)
Representative images of mGFP+ oligodendrocytes in CreER+ mice gavaged with
tamoxifen, CreER- mice gavaged with tamoxifen, or CreER+ mice gavaged with oil. (D)
Quantification of percentage of area that is mGFP+ in each condition
(CreER+Tamoxifen+: 1.668 + 0.3364, n = 3; CreER-Tamoxifen+: 0.02229 + 0.006689, n
= 4; CreER+Tamoxifen-: 0.06861 £ 0.01689, n = 4; ANOVA, P = 0.0001, F(2,8) = 33.68;
Tukey’s, CreER+Tamoxifen+ vs. CreER-Tamoxifen+, P = 0.0002, q(8) = 10.43;
CreER+Tamoxifen+ vs. CreER+Tamoxifen-, P = 0.0002, q(8) = 10.14; CreER-
Tamoxifen+ vs. CreER+Tamoxifen-, P = 0.9728, q(8) = 0.3171). Scale bar, 100 ym. Data
are presented as mean + s.e.m.; significance determined using one-way ANOVA and
Tukey’s multiple comparisons; ***P < 0.001; ns = not significant.

myelinating oligodendrocytes in the striatum (Figure 2.2 B, C). By contrast, we observed
no change in OPC differentiation in the cortex (Figure 2.2 E, F), indicating that forced
swim stress induces regionally specific increases in OPC differentiation. These results

demonstrate that acute stress can promote striatal OPC differentiation and myelination in

a novel form of experience-dependent myelination.
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Figure 2.2: Forced swim stress promotes striatal OPC differentiation and
myelination. (A) Experimental paradigm for tamoxifen administration, forced swim
stress, and tissue collection performed in 12-16 week old Cspg4-CreER™; Mapt-mGFP
littermates. (B) Representative images of mGFP+ oligodendrocytes in control and forced
swim stressed mice in striatum. Only mGFP+MBP+ cells with a cell soma visible in the
section were quantified (arrowheads). Box is around cell enlarged in (D). (C)
Quantification of relative density of mGFP+MBP+ cells in striatum in control versus forced
swim stressed mice (both groups: n = 7; control: 1.000 + 0.1202, forced swim: 1.827 +
0.3423; P = 0.0418, t(12) = 2.379). (D) Enlargement of a single mGFP+ oligodendrocyte
from (B) colocalizing with DAPI and MBP. (E) Representative images in cortex. Box is
around cell enlarged in (G). (F) Quantification in cortex (both groups: n = 7; control: 1.000
1 0.07325, forced swim: 1.026 + 0.08559; P = 0.8240, t(12) = 0.2274). (G) Enlargement
from (E). Box is around a mGFP+MBP+ myelin segment enlarged in 7.5 ym insets in the
lower right corner of the center panel. Scale bars, (B) and (E), 100 um; (D) and (G), 15
pm. Data are presented as mean * s.e.m.; significance determined using two-tailed
Student’s t test; *P < 0.05; ns = not significant.

Stress-induced OPC differentiation is dynorphin-dependent

Since forced swim stress has been shown to cause striatal dynorphin release (Bruchas
et al., 2008; Schindler et al., 2012) and activation of the endogenous dynorphin receptor,
KOR, on OPCs promotes their differentiation (Du et al., 2016; Mei et al., 2016), we next
investigated whether this experience-dependent myelination in response to acute stress
was dependent on dynorphin signaling. To do this, we blocked dynorphin-KOR signaling
by two methods. First, we used nor-Binaltorphimine dihydrochloride (nor-BNI), a highly
selective, long-acting KOR antagonist that blocks dynorphin signaling (Horan et al., 1992;
Portoghese et al., 1987). Nor-BNI blocks KOR agonists from promoting OPC
differentiation (Mei et al., 2016) and prevents dynorphin-dependent behavioral outcomes
of forced swim stress when administered 1 h prior to forced swim (McLaughlin et al.,
2003). Using this same protocol, we injected Cspg4-CreER™; Mapt-mGFP mice

undergoing forced swim stress and their home cage littermate controls with nor-BNI 1 h
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Figure 2.3: Blocking dynorphin-KOR signaling prevents stress-induced OPC
differentiation and myelination. (A) Representative images of mGFP+
oligodendrocytes in striatum of control and forced swim stressed 12-16 week old Cspg4-
CreER™; Mapt-mGFP littermates given the KOR antagonist nor-BNI 1h prior to both
sessions of forced swim stress. Only mGFP+MBP+ cells with a cell soma visible in the
section were quantified (arrowheads). (B) Quantification of relative density of
mGFP+MBP+ cells in striatum of mice described in (A) (both groups: n = 6; control: 1.000
1 0.09525, forced swim: 0.911 £ 0.08374; P = 0.4989, t{(10) = 0.7016). (C) Representative
images in cortex of mice described in (A). (D) Quantification in cortex of mice described
in (A) (both groups: n = 6; control: 1.000 + 0.09924, forced swim: 0.9895 £ 0.1528; P =
0.9553, t(10) = 0.05751). (E) Representative images of mGFP+ oligodendrocytes in
striatum of control and forced swim stressed 12-16 week old Cspg4-CreER™; Mapt-
mGFP; Pdyn KO littermates. (F) Quantification of relative density of mGFP+MBP+ cells
in striatum of mice described in (E) (control: 1.000 £ 0.08924, n = 6; forced swim: 1.008
+ 01113, n =7; P = 0.9579, t(11) = 0.05397). (G) Representative images in cortex of
mice described in (E). (H) Quantification in cortex of mice described in (E) (control: 1.000
1+ 0.0939, n = 6; forced swim: 1.04 + 0.1546, n = 7; P = 0.8359, t(11) = 0.2121). Scale
bars, 100 ym. Data are presented as mean * s.e.m.; significance determined using two-
tailed Student’s t test; *P < 0.05; ns = not significant.

prior to the first forced swim trial on both days. We found that blocking dynorphin-KOR
signaling prevented any stress-induced increase in mGFP+MBP+ myelinating
oligodendrocytes in the striatum (Figure 2.3 A, B), whereas cortical OPC differentiation
remained unaltered by forced swim stress (Figure 2.3 C, D).

Second, to eliminate dynorphin release, we crossed dynorphin (Pdyn) KO mice to
Cspg4-CreER™; Mapt-mGFP mice to generate Cspg4-CreER™; Mapt-mGFP; Pdyn KO
mice. Cspg4-CreER™; Mapt-mGFP; Pdyn KO mice that underwent forced swim stress
were compared to home cage littermate controls of the same genotype. Like with nor-
BNI, we found that genetically eliminating dynorphin release prevented any stress-
induced increase in striatal mMGFP+MBP+ myelinating oligodendrocytes (Figure 2.3 E,
F), whereas cortical OPC differentiation remained unaffected by forced swim stress

(Figure 2.3 G, H). Together, these data demonstrate that forced swim stress-induced
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striatal OPC differentiation and myelination requires dynorphin signaling, identifying

dynorphin as a novel signal underlying experience-dependent myelination.

Dynorphin promotes developmental OPC differentiation and myelination

We next sought to determine whether dynorphin’s role in myelination is limited to
experience-dependent myelination following acute stress or whether it affects myelination
more broadly. We previously observed a deficit in developmental OPC differentiation and
myelination in mice lacking KOR on OPCs (Olig2-Cre/+; Oprk1 flox/flox, henceforth KOR
cKO mice) (Mei et al., 2016), suggesting that dynorphin, the endogenous KOR agonist,
may promote developmental OPC differentiation and myelination. To test this, we
assessed Pdyn knock-out (KO) mice at the earliest stage of developmental myelination
in the brain at postnatal day 8. By immunostaining, we observed a 23% decrease in the
area occupied by the myelin protein MBP globally across cortex, corpus callosum, and
striatum in Pdyn KO mice as compared to wild-type littermate controls (Figure 2.4 A, B).
Since we previously showed that activating KOR on OPCs promotes their differentiation
(Mei et al., 2016) and we found that dynorphin promotes OPC differentiation following
stress (Figure 2.2 and Figure 2.3), we hypothesized that the deficit in developmental
myelination in Pdyn KO mice was due to a decrease in OPC differentiation. Consistent
with our hypothesis, we observed a corresponding decrease in the density of
oligodendrocytes (CC1+MBP+Olig2+ cells) in Pdyn KO mice (Figure 2.4 C, D) but no
change in the density of total oligodendrocyte lineage cells (Olig2+ cells) (Figure 2.4 C,
E), indicating a specific deficit in OPC differentiation. Together, these results indicate that

dynorphin promotes OPC differentiation and myelination in development.
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Figure 2.4: Dynorphin knock-out mice have deficits in developmental OPC
differentiation and myelination redundant with the loss of OPC KORs. (A)
Representative images of MBP immunostaining in the quantification region for MBP area
encompassing cortex, corpus callosum, and striatum in postnatal day (P) 8 wild-type (WT)
and Pdyn KO littermates. The box in cortex corresponds to the quantification region for
CC1+MBP+ Olig2+ and Olig2+ cells in (C). (B) Quantification of relative MBP area in P8
WT and Pdyn KO littermates (WT: 1.000 + 0.08261, n = 5; Pdyn KO: 0.7693 + 0.05614,
n =6; P =0.0414, t(9) = 2.478). (C) Representative images of MBP, CC1, and Olig2
immunostaining in the quantification region for CC1+MBP+Qlig2+ and Olig2+ cells in P8
WT and Pdyn KO littermates. (D, E) Quantification of relative density of CC1+MBP+
Olig2+ cells (both groups: n = 8; WT: 1.0000 + 0.07106, Pdyn KO: 0.7914 + 0.04061; P
=0.0232, t(14) = 2.548) (D) and relative density of Olig2+ cells (WT: 1.0000 £ 0.01643, n
= 6; Pdyn KO: 0.9866 £ 0.01563, n = 5; P = 0.5754, t(9) = 0.5812) (E) in P8 WT and Pdyn
KO littermates. (F) Representative images of MBP immunostaining in P8 KOR cKO and
Pdyn KO; KOR cKO littermates. (G) Quantification of relative MBP area in P8 KOR cKO
and Pdyn KO; KOR cKO littermates (KOR cKO: 1.000 + 0.05024, n = 5; Pdyn KO; KOR
cKO: 1.015 £ 0.0493, n =4; P = 0.8445, t(7) = t = 0.2036). (H) Representative images of
MBP, CC1, and Olig2 immunostaining in the quantification region for CC1+MBP+Qlig2+
and Olig2+ cells in P8 KOR cKO and Pdyn KO; KOR cKO littermates. (I, J) Quantification
of relative density of CC1+MBP+0lig2+ cells (KOR cKO: 1.000 £ 0.04294, n = 5; Pdyn
KO; KOR cKO: 1.086 £ 0.07834, n = 4; P = 0.3406, t(7) = 1.022) (D) and relative density
of Olig2+ cells (KOR cKO: 1.000 + 0.007635, n = 5; Pdyn KO; KOR cKO: 1.042 + 0.05419,
n=4;P=0.4119,1(7) = 0.8724) (E) in P8 KOR cKO and Pdyn KO; KOR cKO littermates.
Scale bars, (A) and (F), 200 uym; (C) and (H) 50 um. Data are presented as mean +s.e.m.;
significance determined using two-tailed Student’s t test; *P < 0.05; ns = not significant.

Dynorphin acts through OPC KORs to promote OPC differentiation and myelination
Our finding that Pdyn KO mice phenocopy the developmental deficits in OPC
differentiation and myelination observed in KOR cKO mice suggests that dynorphin acts
through KORs on OPCs to promote OPC differentiation and myelination. To directly test
this hypothesis, we examined whether the deficits in developmental OPC differentiation
and myelination induced by Pdyn KO mice and KOR cKO mice were additive or
redundant. We crossed Pdyn KO mice into KOR cKO mice to generate Pdyn KO; KOR
cKO (Pdyn KO; Olig2-Cre/+; Oprk1 flox/flox) and KOR cKO (Olig2-Cre/+; Oprk1 flox/flox)

littermates and compared them at postnatal day 8. If dynorphin acts independent of OPC
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KORs to promote developmental OPC differentiation and myelination, we would expect
mice lacking both dynorphin and OPC KORs to display a further deficit in developmental
OPC differentiation and myelination than do mice lacking OPC KORs alone. Conversely,
if dynorphin acts through OPC KORs to promote developmental OPC differentiation and
myelination, the deletion of dynorphin would be redundant with the deletion of OPC KORs
and we should observe no difference between these groups. Consistent with the latter
hypothesis, we observed no difference in MBP area between Pdyn KO; KOR cKO mice
and KOR cKO littermates (Figure 2.4 F, G). Furthermore, we observed no difference in
the density of oligodendrocytes (CC1+MBP+OQOlig2+ cells) (Figure 2.4 H, |) or total
oligodendrocyte lineage cells (Olig2+) (Figure 2.4 H, J) between Pdyn KO; KOR cKO
mice and KOR cKO littermates. Together, these data indicate that dynorphin acts through

OPC KORs to induce OPC differentiation and myelination.

Dynorphin is expressed in a subset of neurons

As the activity of multiple different neuronal subtypes has been implicated in regulating
OPC differentiation and myelination (Gibson et al., 2014; Mitew et al., 2018), we sought
to identify the neuronal subtypes expressing dynorphin. To visualize dynorphin-
expressing cells, we crossed Pdyn-Cre mice with nTnG mice or mTmG mice, generating
Pdyn-Cre; nTnG and Pdyn-Cre; mTmG mice, where Cre-dependent recombination in
dynorphin-expressing cells replaces tdTomato fluorescence with nuclear EGFP or
membrane EGFP expression, respectively. In Pdyn-Cre; nTnG mice, we observed
widespread EGFP+ nuclei in the striatum and cortex (Figure 2.5 A). The cortical EGFP+

nuclei were distributed in two populations whose positions could be localized using the
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cortical layer markers Cux1 for layer II-IV (Figure 2.5 C) and Ctip2 for layers Vb/VI

(Figure 2.5 D). One population was tightly clustered in upper layer Il/lll (Figures 2.5 A,

C). The other population was more broadly distributed in the deeper cortical layers, with
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Figure 2.5: Identification of several neuronal subtypes expressing dynorphin. (A,
B) Representative images of nNEGFP (A) and mEGFP (B) immunostaining in half coronal
sections of 12-16 week old Pdyn-Cre; nTnG (A) or Pdyn-Cre; mTmG (B) mice. Boxes
refer to the regions enlarged in (C-H). (C, D) Representative images showing localization
of one population of nEGFP+ cells in upper cortical layer Il/lll and another spread
throughout deeper cortical layers, localized by the layer II-IV marker Cux1 (C) and the
layer Vb-VI marker Ctip2 (D). (E-H) Representative images of mEGFP+ axon tracts in
cortical layer VI (E), corpus callosum (F), cortical layer | (G), and striatum (H). (I, J)
Representative images showing colocalization of upper layer Il/lll NEGFP+ cells with
pyramidal neuron markers Cux1 (I) and CamKlla (J). (K) Quantification of the percentage
of upper cortical layer Il/1ll NEGFP+ cells colocalizing with neuronal markers in n = 2 mice.
(L, M) Representative images showing colocalization of deeper cortical layer nEGFP+
cells with markers for Martinotti cells, somatostatin (SST) (L) and reelin (M). (N)
Quantification the percentage of deeper cortical layer nEGFP+ cells colocalizing with
neuronal markers in n = 2 mice. (O, P) Representative images showing colocalization of
dorsal (O) and ventral (P) striatal NEGFP+ cells with medium spiny neuron marker Ctip2.
(Q) Quantification of percentage of striatal NEGFP+ cells colocalizing with Ctip2 in n = 2
mice. Abbreviations: NPY = neuropeptide Y; PV = parvalbumin. Scale bars, (A) and (B),
500 pm; (C) and (D), 100 pm; (E-H), 20 um; (1), (J), (L), (M), (O), and (P), 50 ym. Data
are presented as mean = s.d.

Figure 2.6: Dynorphin is not expressed in glia. (A-D) Representative images of
immunostaining in 12-16 week old Pdyn-Cre; nTnG mice showing no colocalization
between nEGFP+ cells and markers for OPCs (A), oligodendrocytes (B), astrocytes (C),
or microglia (D) in deeper cortical layers. Scale bars, 50 pm.



the majority in layer V and some in the deeper part of layers II-IV or in layer VI (Figure
25 A, C, D). In Pdyn-Cre; mTmG mice, the distribution of dynorphin-expressing cells
observed in Pdyn-Cre; nTnG mice was replicated and furthermore, the processes of
dynorphin-expressing cells could be visualized (Figure 2.5 B). Tracts of mEGFP+ axons
projecting towards or away from (Figure 2.5 E) and within (Figure 2.5 F) the corpus

callosum could be observed, as well as mMEGFP+ axons elaborating in layer | (Figure 2.5

Upper cortical layer II/lI

Figure 2.7: Upper cortical layer Il/lll dynorphin-expressing cells rarely colocalize
with interneuron markers. (A-F) Representative images of immunostaining in 12-16
week old Pdyn-Cre; nTnG mice in upper cortical layer Il/lll showing rare examples of
colocalization between nEGFP+ cells and interneuron markers somatostatin (SST) (A),
reelin (B), calbindin (C), calretinin (D), neuropeptide Y (NPY) (E), and parvalbumin (PV)
(F). Examples of colocalization are indicated with an arrowhead. Scale bars, 50 um.
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G) and projecting in striatal axon bundles (Figure 2.5 H).
To identify the cell types expressing dynorphin, we examined colocalization of
EGFP+ nuclei in Pdyn-Cre; nTnG mice with various markers. We did not observe any

colocalization with glial markers for OPCs, oligodendrocytes, astrocytes, or microglia

Deeper cortical layers II/11l, V, VI

Figure 2.8: Deeper cortical layer dynorphin-expressing cells rarely colocalize with
non-Martinotti cell markers. (A-F) Representative images of immunostaining in 12-16
week old Pdyn-Cre; nTnG mice in deeper cortical layers showing rare examples of
colocalization between nEGFP+ cells and pyramidal neuron markers Cux1 (A) and
CamKlla (B), occasional colocalization with markers sometimes expressed in Martinotti
cells calbindin (C) and calretinin (D), but rare colocalization with another marker
sometimes expressed in Martinotti cells neuropeptide Y (NPY) (E), or a non-Martinotti
interneuron marker parvalbumin (PV) (F). Examples of colocalization are indicated with
arrowheads. Scale bars, 50 uym.



(Figure 2.6 A-D). The upper layer 1l/1ll EGFP+ nuclei colocalized with pyramidal neuron
markers Cux1 and CamkKlla (Figure 2.5 |-K) and rarely colocalized with interneuron
markers (Figures 2.5 K and Figure 2.7 A-F), indicating that this dynorphin-expressing
neuronal population is made up of layer Il/lll pyramidal neurons, which project through
the corpus callosum (Figure 2.5 E, F) to innervate the contralateral cortex. The EGFP+
nuclei in the deeper cortical layers primarily colocalized with somatostatin (SST) and
reelin, and to a much lesser extent calbindin and calretinin (Figure 2.5 L-N and Figure
2.8 A-F), in agreement with a previous report (Sohn et al., 2014). This molecular profile
is suggestive of Martinotti cells, interneurons predominantly localized to layer V but also
found in layers Il/lll and VI, which project their axons into layer | (Tremblay et al., 2016).
These deeper cortical layer dynorphin-expressing neurons matched this cortical
distribution (Figure 2.5 A, C, D) and their mEGFP+ axonal ramifications were observable
throughout layer | (Figure 2.5 G), indicating these cells are indeed Martinotti cells. Finally,
as expected, all EGFP+ nuclei in the striatum colocalized with Ctip2 (Figure 2.5 O-Q), a
marker for medium spiny neurons, as striatal dynorphin-expressing neurons are known
to be direct-pathway medium spiny neurons (Gerfen et al., 1990). Collectively, these
results identify three populations of dynorphin-expressing neurons throughout the cortex

and striatum.

Axons of dynorphin-expressing neurons are unmyelinated
Not all axons in the brain are myelinated and many axons are only partially myelinated
(Micheva et al., 2016; Sturrock, 1980; Tomassy et al., 2014), but how axons are selected

for myelination remains an outstanding question. A recent study showed that increased
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activity of layer Il/lll pyramidal neurons promotes OPC differentiation and myelination as

well as the targeting of this new myelin to those activated pyramidal axons (Mitew et al.,
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Figure 2.9: Axons of dynorphin-expressing neurons are unmyelinated normally and
following forced swim stress. (A) Representative images of immunostaining for
mEYFP and MBP in cortical layer VI in 12-16 weeks old Pdyn-Cre; STARS mice. Left: at
the resolution of a single z plane, the colocalization of mMEYFP and MBP can readily be
assessed; right: 6 um depth maximum intensity z projections of the same images. (B)
Quantification of percentage of unmyelinated mEYFP+ axons in cortical layer VI
(3950/3960 axons, n = 3 mice) of mice described in (A). (C) Representative images of
cortical layer | as described in (A). (D) Quantification in cortical layer | (5549/5549 axons,
n = 3 mice) as described in (B). (E) Representative images of striatum as described in
(A). Box is around a myelinated mEYFP+ axon enlarged in 4 um insets in the lower right
corner of the center-left panel. (F) Quantification in striatal gray matter (8902/8967 axons,
n = 5 mice) and white matter (1457/1543 axons, n = 5 mice) as described in (B). (G)
Experimental paradigm for forced swim stress and tissue collection performed in 12-16
week old Pdyn-Cre; STARS littermates. (H, 1) Quantification of percentage of
unmyelinated mEYFP+ axons in control and forced swim stressed littermates in striatal
gray matter (both groups: n = 5, control: 99.4 £ 0.09768, forced swim: 99.24 + 0.1094; P
= 0.2863, t(8) = 1.143) (H) and white matter (both groups: n = 5, control: 95.01 £ 0.6661,
forced swim: 93.91 + 0.9236; P = 0.3601, t(8) = 0.9707) (I). (J) Representative images of
immunostaining for mEYFP and MBP in striatum of 12-16 weeks old forced swim stressed
Pdyn-Cre; STARS mice. Box is around a myelinated mEYFP+ axon enlarged in 4 uym
insets in the lower right corner of the center-left panel. mMEYFP+ dendrites (arrow) were
readily identifiable in all regions by their larger diameter and the presence of spines.
Dendrites were excluded from quantification. Scale bars, 20 ym. Data in (B), (D), and (F)
are presented as mean * s.d.; data in (H, 1) presented as mean + s.e.m.; significance
determined using two-tailed Student’s t test; *P < 0.05; ns = not significant.

2018). However, it is unknown which signaling mechanisms regulate this process, and
whether the same axonal signal could both promote OPC differentiation and targeting of
the resulting myelin to the source axon. Other studies have shown that the selection of
axons for myelination is promoted by neuronal vesicular release (Hines et al., 2015;
Koudelka et al., 2016). These findings led us to ask whether dynorphin, in addition to its
role in promoting OPC differentiation, could also promote the selection of dynorphin-
expressing neurons for myelination. To test this possibility, we examined whether the
axons of dynorphin-expressing neurons were myelinated. The high density of mEGFP+

axons throughout the brain (Figure 2.5 B, E-H) prevented us from being able to readily

distinguish individual axons in Pdyn-Cre; mTmG mice by immunofluorescence.
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Figure 2.10: Axons of dynorphin-expressing neurons in the corpus callosum are
unmyelinated. Representative images of immunostaining for mEYFP and MBP in corpus
callosum in 12-16 weeks old Pdyn-Cre; STARS mice. Left: single z plane; right: 6 ym
depth maximum intensity z projection. Scale bar, 20 pm.

Therefore, we turned to a novel method for sparsely labeling cells: the STARS (stochastic
gene activation with regulated sparseness) reporter mouse. A single copy of the STARS
transgene allows for membrane EYFP (mEYFP) expression in only 10% of Cre-
expressing cells (Ibrahim et al., 2018). We crossed Pdyn-Cre mice with STARS mice to
generate Pdyn-Cre; STARS mice, which allowed us to assess the myelination status of
individual dynorphin-expressing axons in several regions using confocal microscopy
(Figure 2.9 A, C, E and Figure 2.10). Looking for colocalization of mEYFP+ axons and
MBP+ myelin, we found that the axons of dynorphin-expressing neurons were
overwhelmingly unmyelinated in all regions observed (Figure 2.9 A-F and Figure 2.10).
The axons of dynorphin-expressing layer Il/lll pyramidal neurons were unmyelinated in
cortical layer VI (99.76%; Figure 2.9 A, B) and in the corpus callosum (Figure 2.10). The
axons of dynorphin-expressing Martinotti cells were unmyelinated in cortical layer |

(100%; Figure 2.9 C, D). Finally, in the striatum, axons of dynorphin-expressing neurons

were unmyelinated in the neuropil (gray matter: 99.40%) and axon tracts (white matter:

38



95.01%; Figure 2.9 E, F). Together, these data indicate that dynorphin does not promote

the myelination of dynorphin-expressing axons over the course of normal development.

Dynorphin-expressing neurons remain unmyelinated following forced swim stress
Although the axons of dynorphin-expressing neurons were unmyelinated under baseline
conditions, we hypothesized that an experience like forced swim stress, which induces
dynorphin release (Bruchas et al., 2008; Schindler et al., 2012) and increases OPC
differentiation (Figure 2.2 and Figure 2.3), could promote their myelination. Using the
same paradigm of forced swim stress that promoted striatal OPC differentiation and
myelination (Figure 2.2 A and Figure 2.9 G), we tested whether forced swim stress would
promote the myelination of dynorphin expressing neurons in the striatum. We found that
forced swim stress did not alter the percentage of unmyelinated mEYFP+ axons in the
gray matter (Figure 2.9 H, J) or white matter of the striatum (Figure 2.9 |, J). These
results indicate that following forced swim stress — like at baseline — dynorphin does not

promote the myelination of dynorphin-expressing axons.

Small axonal diameter contributes to low myelination rates of dynorphin-
expressing neurons

In quantifying the percentage of myelinated mEYFP+ axons, we observed that they
appeared to be of noticeably smaller diameter than the MBP+ myelin segments in the
same regions (Figure 2.9 A, C, E and Figure 2.10). It is well-accepted that axons with a
diameter smaller than roughly 0.3 um are unable to be myelinated by oligodendrocytes

(Lee et al., 2012) and previous work has shown that cortical SST+ Martinotti cells — a
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Figure 2.11: Dynorphin-
expressing neurons have
small diameter axons. (A) Top:
Aligned dot plot with mean of
axon diameters of unmyelinated
(black) and myelinated
(magenta) mEYFP+ axons in
cortical layer VI (unmyelinated:
median = 0.3128, n = 817 axons;
myelinated: median = 0.5056, n =
6 axons; U = 240, P < 0.0001).
Bottom: Histogram of the same
data binned into 0.05 um bins.
The myelination threshold for
oligodendrocytes at 0.3 ym is
indicated by a dotted line. (B)
Top: Aligned dot plot with mean
of axon diameters of
unmyelinated mEYFP+ axons in
cortical layer | (n = 1259 axons).
Bottom: Histogram as described
in (A) of cortical layer I. (C) Top:
Aligned dot plot as described in
(A) of striatal GM (unmyelinated:
median = 0.3051, n = 3259
axons; myelinated: median =
0.5123, n = 36 axons; U = 5466,
P < 0.0001). Bottom: Histogram
as described in (A) of striatal GM.
(D) Top: Aligned dot plot as
described in (A) of striatal WM
(unmyelinated: median = 0.3402,
n = 756 axons; myelinated:
median = 0.5987, n = 59 axons;
U = 2342, P < 0.0001). Bottom:
Histogram as described in (A) of
striatal WM. Data points > 0.8um
are summed at the right-most
side of the graphs. Significance
determined using two-tailed
Mann-Whitney test; **** P <
0.0001.



subset of which express dynorphin (Figure 2.5 L-N) — are unmyelinated due to their small
axonal diameters (Stedehouder et al., 2019). This led us to interrogate whether the axons
of dynorphin-expressing neurons may remain unmyelinated due to size. We estimated
axon diameters by measuring the full-width at half maximum (FWHM) of mEYFP
fluorescence intensity across axons, as previously described (Call and Bergles, 2021;
Stedehouder et al., 2019), in cortex and striatum. Across the regions, a substantial
percentage of unmyelinated mEYFP+ axons were below 0.3 um in diameter and thus
were unable to be myelinated (cortical layer VI: 38.19%; cortical layer I:
45.12%; striatal GM: 46.15%; striatal WM: 22.09%), and the vast majority were below
0.4 pym in diameter (cortical layer VI: 89.60%; cortical layer I: 92.61%; striatal GM:
90.83%; striatal WM: 81.35%) (Figure 2.11 A-D).

We also measured the diameters of the few mEYFP+ axons that were myelinated.
On average, we found that myelinated mEYFP+ axons were larger than unmyelinated
mEYFP+ axons in all regions where we observed mEYFP+ axon myelination (Figure
211 A, C, D). When considering only suprathreshold axons, diameter still influenced
myelination status. mEYFP+ axons larger than 0.5 ym had substantially higher rates of
myelination (cortical layer VI: 10.71%; striatal GM: 22.47%; striatal WM: 54.22%) than
those between 0.3 um and 0.5 pym (cortical layer VI: 0.62%; striatal GM: 0.94%; striatal
WM: 2.48%) in all regions where we observed mEYFP+ axon myelination. Together,
these data indicate that small axon size indeed contributes to the extremely low
myelination rate of dynorphin-expressing neurons.

However, small axonal diameter does not entirely account for the low myelination

rate of dynorphin-expressing neurons. Even when compared across the same axon size,
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the myelination rate of dynorphin-expressing neurons is substantially lower than that of
other CNS neuronal subtypes. Below 0.5 um, the axons of dynorphin-expressing neurons
are almost entirely unmyelinated (cortical layer VI: 0.38%; cortical layer |: 0%; striatal GM:
0.50%; striatal WM: 1.91%), while cortical parvalbumin neurons and thalamocortically
projecting ventral medial nucleus neurons are myelinated at rates of 30% and 21%,
respectively (Call and Bergles, 2021). Clearly — in addition to small axonal diameter —
there are other, yet defined factors that also contribute to preventing the myelination of

dynorphin-expressing neurons.

2.4 Discussion
Overall, we identify the neuropeptide dynorphin as a neuronal signal promoting
experience-dependent OPC differentiation and myelination following acute stress (Figure
2.2 and Figure 2.3). Dynorphin also promotes developmental OPC differentiation and
myelination (Figure 2.4 A-E) and exerts its pro-differentiation effects by acting on OPC
KORs (Figure 2.4 F-J). Intriguingly, we found that the axons of dynorphin-expressing
neurons are unmyelinated both under normal conditions (Figure 2.9 A-F and Figure 2.10)
and following acute stress (Figure 2.9 H-J), which can be partially attributed to their small
size (Figure 2.11). Based on our findings, we propose the following model wherein
unmyelinated, dynorphin-expressing neurons influence the myelination of neighboring
axons during development and following acutely stressful experiences by releasing
dynorphin to induce OPC differentiation (Figure 2.12).

Over the last decade, it is has become increasingly clear that CNS myelination is

sensitive to extrinsic cues. Several recent studies have shown that experience can
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Figure 2.12: Model of dynorphin-induced OPC differentiation and subsequent
myelination of axons of non-dynorphin expressing neurons. During development
and forced swim stress, small axonal diameter dynorphin-expressing neurons release
dynorphin. Dynorphin binds KORs on OPCs causing OPCs to differentiate into
myelinating oligodendrocytes, which myelinate the axons of non-dynorphin-expressing
neurons.

promote OPC differentiation and myelination (Bacmeister et al., 2020; Hughes et al.,
2018; McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Swire et al., 2019;
Xiao et al., 2016), but until now, no signal has been found to underlie this process. The
discovery of neuronal glutamatergic and GABAergic synaptic input onto OPCs two
decades ago (Bergles et al., 2000; Lin and Bergles, 2003) provided a compelling avenue:
neurons could convey changes in experience by altering their synaptic input onto OPCs
to induce OPC differentiation. Consequently, much of the focus to date has been on how
these neurotransmitters act on OPCs through their ionotropic receptors. Our study, which
identifies a neuropeptide as the neuronal signal underlying experience-dependent OPC

differentiation and myelination following acute stress (Figure 2.2 and Figure 2.3),

suggests a broader approach is necessary. Dynorphin may play a similar role in
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promoting OPC differentiation and myelination in other experiences involving dynorphin
release, such as other stressors, during the development of neuropathic pain, and
following repeated drug exposure (Knoll and Carlezon, 2010). However, dynorphin is
likely only one of several signals mediating the myriad of responses of oligodendrocyte
lineage cells to different experiences. Beyond promoting OPC differentiation and
myelination, experience can also alter OPC proliferation (McKenzie et al., 2014; Pan et
al., 2020; Steadman et al., 2020), myelin thickness (Liu et al., 2012; Makinodan et al.,
2012), oligodendrocyte complexity (Makinodan et al., 2012; Swire et al., 2019), node and
internode structure (Cullen et al., 2021; Etxeberria et al., 2016; Yang et al., 2020) and
new internode formation (Bacmeister et al., 2020). We propose that investigation into
other signals regulating these processes should consider molecules beyond the classical
fast-acting neurotransmitters.

Neuropeptides and neurotrophins are attractive candidates for regulating
experience-dependent plasticity in the oligodendrocyte lineage. They bind G-protein
coupled receptors (GPCRs) — like kappa opioid receptor — and receptor tyrosine kinases
(RTKs), respectively, providing great opportunity to affect the intracellular signaling and
gene expression machinery involved in experience-dependent myelination. Indeed,
several ligands of GPCRs and RTKs can mediate OPC proliferation and differentiation
(Bergles and Richardson, 2016) and these receptors are upstream of the ERK/MAPK and
PI3K/Akt/mTOR signaling cascades that control myelin thickness (Goebbels et al., 2010;
Jeffries et al., 2016) and other pathways regulating oligodendrocyte complexity (Czopka
etal., 2013; Swire et al., 2019). Furthermore, neuropeptides and neurotrophins are stored

in large dense-core vesicles and released in response to high levels of neuronal activity,
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providing a means by which neurons could signal changes in experience to
oligodendrocyte lineage cells. A recent study found that the effects on oligodendrocyte
lineage cells induced by optogenetic stimulation of layer V pyramidal neurons were
dependent on BDNF (Geraghty et al., 2019), a neurotrophin that binds the RTK TrkB.
Might BDNF promote experience-dependent myelination in certain learning and memory
tasks where BDNF signaling is known to be engaged (Bekinschtein et al., 2014)? It should
be noted, however, that direct activity-dependent release from neurons is not a necessary
feature for candidate ligands if their expression or release is modulated by experience
through other means. Two other studies have implicated neuregulin 1 type Il and
endothelin-1 and/or 3 in the deficits in oligodendrocyte complexity and social behavior
observed in socially isolated mice. The mRNA for these ligands decreased following
social isolation and disruption of their respective receptors, ErbB3 (an RTK) in
oligodendrocytes or endothelin receptor EDNRB (a GPCR) in OPCs, phenocopied the
social isolation-induced deficits in oligodendrocyte complexity and social behavior
(Makinodan et al., 2012; Swire et al., 2019). We anticipate that future studies into these
and other GPCR and RTK ligands will uncover many more signals regulating experience-
dependent myelination.

While a role for extrinsic neuronal signaling regulating OPC differentiation and
myelination in adulthood is now well accepted, the extent of its contribution to
developmental myelination has been debated. Several studies have prompted the
consideration that factors intrinsic to oligodendrocyte lineage cells contribute to setting up
the initial myelin landscape that emerges in development. For example, OPCs are

induced to differentiate once they reach a critical density in vitro, a phenomenon which is
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dependent on the geometric and spatial constraints generated (Rosenberg et al., 2008),
and oligodendrocytes do not require any axonal signaling beyond a sufficiently large
diameter to form compact myelin (Lee et al.,, 2012). Recently, we found that in the
developing optic nerve, dynamic neuronal signaling is not required for normal OPC
differentiation (Mayoral et al., 2018). Although this study does not preclude a role for other
non-neuronal cells in OPC differentiation, it may suggest an important role for intrinsic
signaling in developmental OPC differentiation in fully myelinated white matter tracts like
the optic nerve. On the other hand, studies in zebrafish larvae following the manipulation
of neuronal vesicular release clearly demonstrate that extrinsic neuronal signaling can
regulate spinal cord myelination in even the earliest stages of development (Hines et al.,
2015; Koudelka et al., 2016; Mensch et al., 2015). Other studies in mice have shown a
role for neuronal signaling in promoting OPC differentiation and myelination in the brain
within the first month of life (Barak et al., 2019; Mitew et al., 2018). Evidently, more work
is needed to define the relative contributions of intrinsic and extrinsic signaling to
developmental OPC differentiation and myelination throughout the CNS. Here, we
contribute to this debate by demonstrating that dynorphin plays a substantial role in
promoting OPC differentiation and myelination at the earliest stages of myelination in the
brain (Figure 2.4 A-E).

Timely myelination of the appropriate axons to facilitate learning and memory or
otherwise advantage an organism requires the precise coordination of signals regulating
new oligodendrocyte formation and the selection of which axons they will myelinate during
their typically short period of myelin formation following differentiation (Bacmeister et al.,

2020; Czopka et al., 2013). The appeal of neuronal control of OPC differentiation and
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axon selection is that it dramatically simplifies this problem of coordination — the axons
that require additional myelination could both promote OPC differentiation and their own
subsequent myelination, perhaps even using the same molecular signal to regulate both
processes. Considering this, we were somewhat surprised to discover that the axons of
dynorphin-expressing neurons are overwhelmingly unmyelinated (Figure 2.9 A-F and
Figure 2.10). These findings instead support a model wherein dynorphin release from
unmyelinated, dynorphin-expressing neurons acts as a diffuse OPC differentiation signal
to promote the myelination of neighboring axons, which are selected for myelination
through alternate means (Figure 2.12). How, then, in instances where the myelin demand
of certain axons increases in response to experience, could dynorphin-expressing
neurons coordinate dynorphin release with the presence of axon selection cues in these
axons? One possibility is through shared input to both neurons. For example, in cortical
layer 1I/1ll, unmyelinated dynorphin-expressing pyramidal neurons are interspersed with
myelinated non-dynorphin-expressing pyramidal neurons (Figure 2.5 |, J) whose
myelination is promoted by layer Il/lll pyramidal neuron activity (Mitew et al., 2018).
Shared inputs to activate these dynorphin- and non-dynorphin-expressing populations
could coordinate the release of dynorphin to promote OPC differentiation and the
expression of an axon selection cue in adjacent non-dynorphin-expressing axons to
promote their selection for myelination.

Our observation that the axons of dynorphin-expressing neurons are almost
entirely unmyelinated (Figure 2.9 A-F and Figure 2.10) raises two other important
questions. First, considering this complication of coordination, why would axons not

destined for myelination regulate the myelination process? One reason might be to
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preserve the ability of dynorphin-expressing neurons to promote OPC differentiation and
myelination over time. Myelin coverage could obstruct axonal dynorphin release sites, so
a system wherein dynorphin-expressing axons remain unmyelinated would retain its
ability to promote OPC differentiation and myelination in response to stress or other
experiences throughout life.

Second, how do dynorphin neurons prevent the myelination of their axons? Here,
we demonstrate that their small axonal diameter is a contributing factor, but does not fully
explain their lack of myelination (Figure 2.11). Likely, axons of dynorphin-expressing
neurons are equipped with molecular factors that negatively regulate their myelination
and/or they lack factors to positively promote their myelination. Might dynorphin itself act
as such a negative axon selection cue? Consistent with this hypothesis, in addition to its
axonal release, dynorphin is also frequently released from dendrites (Drake et al., 1994;
Simmons et al., 1995; Yakovleva et al., 2006) — another structure not targeted for
myelination. However, dynorphin appears to be a poor candidate to either negatively or
positively regulate the selection of structures for myelination. Such cues should be
precisely localized to the structure of interest. This can be readily achieved by membrane-
bound adhesion molecules or through neurotransmitter release at axon-OPC synapses
(Osso and Chan, 2017 or Chapter 1). By contrast, dynorphin’s release has poor spatial
resolution; unlike with classical neurotransmitters, it is often released extrasynaptically
from axons (Drake et al., 1994) and there are no specialized reuptake channels localized
to these sites to prevent its diffusion. More likely, dynorphin-expressing neurons use other
currently undefined cues to prevent their myelination. Ultimately, the objective is to

understand how such negative and positive axon selection cues coordinate with
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differentiation signals like dynorphin to promote the myelination of specific axons during
experience-dependent myelination, and to elucidate how this process alters behavioral

outcomes.

2.5 Materials and methods

Mice

All mice were handled in accordance with the approval of the University of California, San
Francisco Administrative Panel on Laboratory Animal Care and group housed under
standard barrier conditions in the Laboratory Animal Research Center (LARC) in the
Sandler Neurosciences Center at UCSF, Mission Bay. Mice were given food and water
ad libitum and were on a 12 h light/dark cycle. Both females and males were used for all
experimental conditions. Cspg4-CreER™ BAC transgenic mice (Zhu et al., 2011) were
generously provided by Dr. Anders Persson (University of California, San Francisco; also
available from Jackson Laboratory, Stock No. 008538). Mapt-mGFP knock-in mice
(Hippenmeyer et al., 2005) were generously provided by Dr. John Rubenstein (University
of California, San Francisco; also available from Jackson Laboratory, Stock No. 021162).
For forced swim stress experiments, these lines were crossed to generate Cspg4-
CreER™/+; Mapt-loxP-STOP-loxP-mGFP/loxP-STOP-loxP-mGFP mice. 12-16 week old
littermates of the same genotype underwent forced swim stress or served as controls. To
demonstrate the suitability of this line to assess new OPC differentiation, Cspg4-
CreER™/+; Mapt-loxP-STOP-loxP-mGFP/loxP-STOP-loxP-mGFP mice and Mapt-loxP-
STOP-loxP-mGFP/loxP-STOP-loxP-mGFP littermates were given tamoxifen or oil at

postnatal day (P) 8 and analyzed at P15. Pdyn knock-out mice (Sharifi et al., 2001) were
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generously provided by Dr. Michael Bruchas (University of Washington; also available
from Jackson Laboratory, Stock No. 004272) as homozygotes. For forced swim stress
experiments in Pdyn KO mice, Pdyn KO mice were crossed into Cspg4-CreER™ and
Mapt-mGFP mice to generate Cspg4-CreER™/+; Mapt-loxP-STOP-loxP-mGFP/loxP-
STOP-loxP-mGFP; Pdyn -/- mice. 12-16 week old littermates of the same genotype
underwent forced swim stress or served as controls. To compare developmental OPC
differentiation and myelination, Pdyn KO mice were crossed with wild-type C57BL/6J
mice (Jackson Laboratory, Stock No: 000664) to generate Pdyn +/- mice for breeding to
generate Pdyn -/- and Pdyn +/+ littermates, which were analyzed for developmental
myelination at P8. KOR floxed (Oprk1-loxP) mice (Chefer et al., 2013) were generated
and generously provided by Dr. Jennifer Whistler (University of California, Davis). Olig2-
Cre mice (Schuller et al., 2008) were generously provided by Dr. David Rowitch
(University of California, San Francisco; also available from Jackson Laboratory, Stock
No. 011103). They were crossed with Pdyn KO mice to generate Pdyn +/-; Olig2-Cre/+;
Oprk1-loxP/loxP mice and Pdyn +/-; Oprk1-loxP/loxP mice for breeding to generate Pdyn
-/-; Olig2-Cre/+; Oprk1-loxP/loxP mice and Pdyn +/+; Olig2-Cre/+; Oprk1-loxP/loxP
littermates for developmental myelination analysis at P8. Pdyn-Cre knock-in mice
(Krashes et al., 2014) (Stock No. 027958) and mTmG mice (Muzumdar et al., 2007)
(Stock No. 007676) were obtained from Jackson Laboratory as homozygotes. nTnG mice
(Prigge et al., 2013) were generously provided by Dr. Samuel Pleasure (University of
California, San Francisco; also available from Jackson Laboratory, Stock No. 023537) as
homozygotes. Pdyn-Cre mice were bred to nTnG mice and mTmG mice to generate

Pdyn-IRES-Cre/+; Rosa26-loxP-ntdTomato-loxP-nEGFP/+ mice and Pdyn-IRES-Cre/+;

50



Rosa26-loxP-mtdTomato-loxP-mEGFP/+, which were analyzed for reporter expression
at 12-16 weeks. STARS reporter mice (lbrahim et al., 2018) were generated and
generously provided by Dr. Li Zhang (University of Southern California; also available
from Jackson Laboratory, Stock No. 032453) as heterozygous animals. They were
crossed with wild-type C57BL/6J mice (Jackson Laboratory, Stock No: 000664) to
establish a colony. They were then bred to Pdyn-Cre mice to generate Pdyn-IRES-Cre/+;
Rosa26-lox3172-mCherry-loxP-lox3172-mEYFP-loxP/+ mice, which were analyzed for
mEYFP+ axon myelination and diameters at 12-16 weeks. Details of mouse lines can be
found in the Table 2.1. Genotypes were determined by PCR amplification and
visualization with 0.0005 % ethidium bromide (BioRad, Cat. No. 161-0433) on a 2%
agarose (Fisher Scientific, Cat. No. BP160-100, in 1X TAE, Fisher Scientific, Cat. No. 50-

103-5139) gel. Primers and amplified fragment sizes are listed in Table 2.2.

Table 2.1: Key resources

Reagent or resource | Source | Identifier
Antibodies

I(?I\iérg)c’)q?ggoocal anti-myelin basic protein EMD Millipore gaRtm#)%é?;fg(jm
Rabbit monoclonal anti-GFP, 1:500 qnormo Fisher ggﬂgﬁ;ﬁgggéf%
Chicken polyclonal anti-GFP, 1:1000 ::\:r?r%l:ﬁgghemicals (I-'\zaRtIIZ#)E;AOBO_sfg;ﬂTOg
Rabbit polyclonal anti-Olig2, 1:1000 EMD Millipore ggﬂgﬁggg%é%
Mouse monoclonal CC1, 1:500 EMD Millipore ggtlg:ggsgb57371
Rabbit polyclonal anti-Cux1, 1:200 Siﬂ;ﬁ;g; o gaRtlg:SAC; 3(2’31’23 1
Rat monoclonal anti-Ctip2, 1:500 Abcam ggﬂg;@ 82406654’130
Mouse monoclonal anti-CamKlla, 1:50 S%T;ir?;gﬁ,gy ggtlgicéig;g;w
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Reagent or resource ' Source ' Identifier
Antibodies
Rabbit polyclonal anti-somatostatin (SST), | Santa Cruz Cat # T-4103,
1:500 Biotechnology RRID:AB_518614

: o - Cat # MAB5364,
Mouse monoclonal anti-reelin, 1:1000 EMD Millipore RRID:AB 2179313

: o Cat # 300, RRID:
Mouse monoclonal anti-calbindin, 1:500 Swant AB 10000347

: o - Cat # MAB1568,
Mouse monoclonal anti-calretinin, 1:500 EMD Millipore RRID:AB 94259
Rabbit monoclonal anti-neuropeptide Y Cell Signaling Cat # 11976,
(NPY), 1:1000 Technology RRID:AB_2716286
Rabbit polyclonal anti-parvalbumin (PV), Swant Cat# PV 27,
1:500 RRID:AB_2631173
Rat monoclonal anti-CD140a/ PDGFRa, BD Biosciences Cat # 558774,
1:500 RRID:AB_397117
Rabbit polyclonal anti-aspartoacylase . Cat # ABN1698,
(ASPA), 1:500 EMD Millipore - ppip.AB 2827931

Cat # AF3075,

Goat polyclonal anti-Sox9, 1:100

R&D Systems

RRID:AB_2194160

Cat # 019-19741,

Rabbit polyclonal anti-lba1, 1:1000 Wako RRID:AB 839504

Goat anti-rabbit AlexaFluor 488, 1:1000 | oo Fisher [ Lat A0,
Donkey anti-rabbit AlexaFluor 488, 1:1000 gzgml?l CFiSher g;t,g:ﬁ?z?ggg?gz
Goat anti-rabbit AlexaFluor 647, 1:1000 | oo Fisher [ Lat 8 21245,

Goat anti-rat AlexaFluor 594, 1:1000

Thermo Fisher

Cat # A-11007,
RRID:AB_1056152

Scientific 2
Goat anti-rat AlexaFluor 594, 1:800 f;‘;:jggResearch gaﬂg;@ggg@,@%
Goat anti-rat AlexaFluor 647, 1:1000 'Srg?zrrr;[]i%CFlsher g§|§§§j12:17778
Goat anti-mouse AlexaFluor 488, 1:800 ijrifrz(jr?QRgsearch g;ﬂgl};ggg;&g
Goat anti-mouse AlexaFluor 647, 1:1000 'Srgzrr:?i%:fsher g%g:ﬁézgggég%
Goat anti-chicken AlexaFluor 488, 1:1000 gggrr]?i%:'smr g;ﬂg:ﬁg 110 235’924
Donkey anti-goat AlexaFluor 647, 1:1000 gggrr]?i?icﬁsmr g%ﬂgﬁ?f 217 844

Chemicals

DAPI

Thermo Fisher
Scientific

Cat # D1306
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Reagent or resource ' Source ' Identifier
Chemicals
Normal goat serum (NGS) Sigma-Aldrich Cat # G9023
Normal donkey serum (NDS) Sigma-Aldrich Cat # D9663
Triton X-100 Sigma-Aldrich Cat # 178787
L.A.B. Solution Polysciences Cat # 24310-500
Tamoxifen Sigma-Aldrich Cat # T5648
g(l)\lrl-)Binaltorphimine dihydrochloride (nor- Sigma-Aldrich Cat # N1771
Sodium azide BioExpress Cat # 0639
Electron
Paraformaldehyde (PFA) Microscopy Cat # 19210
Sciences

Mouse lines

Mouse: Cspg4-CreER™: B6.Cg-Tg(Cspg4-
cre/Esr1*)BAkik/J

Zhu et al., 2011

RRID:IMSR_JAX:0
08538

Mouse: Mapt-mGFP: B6;129P2-
Mapttm2ArbrlJ

Hippenmeyer et
al., 2005

RRID:IMSR_JAX:0
21162

Mouse: Pdyn KO: B6.129S4-Pdyntm1Ute/J

Sharifi et al., 2001

RRID:IMSR_JAX:0
04272

Mouse: Olig2-Cre: STOCK Schdller et al., RRID:IMSR_JAX:0
Olig2im2(TVA.cre)Rih/ | 2008 11103

Mouse: Oprk1-loxP: B6-Kor tm2Jiw/Ntac gg%er etal., N/A

Mouse: Pdyn-Cre: B6;129S- Krashes et al., RRID:IMSR_JAX:0
Pdyntm1.1(cre)Mjkr/LowlJ 2014 27958

Mouse: nTnG: B6N.129S6- . ) ]
Gt(ROSA)26Sortm1(CAG-tdTomato*, - o9ge etal, ADIMOR_JAX:0

EGFP*)Ees/J

Mouse: mTmG: B6.129(Cqg)-
Gt(ROSA)26Sortm4(ACTB-tdTomato,-
EGFP)Luo/J

Muzumdar et al.
2007

RRID:IMSR_JAX:0
07676

Mouse: STARS: STOCK

Gt(ROSA)26Sortm1(CAG-mCherry - panim etal. ?;J%'MSR—JAX'O
EYFP*)Liiz/J

Software

Fiji NIH RRID:SCR_002285
Imaris 9.3.0 Bitplane RRID:SCR 007370
GraphPad Prism 7 GraphPad RRID:SCR 002798
Adobe lllustrator CC 2017 Adobe RRID:SCR 010279
Microscopes

Zeiss Axio Scan Z1 Slide Scanner Zeiss N/A

Zglss LSM 700 laser scanning confocal Zeiss N/A

microscope

Zeiss Axio Imager M2 microscope Zeiss N/A
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Table 2.2: Genotyping primers and amplified fragment sizes

Reagent or resource | Source | Identifier
Primers
Cspg4-CreER™: Wildtype: GAT GTG AAT AAA AGG
CGA CAT TC (261bp), Mutant: CTG AAC GGG CAG | Jackson 37524,
ATC AAC AT (220bp), Common: TGT ATT ATT TTC | Laboratory 37525, 37536
CAT ACT AGA TGT CCA
Mapt-mGFP: Wild-type: TGT GTA TGT CCA CCC
CAC TG (224bp), Mutant: AAA CAT GTC CCA GCT Jackson 17461,
CCA AG (280bp), Common: CCT TGT CCC CAA CTC | Laboratory 17462, 17460
CAT AC
Pdyn KO: Wild-type: CCA TGA GGA ACT GCA TCG
GA (332bp), Mutant: GGC TAC CCG TGA TAT TGC | This N/A
TGA (669bp), Common: TAT CTG CCT GGA GAT manuscript
GGG GA
Olig2-Cre: Wild-type: CAC AGG AGG GAC TGT GTC 12704
CT (392bp), Mutant: GCC AGA GGC CAC TTG TGT | Jackson oIMR7,415
AG (500bp), Common: AGT TGG TGA GCA TGA Laboratory 12705 ’
GGA TG
Oprk1-loxP: AGG CAC AGT GGG GAA ATT GCT
GTG and ACT GGG AGA GCA GGT AGG GCC TGG Dr. Jennifer
(Wildtype: 424bp, Mutant: 558bp); Floxed out: CCT Whistler: this | N/A
GCA GGA AGT ACC AGA GC (339bp) used in the "
. . . manuscript
same reaction with the common primers to detect
germline recombination
Pdyn-Cre: Wild-type: GCT CAT TTT TCT TCC GAG
AGG (425bp), Mutant: ACA CCG GCC TTATTC CAA | Jackson 25683,
G (110bp), Common: CCA GGA GAA CCC CAA TAC | Laboratory 13007, 25682
CT
nTnG: Wild-type: CTT TAA GCC TGC CCA GAA GA Martinez et
(252bp), Mutant: GGG CGT ACT TGG CAT ATG AT al. 2019 N/A
(495bp), Common: GCA CTT GCT CTC CCAAAG TC "
mTmG: Wild-type: AGG GAG CTG CAG TGG AGT
AG (212bp), Mutant: TAG AGC TTG CGG AAC CCT | Jackson 30298,
TC (128bp), Common: CTT TAA GCC TGC CCA GAA | Laboratory 30297, 12177
GA
STARS: Wild-type: AAG GGA GCT GCA GTG GAG Jackson
TA and CCG AAA ATC TGT GGG AAG TC (297bp); Laboratory: 0IMR9020,
Mutant: GCC TCT GCT AAC CAT GTT CAT GCC Ibrahim ef | oIMR9021;
TTC TTC and CTT GAA GCG CAT GAACTC CTT al. 2018 N/A
GAT GAT G (219bp). B
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Forced swim stress

Forced swim stress was performed in 12-16 week old mice as previously described
(McLaughlin et al., 2003). Both experimental mice and controls were brought in their
home cage to the behavior room 1 h prior to swim. Experimental mice were placed in an
opaque 5 gallon (28.5 cm diameter, 37 cm tall) bucket filled to a depth of 20 cm with 30
°C tap water to swim without the opportunity to escape. After each trial, mice were dried
with paper towel and returned to their home cage. Control mice remained in the home
cage. On the first day, experimental mice swam for a single trial of 15 min. On the second
day, experimental mice swam for four trials of 6 min each, each separated by 7 min in
their home cage. All mice were returned to the mouse facility within 10 min of the final

swim on both days.

Drug administration

Tamoxifen (Sigma-Aldrich, Cat. No. T5648) was stored as a powder at 4 °C protected
from light. On the day of administration, tamoxifen was weighed and dissolved in peanut
oil to a concentration of 1 mg/mL. The solution was shaken at 1000rpm at 42 °C for
several hours until tamoxifen had dissolved. Forced swim stressed mice and littermate
controls were administered 60 pL of solution by oral gavage three days prior to the first
forced swim stress trial. P8 pups were administered a comparable dose for their weight
(10 yL) by gavage. Nor-Binaltorphimine dihydrochloride (nor-BNI, Sigma-Aldrich, Cat. No.
N1771) was stored as a powder at -20 °C. On the day of administration, nor-BNI was
weighed and dissolved in autoclaved phosphate buffered saline (PBS, in Milli-Q Synthesis

A10 purified water, pH 7.4) to a concentration of 1 mg/mL. The solution was shaken at
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1000rpm at room temperature (RT) for 20 min until nor-BNI had dissolved, and then
filtered through a 0.22 um filter (EMD Millipore, Cat. No. SLGP033RS). As previously
described, the solution was administered by intraperitoneal injection at 10 mg/kg to both
experimental and control animals 1 h prior to the first swim trial on both days of forced

swim stress sessions (McLaughlin et al., 2003).

Tissue processing and immunohistochemistry

Mice were deeply anesthetized with intraperitoneal injection of 2,2,2-tribromoethyl alcohol
(Sigma-Aldrich, Cat. No. T48402) and perfused transcardially with 1X PBS followed by
4% paraformaldehyde (PFA, Electron Microscopy Sciences, Cat. No. 19210 in PBS, pH
7.4). Brains were immediately dissected from the skull and post-fixed in 4% PFA at 4 °C
for 2 h (for immunostaining for ASPA, CD140a, PV, calretinin, and calbindin, as well as
GFP when used in the same sections) or overnight (all other immunostaining). Brains
were rinsed with 1X PBS + 0.02% sodium azide (BioExpress, Cat. No. 0639) and
transferred to 30% sucrose (Sigma-Aldrich, Cat. No. S9378) + 0.02% sodium azide (in
PBS) solution for cryoprotection until sinking (~48 h at 4 °C). Brains were mounted with a
2:1 30% sucrose:optimum cutting temperature solution (OCT, Tissue-Tek, Cat. No. 4583)
to a freezing stage (Thermo Fisher Scientific, KS 34) and cryosectioned using a sliding
microtome (Thermo Fisher Scientific, HM 450) coronally at 30 um thickness. Sections for
CamKlla immunostaining were 14 um to allow for penetration of the CamKlla antibody
through the entire tissue. Sections for analysis of mMEYFP+ axon myelination and
diameters were 6 um to allow for penetration of the MBP antibody into dense white matter

tracts. Floating sections were stored in 1X PBS + 0.02% sodium azide at 4 °C until
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immunostaining. For immunostaining, floating sections were blocked and permeabilized
in 20% normal goat serum (NGS, Sigma-Aldrich, Cat. No. G9023) + 0.2% Triton X-100
(Sigma-Aldrich, Cat. No. T8787, in DPBS with calcium, magnesium, Thermo Fisher
Scientific, Cat. No. 14040133) for 2 h shaking at 80 rpm at RT. Sections were then
incubated in primary antibodies diluted in fresh blocking solution overnight (two overnights
for CamKlla immunostaining) shaking at 55 rpom at 4 °C. Primary antibodies and their
dilutions are listed in the Table 2.1. Sections were washed in PBS for 30 min shaking at
80 rpm at RT and then incubated in secondary antibodies diluted in 20% NGS for 1 h
shaking at 80 rpm at RT. Secondary antibodies and their dilutions were as follows:
AlexaFluor 488-, AlexaFluor 594-, and AlexaFluor 647-conjugated goat antibodies to rat,
rabbit, mouse, and chicken (1:1000, Thermo Fisher Scientific, Cat. Nos. A-21245, A-
11034, A-11007, A-21236, A-21247, A-11039). To prevent cross-reaction when rat and
mouse primary antibodies were used in the same sections, secondary antibodies from
Jackson ImmunoResearch were used (1:800, Cat. Nos. 115-545-166, 112-585-167). For
sections with goat primary antibody, 10% normal donkey serum (NDS, Sigma-Aldrich,
Cat. No. D9663, in DPBS with calcium, magnesium) was used in place of 20% NGS for
all steps; secondary antibodies were donkey (Thermo Fisher Scientific, Cat Nos. A-
21206, A-21447). DAPI (40ng/ml, Thermo Fisher Scientific, Cat No. D1306) was added
for the last 8 min of secondary antibody incubation. Sections were then washed in PBS
for 30min shaking at 80 rpm at RT, mounted onto Superfrost Plus microscope slides
(Thermo Fisher Scientific, Cat. No. 12-550-15), dried, rinsed in water, and dried again.
Slides were then coverslipped (Thermo Fisher Scientific, Cat. No. 12-543C) using

Glycergel Mounting Medium (Agilent, Cat. No. C0563) for imaging. Antigen retrieval was
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required for CamKIlla immunostaining. Prior to blocking, floating sections were washed in
PBS and incubated for 7 min in L.A.B. Solution (Polysciences, Cat No. 24310-500) then
washed again in PBS shaking at 80 rpm at RT. To adequately visualize individual myelin
sheaths with MBP immunostaining in densely myelinated regions for analysis of mMEYFP+
axon myelination, prior to blocking, floating sections were dipped in water, then
dehydrated and rehydrated using ascending then descending ethanol (Sigma-Aldrich,
Cat. No. E7023) dilutions (50, 70, 90, 95, 100, 95, 90, 70, 50% in water) for 2 min each
shaking at 80 rpm at RT as previously described (Duncan et al., 2018), then dipped in

water again, and finally washed in PBS until blocking.

Image acquisition

All analysis was centered around Bregma 0.9 mm. To verify the effectiveness of using
Cspg4-CreER™; Mapt-mGFP mice to identify newly differentiated oligodendrocytes, five
consecutive 30 pum coronal sections centered around Bregma 0.9mm were
immunostained per pup. One hemisphere was imaged per section for a total of five
images per mouse. Tiled z stack images comprising six 20X tiles in a consistent region in
dorsal striatum were taken using a Zeiss LSM 700 laser scanning confocal microscope.
The same imaging settings were used for all images across all experimental replicates.
To compare OPC differentiation in forced swim stressed mice and controls, in each
mouse, every fifth section from Bregma 1.5 mm to Bregma 0.3 mm was immunostained,
for a total of eight 30 um coronal sections centered around Bregma 0.9mm. Tiled z stacks
of each full section were taken using a Zeiss Axio Scan Z1 Slide Scanner at 20X. The

same imaging settings were used for all images across all experimental replicates. For
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presentation in figures to improve contrast of mGFP and MBP staining against the
background and for higher magnification images, representative images were taken using
a Zeiss LSM 700 laser scanning confocal microscope. To compare developmental OPC
differentiation and myelination, in each mouse, five consecutive 30 um coronal sections
centered around Bregma 0.9 mm were immunostained. Immunofluorescent images were
acquired on a Zeiss Axio Imager M2 with a Zeiss AxioCam MRm and Zeiss Apotome 2.
The same imaging settings were used for all mice within an experimental replicate. For
MBP area, 3-4 tiled 10X z stack images encompassing the entire region shown in Figure
2.4 A, F were taken per mouse. Only one hemisphere per section was imaged. For
CC1+MBP+0lig2+ and Olig2+ cell quantification, both hemispheres were imaged if
possible and a total of 7-10 tiled 10X z stack images encompassing the region shown in
Figure 2.4 C, H were taken per mouse. For analysis of dynorphin reporter expression,
consecutive 30 pum coronal sections centered around Bregma 0.9mm were
immunostained for EGFP and several neuronal and glial markers. Sections
immunostained for CamKlla were 14 um (see “Tissue processing and
immunohistochemistry”). For quantification of colocalization of nEGFP with each neuronal
marker, two sections were imaged per mouse in each brain region using a Zeiss LSM
700 laser scanning confocal microscope. Per section, one tiled 20X z stack image
encompassing all EGFP+ cells in the isocortex of one hemisphere, excluding the medial
region, was taken. In dorsal and ventral striatum, one tiled image of four and two 20X z
stack tiles was taken per section, respectively. For analysis of mEYFP+ axon myelination
and diameters, consecutive 6 pm coronal sections centered around Bregma 0.9mm were

imaged using a Zeiss LSM 700 laser scanning confocal microscope. Six 63X z stack
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images were taken per mouse (3 per section, 2 sections per mouse) in medial cortical

layer VI, lateral cortical layer I, and distributed throughout the dorsal striatum.

Image blinding and analysis

In Cspg4-CreER™; Mapt-mGFP pups, quantification of mGFP area was performed with
Fiji software (NIH) using maximum intensity projections of z stack tiled images. Images
were randomized and blinded using a Java program written by L.A.O. prior to any
analysis. The entire region of each acquired image was quantified. mMGFP area was
measured as the area of pixels above a threshold intensity and was divided by the total
area per image to get the percentage of area that was mGFP+. In each mouse, this value
was averaged across all images to get an average value per mouse. In forced swim stress
experiments, quantification was performed with Fiji software using stacks of 10 individual
z planes to allow for unambiguous identification of the soma of mGFP+MBP+ cells (by
colocalization with DAPI). Images were randomized and blinded using a Java program
written by L.A.O. prior to any analysis. All mMGFP+MBP+ somas were quantified in the
entire isocortex and striatum (caudoputamen and nucleus accumbens) of all sections.
Density per section was determined by dividing the number of mMGFP+MBP+ cells by the
area of the region of interest, which was manually delineated using landmarks defined by
DAPI and MBP. In each mouse, this value was averaged across all sections to provide
the average cell density per mouse, which was then normalized to the control average
per cohort. To analyze developmental OPC differentiation and myelination, maximum
intensity projections of z stacks were analyzed using Fiji software. Images were

randomized and blinded using a Java program written by L.A.O. prior to any analysis.
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Regions for analysis were standardized using the same ROI for all images, which was
positioned based on brain landmarks defined by DAPI. MBP area was measured as the
area of pixels above a threshold intensity. Quantification of cell density was performed
manually. In each mouse, quantification from all images was averaged, and that average
was then normalized to the control average per litter. For quantification of colocalization
of dynorphin-expressing EGFP+ nuclei with neuronal markers, maximum intensity
projections of z stacks were analyzed using either Fiji or Imaris 9.3.0 software (Bitplane).
Using Fiji, quantification was performed manually. Using Imaris, quantification was
performed using the Surfaces tool and verified manually. All EGFP+ nuclei within the
imaged regions were quantified. The delineation between upper and deeper cortical layer
cells was performed based on localization in the cortex using the EGFP+ channel and
DAPI without looking at colocalization with neuronal markers. Quantification of mEYFP+
axon myelination was performed with Fiji using a stack of the maximum intensity z
projection and each individual z plane for an image. mEYFP+ segments were traced with
the Freehand Line tool and added the ROl Manager. Panning through individual z planes
allowed for accurate tracing of overlapping mEYFP+ segments. To determine if mMEYFP+
segments were myelinated, colocalization with MBP immunostaining was examined
across z planes. To compare mEYFP+ segment myelination in control and forced swim
stressed mice, images were first randomized and blinded using a Java program written
by L.A.O. prior to any analysis. Quantification of mMEYFP+ axon diameter was performed
on half of the images used for percentage myelination quantification (three 63X confocal
images per region per mouse). Maximum intensity z projection images with annotated

unmyelinated and myelinated axons were opened in Fiji. The mEYFP fluorescent intensity
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was averaged across a 1 um length of axon by drawing a line (with 1 uym thickness)
transecting the axon in a representative linear region and using the “Plot Profile” tool.
Only axons with linear regions > 1 um unobstructed by other mEYFP axons were used.
Then, a Gaussian curve was fit to the distribution. Axons were only included if R? > 0.90.
The full width at half maximum (FWHM) was calculated from the standard deviation of the
Gaussian curve and used as the estimate for that axon’s diameter. With these
parameters, we were able to quantify the diameters of 39.62% of mEYFP+ axons in
cortical layer VI, 45.34% in cortical layer |, 47.69% in striatal GM, and 55.32% in striatal

WM of the images analyzed.

Statistical analysis

Statistical analysis and graphing were performed with Prism 7 software (GraphPad).
Statistical comparisons in Figure 2.2, Figure 2.3, Figure 2.4, and Figure 2.9 were
performed using an unpaired two-tailed Student’s t test; in Figure 2.1 using a one-way
ANOVA with Tukey’s multiple comparisons; in Figure 2.11 using a two-tailed Mann-
Whitney test. Significance was determined by * P < 0.05. Data distribution was assumed
to be normal, except in Figure 2.11, where a non-parametric test was used to account
for the distribution of myelinated mEYFP+ axons. N values represent the number of mice
in all figures except Figure 2.11, where N represents the number of axons. Data are
reported as mean + s.e.m. when a Student’s t test or a one-way ANOVA was performed
on the data; descriptive data are reported as mean % s.d. Samples sizes and statistical

details for each experiment are described in the figure legends.
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CHAPTER 3: Conclusion

3.1 Synthesis

Chapter 1 of this dissertation describes the known patterns of CNS myelination and
provides a framework to understand how this architecture could emerge, using it to
evaluate previous work in this field. Briefly, myelination is heterogeneous between CNS
regions. White matter regions have a higher density of oligodendrocytes and are more
highly myelinated than gray matter regions (Dawson et al., 2003); within cortex, the same
is true for deeper cortical layers over those more superficial (Hughes et al., 2018). Within
a region, certain axons are more heavily myelinated than others. Which axons are
selected for myelination is strongly determined by axonal diameter (Lee et al., 2012;
Stedehouder et al., 2019; Sturrock, 1980) as well as by neuronal subtype (Call and
Bergles, 2021; Micheva et al., 2016; Stedehouder et al., 2017).

Table 3.1: Factors regulating oligodendrocyte
formation or axon selection

Dynamic Static
Positive Inductive Attractive
Negative Preventative Repulsive
Permissive Dynamlc_ally Statlpal_ly
Permissive Permissive

To understand how these patterns could emerge, | outline a framework to classify
factors that could regulate (1) the localization of oligodendrocytes (oligodendrocyte
formation) and (2) around which axons those oligodendrocytes form their myelin sheaths

(axon selection). | discuss these factors primarily in the context of regulating axon
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selection, but this framework applies to factors regulating oligodendrocyte formation as
well. Such factors can positively or negatively regulate oligodendrocyte formation or axon
selection, and can be either dynamically regulated (turning on or off) or static (Table 3.1).
Furthermore, the environment must be permissive for oligodendrocytes and myelin
(Table 3.1). The central question of Chapter 1 interrogates how these signals could work
together to ensure the correct localization of oligodendrocytes and myelin sheaths at any
time for proper nervous system function.

In Chapter 2, | present my experimental work demonstrating that the neuropeptide
dynorphin acts as a neuronal signal promoting OPC differentiation and myelination both
during development and following acute stress. We identified several populations of
neurons that express dynorphin in the brain and found that they are all overwhelming
unmyelinated under normal conditions and following acute stress. Finally, we found that
the lack of myelination of these axons was partially attributable to their small axonal
diameters and partially attributable to their neuronal subtype. We propose the following
model whereby developmental and experience-dependent myelination is mediated by
small axonal diameter, unmyelinated, dynorphin-expressing neurons that release
dynorphin to promote OPC differentiation for the myelination of neighboring axons.

Here, | evaluate our work from Chapter 2 using the framework | present in Chapter
1. During acute stress, we can conclude that dynorphin acts as a inductive cue for
oligodendrocyte formation (Table 3.1). The release of dynorphin is dynamically regulated
by stress (Bruchas et al., 2008; Schindler et al., 2012) and its increased release promotes
OPC differentiation. An outstanding question is whether dynorphin acts as a dynamic or

static cue during development. Do specific experiences or developmental stages
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dynamically regulate dynorphin release over the course of normal development? Or is
dynorphin released statically, either due to baseline patterns of neuronal activity or
perhaps — like with neurotrophins (Al-Qudah and Al-Dwairi, 2016) — via an activity-
independent constitutive release pathway?

We observed an overwhelming lack of myelination of dynorphin-expressing
neurons well into adulthood. This could occur through several different scenarios. First, it
is possible that the axons of dynorphin-expressing neurons are statically non-permissive
for myelination (Table 3.1). Indeed, we found that a substantial proportion of these axons
were below the threshold diameter required for myelination. However, the majority of
axons were suprathreshold, indicating that additional factors must also contribute to
ensure the axons of dynorphin-expressing neurons remain unmyelinated.

These axons might express a (static) repulsive cue, preventing their myelination
throughout the lifetime (Table 3.1). Alternatively, or additionally, these axons might lack
sufficiently attractive or inductive cues to promote their myelination (Table 3.1). We
observed that among axons of dynorphin-expressing neurons presumably permissive for
myelination (above 0.3 pm in diameter), axonal diameter still influenced myelination
status. Smaller diameter axons were less likely to be myelinated than those larger. As a
continuous variable, axon diameter does not neatly fit into a categorical classification of
positive or negative (Table 3.1), but nevertheless, we can conclude that decreasing axon
diameter negatively influences axon selection while increasing axon diameter positively
influences axon selection. However, we observed that even at the same axon size,
dynorphin-expressing neurons were less likely to be myelinated than other CNS neuronal

subtypes, indicating that factors beyond axonal diameter are involved in preventing their
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myelination. It seems likely that dynorphin-expressing neurons express some non-size-
related repulsive cues that these other subtypes lack and/or lack some non-size-related
positive axon selection cues expressed by these other subtypes (Table 3.1).

What about the few axons of dynorphin-expressing neurons that are myelinated?
Can their selection for myelination be attributed entirely to their larger axonal diameters?
Or, might the myelinated and unmyelinated axons within a dynorphin-expressing subtype
differ in levels of non-size-related axon selection cues? It seems both size-related and
non-size-related axon selection cues likely contribute to their selection for myelination.
While myelinated axons of dynorphin-expressing neurons were indeed on average larger
those that were unmyelinated, the axon diameter distributions of these two populations
overlapped heavily. Furthermore, different subtypes of dynorphin-expressing neurons
with almost identical axon diameter distributions (cortical layer | and striatal GM axons)
had different rates of myelination. Axons of dynorphin-expressing neurons in cortical layer
| were never myelinated, while those in the striatal GM were myelinated at a rate of 0.60%,
suggesting that axon selection cues beyond size are likely involved in the selection of this
small proportion of striatal GM axons for myelination. Future interrogation into the
potential molecular differences between myelinated and unmyelinated axons within a
dynorphin-expressing neuronal subtype may be a tractable approach to discovering new
axon selection cues. In contrast to comparing two different neuronal subtypes with
different rates of myelination, molecular comparison within a neuronal subtype avoids
subtype-specific molecular differences irrelevant to selection for myelination.

Finally, our experimental work touches on the central question raised in Chapter

1: how signals regulating oligodendrocyte formation and axon selection temporally and
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spatially coordinate to ensure correct localization of oligodendrocytes and myelin sheaths
at any time for proper nervous system function. The simplest scenario proposed in
Chapter 1 — one that has gained traction in the field — is that axons requiring myelination
could promote oligodendrocyte formation and their own subsequent myelination, perhaps
even using the same cue to regulate both processes. Our data support a different model,
wherein dynorphin-expressing neurons use an inductive cue (dynorphin release) to
promote oligodendrocyte formation not for their own myelination, but rather for the
myelination of other axons. Understanding how this inductive oligodendrocyte formation
cue is coordinated with axon selection cues in neighboring axons to ensure the correct

axons are myelinated at any time is an important future direction.

3.2 Significance

One of the most intimate interactions in the nervous system is the one formed by neurons
and oligodendrocytes. Consider, for instance, that early observers thought myelin was
derived from the axon itself (Boullerne, 2016). And so, as oligodendrocyte lineage cells
were increasingly understood to be regulated by extrinsic factors, neurons emerged as
the candidate source of these signals. Since the earliest studies testing this hypothesis
three decades ago (Barres and Raff, 1993; Barres et al., 1993), we have accumulated
substantial evidence supporting a role for neurons in regulating oligodendrocyte lineage
cells (Gibson et al., 2014; Mitew et al., 2018; Barak et al., 2019). Furthermore, we have
found evidence that this cell lineage responds to experience and that this response is
important for learning and memory (Bacmeister et al., 2020; Cullen et al., 2021; Etxeberria

et al., 2016; Hughes et al., 2018; Liu et al., 2012; Makinodan et al., 2012; McKenzie et
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al., 2014; Pan et al., 2020; Steadman et al., 2020; Swire et al., 2019; Wang et al., 2020;
Xiao et al., 2016; Xin and Chan, 2020; Yang et al., 2020). Along with work in other non-
neuronal CNS cell types, these studies have helped to dramatically expand our
understanding of the functions of glia beyond “glue”.

The gap in this field has been in understanding precisely how neurons or
experiences regulate oligodendrocyte lineage cells. Our work has provided the first
description (to our knowledge) of a molecular signal underlying experience-dependent
changes in oligodendrocyte lineage cells. Although it had been widely hypothesized that
glutamate or GABA release at neuron-OPC synapses was likely to underlie experience-
dependent myelination, here we show that a neuropeptide mediates this process. | expect
this work will be followed by the discovery of numerous other mechanisms underlying
experience-dependent changes in oligodendrocyte lineage cells in different behaviors
and brain regions. | hope our findings inspire the investigation into other neuropeptides
and molecules beyond the classical neurotransmitters in this search.

Second, our findings establish the novel concept of unmyelinated neurons
regulating the myelination process. This challenges the historical perception of neurons
as the logical mediators of this process due to their own targeting for myelination and
introduces new intermediate cellular players. | hope that our results instigate a broader
consideration of unmyelinated cells — neuronal and otherwise — as regulators of

myelination developmentally and in response to experience.

3.3 Reflections

This dissertation encompasses six years of work that | began in 2015 in the laboratory of
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Jonah Chan at UCSF. It has been an honor and a privilege to work on this project and |
have been deeply humbled by the challenge. | hope that the data and ideas presented
here can help guide us toward a better understanding of CNS myelination and an

appreciation of its intricate and wondrous nature.
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