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Oligodendrocytes are an important cell type in the central nervous system
(CNS). Their most prominent function in the brain is to provide axonal processes of
neurons with insulation by means of creating myelin sheath that wrap around axons
(myelination), which serves to increase the nerve conduction velocity, as well as to
provide trophic support.

Due to their high metabolic demand, oligodendrocytes are particularly
susceptible to demyelinating pathology, the most prominent ones being multiple
sclerosis and various leukodystrophies. Thus understanding the genetic and molecular
factors that contribute to oligodendrocyte demyelination is crucial to our
understanding of the diseases and identification of therapeutic targets.

In order to address this issue, we conducted two studies in an attempt to
elucidate the factors that are involved in regulation of the demyelination process in
the CNS. Our first approach involves challenging two different mouse strains

(C57BL/6 and CD1), which have different genetic backgrounds, with the neurotoxin



cuprizone to induce a multiple sclerosis (MS)-like demyelinating pathology in the
corpus callosum. We show that cuprizone induced demyelination is highly
strain-dependent, and thus is under significant influence of genetic background factors.
Our second approach involves probing the developmental as well as the cuprizone
induced demyelinating phenotype in mice devoid of a gene that is highly expressed
within CNS myelin, namely, Ephrin-B3. Our results suggest that Ephrin-B3 knockout
animals exhibit relatively normal myelin-related phenotype compared to age-matched
control animals, indicating that the gene is not specifically involved in regulation of
oligodendrocyte myelination/demyelination in the CNS.

Along the way, we document in this dissertation another separate study that
aims to probe the developmental function of a gene named FbxI15, which is a
mammalian homolog of the drosophila jetlag gene, by way of gene-specific knockout
study. We report here that FbxI15 loss of function does not explicitly impact the
circadian regulation in mice, and nor does it affect behavioral parameters in mice such
as learning and memory, anxiety and depressive behavior. Thus we speculate that the
function of FbxI15 is redundant throughout development and that other F-box proteins

could compensate for the absence of FbxI15.
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SECTION I: STRAIN DIFFERENCES IN CUPRIZONE INDUCED
OLIGODENDROCYTE DEMYELINATION



Summary

Oligodendrocytes are an important cell type in the central nervous system (CNS)
whose function is to make up the myelin sheath that wraps around axons of neurons in
order to provide trophic support, as well as to facilitate electrical signal conduction
within the nerve cells. Due to their high metabolic demands, oligodendrocytes are
specifically susceptible to damage and subsequent demyelination, the most prominent
case being Multiple Sclerosis or MS, which is a severe neurological disorder caused
by oligodendrocyte demyelination and affects about 2.5 million people worldwide.
However the mechanisms underlying the pathogenesis of the disease remain unclear.

In this section, we investigated the role of genetic differences in contributing to
oligodendrocyte demyelination by using the cuprizone toxicity model with mice of
different genetic background (CD1 and C57BL/6). We demonstrate using black gold
staining and luxol fast blue (LFB) staining that exposure to diet containing 0.2%
cuprizone treatment resulted in less severe demyelination in CD1 mice than C57BL/6
mice. With continuous cuprizone administration, demyelination in CD1 mice was not
prominent until after 7 weeks of treatment, in contrast to C57BL/6 mice, in which
demyelination was already prominent at week 4 of exposure. Concomitantly,
immunohistochemical analysis of the cuprizone treated brain sections of the corpus
callosum overlying the fimbria fornix demonstrated significantly more glutathione
S-transferase Pi (GST-Pi)-positive oligodendrocytes in the CD1 mice relative to
C57BL/6 mice. Moreover, CD1 mice exhibit fewer glial fibrillary acidic protein
(GFAP)-positive astrocytes, ionized calcium binding adaptor molecule 1
(Ibal)-positive microglia and neural/glial antigen 2 (NG2)-positive oligodendrocyte
progenitor cells. Moreover, we analyzed 4-weeks-cuprizone treated corpus callosum

tissue samples and found that CD1 mice show a smaller reduction of



myelin-associated glycoprotein (MAG) and a smaller increase of Ibal, GFAP and
NG2. In order to rule out the issue of potential difference in diet consumption
between strains, we measured food intake per body weight between CD1 mice and
C57BL/6 mice and report no significant differences. Thus, genetic background factors
appear to greatly influence the susceptibility to cuprizone induced oligodendrocyte

demyelination.



Introduction

The oligodendrocyte lineage: progenitor cells

Myelin is an essential component of the vertebrate central nervous system
(CNS), which is a specialized membrane structure that wraps around the axon of a
nerve cell in a spiral shaped manner (B. Emery, 2010). Myelin is formed by a specific
cell type called oligodendrocyte, which has a separate cell body from which the
myelin structure is derived. From a developmental perspective, mature
oligodendrocytes are differentiated from committed oligodendrocyte progenitor cells
(OPCs) which are in turn generated from subventricular cells in the brain and the
spinal cord.

In the forebrain, the first wave of OPCs that appear originate in the medial
ganglionic eminence and anterior entopeduncular area of the ventral forebrain (M.
Bradl & H. Lassmann, 2010). These OPCs populate the developing telencephalon,
which is followed by a second wave of OPCs that originate from the lateral and
caudal ganglionic eminences. Lastly, the third wave of OPCs appear postnatally in the
cortex (Kessaris et al., 2005). Importantly, these serially occurring waves of OPCs
during development appear to be functionally redundant, in that one source of OPCs
can serve to compensate for the loss of another induced by targeted expression of
genetically encoded toxin by way of migration and spreading to vacant regions, thus
restoring the normal OPC distribution (Kessaris et al., 2005). This observation has led
to the proposition that different OPC population are fierce competitors of one another
(M. Bradl & H. Lassmann, 2010).

A common feature of the three waves of developing OPCs is that they all



migrate long distances before reaching their destination, and this migration is tightly
and intricately controlled by various regulatory signals. Among which, three distinct
classes of secreted signaling molecules have been identified, including growth factors
such as fibroblast growth factor (FGF) (Redwine, Blinder, & Armstrong, 1997),
platelet-derived growth factor (PDGF) (Spassky et al., 2001) and hepatocyte growth
factor (Yan & Rivkees, 2002); chemotropic molecules such as netrins and
semaphorins (Jarjour et al., 2003); and the chemokine CXCL1 (de Castro & Bribian,
2005). In addition to the above mentioned secreted molecules, extracellular matrix
proteins and cell surface molecules are also reported to be involved in regulation of
OPC migration (Frost, Kiernan, Faissner, & ffrench-Constant, 1996; Kiernan, Gotz,
Faissner, & ffrench-Constant, 1996; Milner et al., 1997; Niehaus, Stegmuller,
Diers-Fenger, & Trotter, 1999; Prestoz et al., 2004; Schnadelbach et al., 2000;
Tiwari-Woodruff et al., 2001; C. Wang, Rougon, & Kiss, 1994).

Once the OPCs have located at their final destination, the majority of them
differentiate into myelinating oligodendrocytes, while a minor portion of them stay

and persist into adulthood.

The oligodendrocyte lineage: differentiation

The differentiation into oligodendrocytes is tightly regulated by a number of
sophisticated mechanisms, including axonal surface ligands, secreted molecules and
axonal activity.

Axonal surface ligands appear to be the simplest form of regulation, which

would allow the myelination to be finely regulated at the subcellular level.



Interestingly, the axonally expressed ligands for contact with oligodendrocytes have
so far been identified as all being inhibitory, which would prevent myelination to
occur and inhibit OPC differentiation (B. Emery, 2010). These inhibitory signaling
components include Jagged (S. Wang et al., 1998) which signal through Notch in the
OPC, as well as LINGO-1 (Mi et al., 2005) and PSA-NCAM (Charles et al., 2000).
Interestingly, neuregulins, which function as a permissive cue in the peripheral
nervous system for Schwann cells are not required in the CNS (Ben Emery, 2010).
However, overexpression of neuregulins in the CNS does induce excess myelination
to occur.

An important signaling pathway within OPCs to induce myelination has been
demonstrated to be the Wnt/B-catenin pathway. Upon the initiation of myelination,
canonical Wnt signaling is activated transiently within the OPC, which is followed by
a down-regulation ofp-catenin activity and a down-regulation of the expression of
Tcf4/Tcf712, which are transcription factors that mediate the effect of Wnt signaling
(Fancy et al., 2009; Fu et al., 2009). This transient down-regulation of Wnt signaling
has been shown to be crucial for the subsequent myelination events to occur by the
fact that sustained elevation of canonical Wnt signaling in mice lacking one functional
copy of the endogenous Wnt pathway inhibitor APC would result in myelination
blockage and subsequent hypomyelination (Fancy et al., 2009). It is important to note
that these experimental observation of the involvement of Wnt/f-catenin signaling in
regulation of myelination is of relevance to the human demyelinating disorder
multiple scleroris (MS), and that various Wnt signaling components have been
identified at the site of MS lesions in patients.

The second category of mechanisms that regulate OPC differentiation is

secreted molecules acting as extracellular ligands. To date, a number of such signaling



as been identified, one example being the orphan G protein—coupled receptor (GPCR)
Gprl7, which is transiently expressed during oligodendrocyte differentiation in the
CNS. This expression of Gprl7 is restricted to the oligodendrocyte lineage (Y. Chen
et al., 2009), and is down-regulated during the peak of myelination and adulthood.
Consequently, transgenic animals overexpressing Gprl7 exhibit inhibition of
oligodendrocyte differentiation and myelination, and that Gprl7 knockout animals on
the contrary, exhibit onset of oligodendrocyte myelination that is earlier than normal.
Thus Gprl7 expression has been suggested to orchestrate the switching from
premyelinating oligodendrocytes to mature myelinating oligodendrocytes. Although
the ligands of Gprl7 remain to be identified, it is clear that Gprl7 regulate
myelination by way of inhibition.

Another example is that in vitro co-culture experiments have shown that
inhibition ofy-secretase activity within oligodendrocytes during their myelination
period promotes the formation of myelin segments around axons (Watkins, Emery,
Mulinyawe, & Barres, 2008). Importantly, this effect acts independently of the
y-Secretase substrate Notch, indicating the involvement of additional extracellular
signaling molecules.

In addition to axonal surface ligands and secreted molecules, axonal electrical
activity is also critically involved in regulation of the myelination process. In an early
study, the proliferation of OPCs in the developing rat optic nerve has been shown to
depend on the electrical activity in neighboring axons (Barres & Raff, 1993).
Subsequent studies further showed that application of neurotoxins, which can either
block (tetrodotoxin) or increase (alpha-scorpion toxin) neuronal firing can inhibit or
enhance myelination, respectively (Demerens et al., 1996), clearly linking neuronal

electrical activity to myelinogenesis.



A number of potential mechanisms could be utilized by the variation of neural
activity to influence the extent of myelination. First of all, neuronal activity could
modulate the surface expression of ligands and secretion of extracelluar molecules (B.
Emery, 2010). Second, axonal activity leads to release of adenosine that acts on
functional adenosine receptors expressed in OPCs (Stevens, Porta, Haak, Gallo, &
Fields, 2002), acting as a potent neuron-glial transmitter to inhibit OPC proliferation,
stimulate OPC differentiation, and promote the formation of myelin. Third, action
potential in neurons causes release of ATP, which in turn leads to astrocytic release of
the cytokine leukemia inhibitory factor (LIF), which eventually serves to promote
myelination by mature oligodendrocytes (Ishibashi et al., 2006).

In addition to the above mentioned mechanisms, OPCs may be directly
synaptically connected with neurons in order to receive input and respond accordingly
(B. Emery, 2010). For instance, Low-affinity AMPA
(alpha-amino-3-hydroxy-5-methyl isoxazole propionic acid) and kainate glutamate
receptors have been shown to be expressed in OPCs (Bergles, Roberts, Somogyi, &
Jahr, 2000), and that stimulation of excitatory axons in the hippocampus elicits AMPA
receptor-mediated inward currents in OPCs. Interestingly, some of the AMPA
receptors present are calcium-permeable, thus providing a link between axonal neural
activity and calcium signaling within OPCs (Bergles et al., 2000). In addition to
AMPA receptors, GABA receptors are also present at defined synaptic junctions
between NG2-expressing OPCs and GABAergic interneurons in the hippocampus
(Lin & Bergles, 2002). Specifically, action potentials have been shown to induce the
axonal release of glutamate in the corpus callosum, which is a heavily myelinated
axon fiber region responsible for communication across hemispheres (Ziskin,

Nishiyama, Rubio, Fukaya, & Bergles, 2007). This corpus callosum release of



glutamate involves vesicular fusion, which induces quantal AMPA receptor-mediated
currents in NG2 positive OPCs at anatomically defined synaptic junctions between
axons and the OPC. Interestingly, glutamate release from axons can be facilitated by
repeated stimulation. It is important to note that in response to stimulation, the OPCs
undergo regenerative action potentials that are similar to those observed in neurons
(Bergles et al., 2000), due to the fact that they express ionotrophic glutamate receptors
and voltage-gated ion channels (Barres, Koroshetz, Swartz, Chun, & Corey, 1990).
Upon differentiation into mature oligodendrocytes, however, this electrical feature is
lost (De Biase, Nishiyama, & Bergles, 2010), which indicates that the property of
action potentials in the oligodendrocyte lineage is specific to OPCs in order to
regulate OPC function and differentiation. For instance, studies have shown that in
vitro application of glutamate to OPCs inhibit both the proliferation and
differentiation of OPCs (Gallo et al., 1996), possibly serving to maintain a reserve
pool of quiescent OPCs.

Thus far we have mentioned extrinsic signaling that regulates the differentiation
of OPCs. On the other hand, OPC differentiation is also tightly controlled by cell
intrinsic mechanisms. These intrinsic factors include
transcriptional/posttranscriptional regulation and epigenetic mechanisms.

Olig2, for instance, which is a basic helix-loop-helix (bHLH) transcription
factor that is expressed in a restricted domain of the spinal cord ventricular zone that
sequentially generates motorneurons as well as oligodendrocytes, has been shown to
promote oligodendrocyte differentiation in collaboration with Nkx2.2 (Zhou, Choi, &
Anderson, 2001). In addition, targeted disruption of both Oligl and Olig2 have shown
that whereas Olig2 is required for motor neuron and oligodendrocyte specification in

the spinal cord, Oligl plays important roles in the development and maturation of
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oligodendrocytes, especially within the brain (Lu et al., 2002). In addition to Oligl
and Olig2, a number of other downstream transcription factors have been identified,
including Ascll, Nkx2.2, Sox10, YY1, and Tcf4, all of which required for
oligodendrocyte differentiation, maturation, and subsequent myelination (Wegner,
2008). In contrast to these promyelinating factors, a separate category of transcription
factors including 1d2, 1d4, Hes5, and Sox6, have been shown to be active in
maintaining OPCs in their undifferentiated state and suppress myelin gene expression
(B. Emery, 2010).

Recently, it has been demonstrated by DNA microarray analysis that myelin
gene regulatory factor (MRF) expression is specific to terminally differentiated
oligodendrocytes (Cahoy et al., 2008; Heiman et al., 2008). Importantly, knockdown
of MRF in oligodendrocytes by RNA interference downregulates expression of the
majority CNS myelin genes (Emery et al., 2009). In contrast, overexpression of MRF
in in vitro cultured OPCs can promote myelin gene expression. Oligodendrocyte
lineage-specific MRF knockout mice show normal premyelinating oligodendrocytes
but they display severe myelin gene expression deficits and subsequently fail to
myelinate axons. In addition, these knockout mice die early due to severe seizures.

Oligodendrocyte differentiation is also controlled under chromatin remodeling,
and that histone deacetylase expression has been detected in the developing corpus
callosum (Shen, Li, & Casaccia-Bonnefil, 2005). Importantly, administration of
valproic acid (VPA), the specific inhibitor for histone deacetylase (HDAC) activity,
results in significant myelination deficit with delayed expression of terminal
differentiation marker and preserved expression of OPC markers. However, when a
recovery period was allowed, oligodendrocyte differentiation can resume (Shen et al.,

2005). Importantly, the effect of VPA administration is specific to OPCs, as upon
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myelination onset, VPA administration no longer effects myelin gene expression.

Subsequent further investigations have shown that both HDAC1 and HDAC?2
are required for the formation of oligodendrocytes (F. Ye et al., 2009). It has been
demonstrated that oligodendrocyte lineage-specific HDAC1 and HDAC2 double
knockout animals exhibit stabilization and nuclear translocation of -catenin, which in
turn functions to repress Olig2 expression, and thus inhibiting oligodendrocyte
differentiation. In addition, the oligodendrocyte-specific transcription factors
TCF7L2/TCF4 are identified as co-effectors of B-catenin and that disruption of Tcf712
in mice results in oligodendrocyte maturation deficit. Thus, HDAC1 and HDAC?2
functionally compete withp-catenin for interaction with TCF7L2 to regulate
downstream gene expression that are involved in oligodendrocyte differentiation and
maturation (F. Ye et al., 2009).

In addition to transcriptional regulation and epigenetic mechanisms,
posttranscriptional regulation by microRNAs is also critically involved in the
intracellular signaling of oligodendrocyte differentiation. Studies using transgenic
mice in which microRNA processing is specifically disrupted in the oligodendrocyte
lineage by way of Dicer enzyme knockout have shown that microRNA processing is
indispensible for normal CNS myelination (Dugas et al., 2010), and that in vitro OPCs
also fail to differentiate in the absence of mature microRNASs. Specifically, three
microRNAs including miR-219, miR-138, and miR-338 are found to be elevated by
1-2 orders of magnitude during OPC differentiation into oligodendrocytes, and that
miR-219 when induced alone, is sufficient to promote the differentiation (Dugas et al.,
2010). The downstream target of miR-219, ELOVLY7, is also identified as a main
molecular component involved in the development of the Dicer mutant phenotype

(Shin, Shin, McManus, Ptacek, & Fu, 2009), and that overexpression of ELOVL7
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results in lipid accumulation, which is in turn suppressed by co-overexpression of
miR-219. Other important target genes of the above mentioned microRNAs include
PDGFRa, Sox6, and Hes5 (Dugas et al., 2010; X. Zhao et al., 2010), all of which

serve to maintain OPCs in their undifferentiated state.

Mature oligodendrocyte myelination: plasticity

There have been abundant evidences for a dynamic regulation of myelin
content within the adult CNS. For instance in humans, diffusion imaging studies have
shown a localized increase in fractional anisotropy, which is a measure of
microstructure, in white matter underlying the intraparietal sulcus following repetitive
visual-motor skill training (Scholz, Klein, Behrens, & Johansen-Berg, 2009). In
addition, extensive piano practicing also has regionally specific effects on white
matter development, with pyramidal tract being more structured in pianists compared
to non-musicians (Bengtsson et al., 2005). These observations have led to the
proposition that myelin plasticity should be considered as a form of neural plasticity
(Fields, 2005), and that myelination could serve to strengthen and synchronize long

range inputs.

Oligodendrocyte pathology: risk factors

Oligodendrocytes are vulnerable to pathology due to its high metabolic
demands (McTigue & Tripathi, 2008). Specifically, the consumption of large amount

of adenosine triphosphate (ATP) as well as oxygen in oligodendrocytes causes the
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production of hydrogen peroxide as a byproduct, together with reactive oxygen
species (McTigue & Tripathi, 2008), both of which needs to be tightly metabolized.
Moreover, oligodendrocytes are also the predominant iron-containing cells in the
brain (Connor & Menzies, 1996), which puts them at risk of free radical formation
and lipid peroxidation. Importantly, both a direct and an indirect relationship exist
between iron acquisition and myelin production in oligodendrocytes. Iron is directly
involved as co-factor for cholesterol and lipid biosynthesis in the production of
myelin and also indirectly involved due the requirement for oxidative metabolism to
occur at a much higher rate in oligodendrocytes compared to other cell types in the
brain. As a result, cytokine factors and iron deficiency conditions that may reduce iron
acquisition in oligodendrocytes can cause them to be susceptible to oxidative injury
(Connor & Menzies, 1996). Many known effect of pathological conditions affecting
oligodendrocyte survival rate and myelination may thus be mediated through
decreasing iron availability and iron homeostasis within oligodendrocytes.

On top of these, oligodendrocytes contain only low concentrations of the
anti-oxidative enzyme glutathione (Thorburne & Juurlink, 1996), and lastly,
oligodendrocytes are also especially susceptible to endoplasmic reticulum (ER) stress
upon slight variations in the amount of a single protein (Bauer et al., 2002). For
instance, mice overexpressing the myelin protein proteolipid protein (PLP) which
show impairment of PLP transport from the olidodendrocyte cell body to the myelin
sheath also show impairment of the transportation of other myelin proteins including
myelin-associated glycoprotein (MAG) and myelin oligodendrocyte glycoprotein
(MOG), but sparing the peripherally translasted myelin basic protein (MBP).
Importantly, the transportation of other non-myelin proteins are also affected,

including the amyloid precursor protein (APP) (Bauer et al., 2002). Ultrastuctural
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study of the ER showed swelling of the cisternae, together with intense presence of
the ER chaperone molecule BiP/GRP78 and ER folding enzyme protein disulfide
isomerase (PDI). Taken together, disturbed metabolism with oligodendrocytes readily

puts them at risk of pathogenesis and programmed cell death.

Oligodendrocyte pathology: cell death mechanisms

As mentioned, due to its high metabolic rate, the massive presence of toxic
byproducts, the high ionic concentration, and the lack of sufficient glutathione,
oligodendrocytes are specifically vulnerable to oxidative stress and damage (Juurlink,
1997; Thorburne & Juurlink, 1996). This oxidative damage is a common cause of
oligodendrocyte damage as well as demyelination in many disease conditions such as
MS and ischemia (M. Bradl & H. Lassmann, 2010) and it can impose its action jointly
with the sphingomyelinase/ceramide pathway. Ceramides are a family of waxy lipid
molecules (Obeid, Linardic, Karolak, & Hannun, 1993) that are composed of
sphingosine, which is a primary part of the important sphingomyelin phospholipid,
and a fatty acid. Ceramides are found in high concentrations within the cell membrane,
since they are component lipids that make up sphingomyelin. The function of
ceramides is not only to supporting structural elements, but also to participate in a
variety of cellular signaling, including regulation of cell differentiation, proliferation,
and programmed cell death (Obeid et al., 1993). Importantly, ceramides are released
by the action of sphingomyelinase and can activate pro-apoptotic signaling cascades
eventually leading to oligdendrocyte loss in case of oxidative stress, inflammation,

injury or infection. For instance, upon treatment with IL-1 beta to CG4
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oligodendrocyte cells, which induces a dose-dependent increase of the intracelluar
ceramide, cell survival MTT assay showed that an increase in the concentration of
ceramide causes depletion of up to 40% of the CG4 cell population within 6 hours
(Brogi, Strazza, Melli, & Costantino-Ceccarini, 1997). Similar results can also be
obtained using primary differentiated oligodendrocytes, and that evidences such as
chromatin condensation, nuclear fragmentation, and apoptotic bodies formation all
point to apoptosis as the main cause of cell death (Brogi et al., 1997).

In addition to ceramide, oligodendrocytes also express AMPA receptors (Targett
et al., 1996), kainite (Sanchez-Gomez & Matute, 1999) and NMDA receptors (Salter
& Fern, 2005), making to them vulnerable to glutamate excitotoxicity, together with
the ATP receptor P2X7 (Matute et al., 2007), also rendering them vulnerable to
extracellular ATP induced toxicity.

Moreover, inflammatory cytokines can act directly on oligodendrocytes to
induce apoptosis. For instance, tumour necrosis factor (TNF) induces oligodendrocyte
cell death, acting through TNF receptor p55 (TNFR-p55) (Jurewicz et al., 2005).
Upon ligand binding, apoptosis-inducing factor (AlIF) translocation to the nucleus is
observed, together with subsequent large-scale DNA fragmentation that is
characteristic of AlF-mediated cell death. Importantly, disruption of AIF using
antisense strategy prevents this TNF-induced cell death of human oligodendrocytes
(Jurewicz et al., 2005), and that this apoptotic pathway is non-caspase dependent, as
evidenced by a lack of presence of caspases 8, 1 and 3; lack of cleavage of caspases 1
and 3 fluorogenic substrates. In addition to TNF, interferon-gamma (IFNG) also
induces programmed cell death in OPCs (Horiuchi, Itoh, Pleasure, & Itoh, 2006). In
this study, the direct effects of IFNG on purified rat oligodendroglial cultures at

different developmental stages are examined. IFNG had direct cytotoxic effects on
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actively proliferating OPCs but less so on immature oligodendrocytes and not at all on
terminally differentiated mature oligodendrocytes. Importantly, this stage-specific
susceptibility of OPCs to IFNG-induced cell death is tightly linked to the progression
of the cell cycle. Inhibition of the MEK-ERK pathway, also known as the
Ras-Raf-MEK-ERK pathway, by U0126 partially reverses this IFNG-induced
cytotoxicity in OPCs (Horiuchi et al., 2006), suggesting the involvement of this
pathway.

Inflammatory mediators can also damage oligodendrocytes indirectly by
promoting the production of radical in microglia and also in astrocytes. For example,
Nitric oxide (NO) is a free radical that is found at concentrations higher than normal
within inflammatory MS lesions (Smith & Lassmann, 2002), their presence due to the
appearance of the nitric oxide synthase (iNOS) in cells such as microlia/macrophages
and astrocytes. Robust evidences suggest that NO play a role in induces several MS
features, including disruption of the blood-brain barrier, oligodendrocyte damage and
demyelination, as well as degeneration of axons.

As aforementioned, due to high metabolic demands, oligodendrocytes are
specifically vulnerable to oxidative stress in the mitochondria, as well as ER stress. A
prominent example is the cuprizone animal model, which uses cuprizone as a
oligodendrocytes-specific neurotoxin that induces CNS demyelination in mice,
specifically in the corpus callosum (Torkildsen, Brunborg, Myhr, & Bo, 2008).
Importantly, cuprizone acts as a chopper chelator that interferes with complex IV of
the mitochondrial respiratory chain, which leads to its subsequent cell death, although
the exact mechanism of action of cuprizone is still widely debated (Jelle Praet,
Caroline Guglielmetti, Zwi Berneman, Annemie Van der Linden, & Peter Ponsaerts,

2014).
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It is importantly to note, however, that the above mechanisms is not specific to
oligodendrocytes, and that myelinating oligodendrocytes are in general more
susceptible to damage than any other cellular components in the CNS. For instance,
the possibility that myelin can be damaged as a nonspecific consequence of a specific
delayed type of hypersensitivity reaction that is directed at non-neural antigens was
investigated by an early study in guinea pigs (Wisniewski & Bloom, 1975).
Sensitization to tuberculin with Freund's complete adjuvant, using either sonicated
tubercle bacilli or tuberculin purified protein derivative, in the CNS as well as the
peripheral nervous system invariably produces local inflammatory response,
accompanied by prominent demyelinating lesion. Vesicular disruption of the myelin
sheath in the vicinity of the inflammatory infiltrates together with stripping of the
myelin by the histiocytes were observed (Wisniewski & Bloom, 1975). Taken together,
nonbrain antigens can be the cause of inflammatory demyelinating conditions.
Another interesting example is the neuromyelitis optica (NMO), also known as
Devic's disease or Devic's syndrome, characterized by simultaneous inflammation and
demyelination of the optic nerve as well as the spinal cord (C. F. Lucchinetti et al.,
2002). Recent immunological studies have provided evidences that point to astrocytes,
instead of oligodendrocytes, as the primary target of the NMO inflammatory lesion
(Lennon et al., 2004; C. F. Lucchinetti et al., 2002). Although astrocytes show the first
sign of damage in this case, oligodendrocyte cell death and demyelination quickly
ensue (Misu, Fujihara, & Itoyama, 2008).

Besides non-specific nonbrain antigens that can cause oligodendrocyte damage,
autoantibodies directed against epitope expressed on myelinating oligodendrocytes is
more commonly observed to elicit demyelination. A related animal demyelination

model of this kind is the experimental allergic encephalomyelitis (EAE) model. EAE
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can be induced in a number of species, including mice, rats, pigs, rabbits and primates.
Commonly used antigens include purified myelin protein such as MBP, PLP, and
myelin/oligodendrocyte glycoprotein (MOG), or peptides of these proteins and spinal
cord homogenate (SCH), all of them can serve as distinct models with different
disease characteristics of immunological response and pathology (Robinson, Harp,
Noronha, & Miller, 2014). For example, monoclonal antibodies against MOG can be
injected intravenously into rats, resulting in T-cell-mediated inflammatory response
and the formation of large, confluent demyelinated plaques (Linington, Bradl,
Lassmann, Brunner, & Vass, 1988). Similarly, cytotoxic T-lymphocytes that are
directed against oligodendrocyte also induce demyelinating lesions. For instance,
induction of CD8 T-cells specific for the model antigen ovalbumin (OVA) that is
sequestered in oligodendrocytes as a cytosolic molecule leads to fulminant
demyelinating EAE with MS-like lesions (Na et al., 2008), affecting all parts of the
organism including cerebellum, brainstem, optic nerve and spinal cord. Release of
interferon-gamma (IFNG) was also identified to precede the disease manifestation,
indicating that naive CD8 T-cells gaining access to an immune-privileged organ is
sufficient to elicit autoimmunity via IFN-gamma-assisted self amplification (Na et al.,

2008).

Oligodendrocyte pathology: heterogeneity in lesion patterns

The initial stages of oligodendrocyte lesions have been shown to follow three
main patterns, possibly reflecting the different mechanisms of action. Nonetheless, all

patterns eventually lead to primary demyelination.
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The first type of oligodendrocyte lesion is characterized by a simultaneous damage to
the oligodendrocyte cell body, as well as its myelin processes. When this type of
lesion occurs, myelin sheaths are commonly lost, while oligodendrocyte cell bodies
may be partly preserved (Monika Bradl & Hans Lassmann, 2010). Studies utilizing
immunogold-labeled peptides of myelin antigens and high-resolution microscopy
have identified autoantibodies that are specific for the CNS myelin antigen binding to
disintegrating myelin by means of vesicular dissolution in acute MS lesions (Genain,
Cannella, Hauser, & Raine, 1999). Other myelin disintegration mechanism involve
phagocytosis of myelin fragments by macrophages, as primary demyelination occurs
in the vicinity of the invading cells, and close examination by electron microscopy
suggests an active stripping of myelin by these cells (Brosnan, Stoner, Bloom, &
Wisniewski, 1977). The damage to the cell body on the other hand, follow the
pathway of necrosis in case of acute injury, or the pathway of apoptosis, in which case
oligodendrocytes lose their myelin processes but survived the initial insult (Wolswijk,
2000).

The second type of oligodendrocyte damage is characterized by primary
oligodendrocyte injury. In this case, the damage is frequently due to disturbance to the
metabolism within oligodendrocytes, and that demyelination is often observed as
incomplete (Monika Bradl & Hans Lassmann, 2010). One such example is the
progressive multifocal leukoencephalopathy (PML) (Murayama & Saito, 2007),
which was originally reported as a rare complication of hematologic disorders, but
later greatly increased in number in association with acquired immunodeficeincy
syndrome (AIDS). The pathological features of PML include demyelination with the

absence of inflammatory response or oligodendrocyte necrosis. Presence of
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oligodendrocyte nuclear inclusions is often observed at the periphery of the lesion site
(Murayama & Saito, 2007). Of note, the lesion pattern of the cuprizone model of
demyelination also falls into this category (Torkildsen et al., 2008).

A third type of oligodendrocyte lesion is characterized by a dying back pattern
in which the most distal portion of myelin is affected first. This type of lesion is
evident in a sutbset of MS patients termed pattern 111 (Aboul-Enein et al., 2003), in
which active demyelinating lesions show a preferential loss of myelin-associated
glycoprotein (MAG), together with apoptotic-like oligodendrocyte destruction. Other
myelin related proteins, however, remain largely unaffected. Of relevance, MAG is
located in the inner most layer of the myelin sheath, which is the most distal process
from the oligodendrocyte cell body (Mukhopadhyay, Doherty, Walsh, Crocker, &
Filbin, 1994), and that this observation has led researchers to propose such "dying
back™ type of oligodendrogliopathy to be the initial step of demyelination in pattern
11 MS lesions (Aboul-Enein et al., 2003). Additional characteristic features of such
lesions are the preferential damage of small caliber axons and a prominent
preservation of axons and their myelin segments at the proximity of large blood
vessels, which are indicative of an ischemic nature of the lesion. Similar lesions are
also evident in a subset of acute MS patients and in patients with white matter viral
infections (Aboul-Enein et al., 2003).

As mentioned above, although these initial stages of demyelination differ in
terms of lesion site and time course, they all culminate in demylination spreading
throughout the cell as the lesion progresses, and that their individual features are
gradually lost. Nonetheless, characterizing and understanding the pathogenesis of the
initial stages of demyelinating lesion sheds light on the origin of the myelin damage

and is an area of intense research. Such investigations show eventually led to
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identification of therapeutic targets as well as design of various therapies.

Given the vulnerability of oligodendrocytes to damage as well as the various
mechanisms that potentially contribution to demyelination that are mentioned above,
in this section we focus on the cuprizone model, which is commonly used by
researchers to address demyelination mechanisms involved in MS. Importantly,
cuprizone induces oligodendrocyte dystrophy and damage, over a time course of
several weeks, allowing us to examine the detailed demyelination as well as

neuroinflammatory response in the cuprizone lesion site.

Multiple sclerosis

Multiple sclerosis (MS) is a chronic, demyelinating disease in which myelin
sheath, the insulating cover that wraps around axons of neurons, is damaged. The
normal function of myelin involves increasing the speed of action potential
propagation in axons as well as providing trophic support (Nave, 2010). Upon damage
of myelin, patients suffer from a wide range of signs and symptoms, ranging from
benign to devastating.

The disease onset for MS is usually between ages of 20 and 40, which is
relatively early compared to other neurological disorders such as Alzheimer's disease
and Parkinson's disease. The initial symptoms of MS include blurry vision or double
vision, red-green color distortion, or even blindness (Kister et al., 2013). Coordination
and balance impairments caused by muscle weakness are also commonly experienced.
As the disease progresses, patients are susceptible to partial or complete paralysis,

paresthesias, abnormal sensations, speech impediments, hearing loss and cognitive
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impairments. Moreover, suffering from MS symptoms typically leads to depression

(Nyenhuis et al., 1995).

Heterogeneity of MS

Notably, MS is a disease with prominent heterogeneity in its pathogenesis, its
clinical manifestations, its incidence across various racial and ethnic groups and the
response to treatment (Langer-Gould, Brara, Beaber, & Zhang, 2013; Lassmann,
Bruck, & Lucchinetti, 2001; C. Lucchinetti et al., 2000; C. F. Lucchinetti, Bruck,
Rodriguez, & Lassmann, 1996). MS has been shown to exhibit profound
heterogeneity in clinical and laboratory tests. Specifically, four fundamentally
different patterns of demyelination, namely, patterns 1, II, Il and IV, have been
characterized, which differ from each other in terms of their clinical course,
neuroradiological appearance of the lesions, involvement of susceptibility gene loci,
and response to therapy (C. Lucchinetti et al., 2000). Two of the patterns, | and I,
showed close similarities to T-cell-mediated or T-cell plus antibody-mediated
autoimmune encEphalomyelitis, respectively. The other two patterns (111 and V), on
the other hand, exhibit a primary oligodendrocyte dystrophy, which bears significant
similarity to virus- or toxin-induced demyelination. Autopsy case studies have shown
that at a given time point of the MS pathology, the lesion patterns are homogenous
within multiple active lesion sites in the same patient, but heterogeneous across
different patients, pointing to different genetic backgrounds as one of the causes in
triggering the various MS lesion patterns (Lassmann et al., 2001).

In addition to the four different lesion patterns documented, MS is also
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categorized into four clinical subtypes by MS specialists (F. D. Lublin & Reingold,
1996): relapsing-remitting (RRMS), primary-progressive (PPMYS),
secondary-progressive  (SPMS), and progressive-relapsing (PRMS).  This
categorization has guided MS research and clinical practice for many years since. Of
the four subtypes, relapsing-remitting MS affects the most of the MS population
(85%), and it is characterized by episodic disease exacerbations, or ‘attacks’, during
which symptoms develop over a few days, remain for several weeks or months, and
then resolve either completely or partially (remission). On the other hand, a smaller
percentage of MS patients fall into the primary-progressive category, which do not
exhibit acute relapses. Rather, patients of primary-progressive MS experience
disability progression from the onset without any distinct relapses or remissions. The
third subtype, secondary-progressive is considered a later stage of RRMS, where
relapses gradually disappear, and that neurological disability continues to increase.
The identity of the last subtype, progressive-relapsing, is debated (Fred D. Lublin et
al., 2014; Fred D. Lublin, Reingold, & Sclerosis*, 1996) and it may simply have
indicated a more aggressive course of the relapsing RRMS.

In addition to the different subtypes of MS, different races have been reported
to vary dramatically in the incidence of MS, with Africans and Caucasians being
much more susceptible to MS compared to Hispanics and Asians (Langer-Gould et al.,
2013). Taken together, people with different genetic background can differ in their
susceptibility to MS, as well as in the pathogenic pathway and the clinical time course

of the disease progression.
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MS pathology

The pathology of MS, albeit after years of investigation, is still uncertain and is
under debate. Traditionally, MS has been considered to be an autoimmune disorder,
which is mediated by T cell attacking myelin in the central nervous system (CNS)
(Frohman, Racke, & Raine, 2006; McFarland & Martin, 2007; Noseworthy,
Lucchinetti, Rodriguez, & Weinshenker, 2000). Evidence for this hypothesis includes
observation of oligoclonal immunoglobulins in the cerebrospinal fluid (CSF),
blood-brain barrier breakdown shown in MRI scans and perivascular infiltrates of T
cells and macrophages in brain biopsies/autopsies of MS patients (Frohman et al.,
2006; McFarland & Martin, 2007; Noseworthy et al., 2000). However, it has been
argued that this autoimmune hypothesis is unlikely to explain type Il and type IV MS
lesions (C. Lucchinetti et al., 2000), and that it only applies to the relapsing-remitting
type of MS, rather than the relatively minor primary-progressive subtype (Stys,
Zamponi, van Minnen, & Geurts, 2012).

An recent alternative hypothesis (Stys et al., 2012) states that MS is primarily a
degenerative disease in which the oligodendrocytes, the myelin-forming glial cells in
the CNS, undergo degeneration in the first place. Furthermore, this model proposes
that MS can be considered to be an interaction or ‘convolution’ between the
underlying cytodegeneration and the host’s aberrant immune response, with the
cytodegeneration of oligodendrocytes being the invariant that is shared across various
MS subtypes, and that inter-individual variations in the extent of the immune priming
produces the broad spectrum of MS presentations, ranging from the Marburg variant
of MS which exhibits large tumor-like demyelinating plaques (Capello & Mancardi,

2004) at one extreme, to the primary progressive MS at the other end of the spectrum
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which shows a minimal-inflammatory progressive course from the onset. The
proposal that the same cytodegeneration is the true invariant underlying all MS
subtypes is strongly supported by the clinical observation that the mean age of onset
of PPMS is about 10 years later than that of RRMS (Miller & Leary, 2007). Thus, this
‘inside out” model of MS which argues for a primary cytodegeneration unifies the
different subtypes of MS lesions into a simple explanation: with the same course of
cytodegeneration, the immune response differences of the heterogeneous MS
population dictate the individualized disease symptoms and time course of disease

progression.

Animal models for MS: cuprizone toxicity

Interestingly, there are two most prominent animal models adopted by
laboratory researchers that each addresses one of the two hypotheses of MS
pathogenesis mentioned above. One of them, the so-called experimental autoimmune
encephalomyelitis (EAE) model, involves probing the autoimmune aspect of MS by
injecting CNS protein extracts such as myelin basic protein (MBP) into mice (Rao &
Segal, 2004). The presence of the aduvant thus elicits the generation of inflammatory
response and demyelination. The other model, the cuprizone model, involves
administration of the neurotoxin cuprizone to mice to induce oligodendrocyte
apoptosis (Matsushima & Morell, 2001; Torkildsen et al., 2008), without directly
priming the immune system.

Cuprizone was first described by in 1950 following the observation that

cuprizone, as the condensation product of oxalylhydrazide and cyclohexanone,
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induced a sensitive blue color reaction upon chelation with copper salts (Nilsson,
1950). Later on in 1966, the first experimental application of cuprizone was done in
mice, and that low serum copper levels along with demyelination was observed
(Carlton, 1966). From then on, the cuprizone model has been used to induce
demyelination in mice, providing a valuable tool to probe the demyelination and
remyelination processes in the brain.

Upon treatment of cuprizone, mice typically exhibit profound demyelination
within the corpus callosum, the cortex and the superior cerebellar peduncles
(Matsushima & Morell, 2001; Torkildsen et al., 2008). Within the corpus callosum,
apoptosis of oligodendrocytes are observed, together with recruitment of
microglia/macrophages (microgliosis), astrocytes (astrogliosis) and oligodendrocyte
precursor cells (OPCs) (Hiremath et al., 1998; Matsushima & Morell, 2001).

Microgliosis starts at week 2 of cuprizone treatment (Hiremath et al., 1998),
and gradually accumulates overtime. At the peak, a large number of proliferating
microglia is observed, and that 30% of which originates from peripheral progenitors
(Remington, Babcock, Zehntner, & Owens, 2007). This cuprizone induced
microgliosis has been described as a mixture of pro-inflammatory M1 and
anti-inflammatory M2 phenotype. This co-existence is supported by the presence of
receptors and cytokines such as TNF-a and IL-B, indicative of an M1 phenotype and
IL-13Ral, IL-4Ra and IL-2Ry indicative of M2 phenotype (Arnett, Wang,
Matsushima, Suzuki, & Ting, 2003; Olah et al., 2012). Based on transcriptome
analysis, the functions of microglia have been suggested to include phagocytosis of
myelin debris, recruitment of OPCs and trophic support for promoting recovery and
remyelination (Biancotti, Kumar, & de Vellis, 2008; Vol et al., 2012). Importantly, in

early electron microscopy studies, microglia processes were observed in between
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myelin lamellae, possibly actively stripping off myelin from axons (Blakemore, 1972;
Ludwin, 1978).

The astrocyte population becomes activated in response to any disruption of
brain homeostasis, and that the cuprizone lesion model is not an exception. Following
cuprizone treatment, astrocytes increase its enzyme activity as early as week 1
(Cammer & Zhang, 1993; Tansey, Zhang, & Cammer, 1997; Zatta et al., 2005), and
that astrogliosis gradually increases overtime (Matsushima & Morell, 2001), and
persists during remyelination (M.-K. Chen & Guilarte, 2006; Zaaraoui et al., 2008).
Activated astrocytes are believed to help protect against oxidative stress and energy
depletion (Liberto, Albrecht, Herx, Yong, & Levison, 2004), maintain ionic
homeostasis (Garzillo & Mello, 2002) as well as to provide trophic support for
remyelination (M.-K. Chen & Guilarte, 2006; Fulmer et al., 2014; Koénig et al., 2012;
J. N. Ye et al., 2013). In addition to its protective role, astrocytes are also believed to
contribute to the cuprizone toxicity effect by expressing pro-inflammatory genes
through NF-kB signaling (Raasch et al., 2011).

OPCs are also found in the cuprizone lesion site, originating either from nearby
tissue or neural proliferation zones such as the subventricular zone (SVZ) and the
subgranular zone (SGZ) (J. Praet, C. Guglielmetti, Z. Berneman, A. Van der Linden,
& P. Ponsaerts, 2014). These OPCs appear from week 1 of cuprizone treatment and
also proliferate and accumulate overtime. The proliferation and migration of OPCs
initiate remyelination and differentiation toward mature oligodendrocytes, by
activation of a cascade of transcription programs (L. P. Chen et al., 2012; Fulmer et al.,
2014; Moll et al., 2013; Othman et al., 2011; Patel, McCandless, Dorsey, & Klein,
2010; Soundarapandian et al., 2011).

In addition to the observed histological pathologies in the brain, mice treated
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with cuprizone also exhibit reversible weight loss and behavioral abnormalities
(Franco-Pons, Torrente, Colomina, & Vilella, 2007; Xiao et al., 2008). For instance,
demyelinated mice on a cuprizone diet have been shown to exhibit impaired running
performance on training wheels as compared to control animals, and that this
impairment was even more pronounced when demyelinated mice were exposed to
complex running wheels which had irregularly spaced crossbars and thus demanded
high-level motor coordination (Liebetanz & Merkler, 2006). Interestingly,
remyelinated animals that were returned to a cuprizone-free diet fully recovered on
the training wheels, but still showed latent motor deficits on the complex wheels. In
addition to altered motor coordination, other behavioral abnormalities are reported,
including inhibited anxiogenic response to a novelty challenge test and increased
sensorimotor reactivity to auditory click stimulus (Franco-Pons et al., 2007), elevated
climbing behavior, lower prepulse inhibition, decreased social interaction and
impaired spatial working memory (H. Xu et al., 2009). Antipsychotic treatment,
however, can reverse some of these effects (H. Xu, Yang, McConomy, Browning, &
Li, 2010). Taken together, cuprizone administration in mice induces profound

demyelination pathology, along with various impaired behavioral parameters.

the cuprizone model: effects of mouse strain.

The cuprizone model has been used widely in MS research (Kipp, Clarner,
Dang, Copray, & Beyer, 2009) and that commonly people have used the standard
C57BL/6 strain to study the different molecular signaling components involved in the

complex pathogenic process based on the robust demyelination in the corpus callosum
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in this strain (Matsushima & Morell, 2001). However, other strains are used as well
and significant differences in the demyelinating response between different strains are
reported (Skripuletz et al., 2008; Taylor, Gilmore, & Matsushima, 2009). SJL mice for
example, do not readily demyelinate at the midline within the corpus callosum but
showed greater demyelination immediately lateral to midline, which is different from
the reproducible midline demyelination in the C57BL/6 mice (Taylor et al., 2009). In
addition, cuprizone induced demyelination in SJL mice is slower and plateau after
week 7, which is in contrast to C57BL/6 mice which plateau at week 5 (Matsushima
& Morell, 2001). Aside from demyelination differences in the corpus callosum,
cortical demyelination differences between strains have also been reported by
comparing BALB/cJ mice with C57BL/6 mice (Skripuletz et al., 2008). In this study,
only partial cortical demyelination could be induced by cuprizone treatment in
BALB/cJ mice, and that cortical microglia accumulation was significantly higher in
BALB/cJ mice, compared to C57BL/6.

In this section, we focused on characterizing the cuprizone induced
demyelination response in CD1 strain, and by comparing it to the commonly used
C57BL/6 strain, we show that CD1 mice exhibit relatively mild demyelination in the
corpus callosum, together with blunted neuroinflammatory response. Thus, genetic
background differences greatly influence the susceptibility of mice to cuprizone
induced damage, which is reminiscent of the heterogeneity in MS pathology that is

observed across the human populations.
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Results

CD1 mice exhibit less demyelination compared to C57BL/6 mice

The Black gold staining is an easy and widely used approach for visualizing
myelin morphology with good resolution of individual myelin fibers (Schmued et al.,
2008). We first performed Black gold staining of the 4 week-cuprizone treated
samples, focusing on sections of the corpus callosum above the fornix, which is
approximately between bregma -0.58 mm and -0.82 mm (Fig I-1A). The C57BL/6
mice showed a dramatic loss of myelin staining at this time point (Fig 1-1B), which is
consistent with previous reports (Matsushima & Morell, 2001). However, the CD1
mice didn’t show significant myelin loss. This difference in response was also
observed at later stages of cuprizone treatment (Fig 1-1B).

An alternative histological approach that is complementary to the Black gold
staining is the Luxol fast blue—periodic acid Schiff (LFB-PAS) method, which not
only stains the myelin (in blue) but also stains the demyelinated areas in pink, thus
providing a counter stain to contrast with the positive myelin stain. We thus
performed LFB-PAS staining to confirm the results obtained with the Black gold
staining (Fig 1-2A). The LFB-PAS stained sections were scored blind on a scale of 3
(3=intact and O=full demyelination, Fig I-3). As shown in Fig I-2B, the two strains of
mice showed different severity of demyelination at 4 to 6 weeks of treatment. A close
examination of the CD1 corpus callosum at 4 to 6 weeks of cuprizone exposure shows

that CD1 mice do exhibit mild demyelination which is not apparent in the Black
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Figure I-1. Black gold staining reveals that CD1 mice exhibit much less demyelination relative to C57BL/6 mice following various length of
cuprizone exposure. A, coronal sections of the corpus callosum were taken above the fornix, approximately between bregma -0.58 mm and
bregma -0.82 mm, corresponding to Fig 36-Fig 39 in the Mouse Brain in Stereotaxic Coordinates (Franklin, 1997). The boxed area depicts the
midline of the corpus callosum that was analyzed in B and all the following figures in this study. B, representative images of Black gold-stained
corpus callosum in C57BL/6 mice and CD1 mice. CD1 mice show relatively intact myelin fibers compared to C57BL/6 mice. Scale bar, 100 pm.
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Figure 1-2. LFB-PAS staining reveals relatively mild demyelination in CD1 mice in comparison to C57BL/6 mice. A, representative images of
the LFP-PAS stained corpus callosum in C57BL/6 mice and CD1 mice. Myelin shows up as blue stain and the demyelinated area shows up as
pink. Note C57BL/6 sections show more pink and less blue compared to CD1 mice. Scale bar, 100 um. C, semi-quantification of demyelination
by blind scoring (3=intact and O=complete demyelination). Data is shown as group averages. N= 4 and 7 at 4 weeks for C57 and CD1,
respectively. N=5 and 5 for 5 weeks, N=4 and 5 for 6 weeks and N=5 and 7 for 7 weeks. Significant differences between strains were observed
at 4 to 6 weeks of cuprizone treatment (student's t-test). ** indicates P<0.001, * indicates P<0.05.
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Figure 1-3. Standard for blind scoring of LFB-PAS stained midline corpus callosum sections. A corresponds to a score of 3 (intact). B
corresponds to a score of 2, C corresponds to 1 and D corresponds to 0 (complete demyelination with minimum blue stain of myelin). Scale bar,
100 pm.
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gold histological analysis. By 7 weeks, CD1 mice were slightly less demyelinated
compared to C57BL/6 mice, but this difference is not statistically significant,
although the Black gold data shows CD1 mice still exhibit more Black gold-stained
fibers at this point. This slight discrepancy could be due to the different substrates that
these two methods detect (Savaskan, Weinmann, Heimrich, & Eyupoglu, 2009) in that
LFB stains phospholipids while Black gold stains myelin proteins. Taken together, the
CD1 strain exhibits a delayed and mild demyelination in comparison to C57BL/6

mice.

CD1 mice exhibit more oligodendrocytes and less myelin protein decrease

compared to C57BL/6 mice

Because the myelin fibers are formed by oligodendrocytes, we wanted to
examine whether the less severe demyelination in CD1 mice is associated with more
mature oligodendrocytes being present at the lesion site. We performed
immunofluorescence staining using an antibody against GSTpi, a marker for mature
oligodendrocytes. As shown in Fig I-4, although both strains fed with cuprizone
showed a decrease in GSTpi+ mature oligodendrocytes compared to non-cuprizone
fed controls, the decrease for C57BL/6 mice was more severe than for CD1 mice
[significant differences were observed at 4, 5, 6 and 7 weeks of treatment (P<0.05 in
ANOVA at all time points)]. These observations indicate that the lesser demyelination
of CD1 mice as shown in the Black gold staining and LFP-PAS stain may be
attributed to more oligodendrocytes being present. We also noticed that at 7 weeks of
treatment, the number of GSTpi+ oligodendrocytes in the two strains are relatively

high, compared to the absence of myelin as shown in the LFB-PAS stain
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Figure 1-4. Immunostaining of GSTpi shows relative abundence of mature
oligodendrocytes in CD1 mice relative to C57BL/6 mice after various length of
cuprizone exposure. A, representative images of GSTpi+ mature oligodendrocytes at
the midline of the corpus callosum. Scale bar, 30 um. B, quantification of cell density
counts. Note CD1 mice and C57BL/6 mice show comparable numbers of mature
oligodendrocytes under control conditions. Asterisks above brackets indicate
significant differences between strains were observed at all time points of treatment
(two way ANOVA analysis for interaction between strain and cuprizone treatment. *,
P<0.05; **P<0.01). Asterisks above the bars indicate significant difference from
respective controls (t-test, *, P<0.05; **,P<0.01). Error bars show SEM. N numbers
are indicated on individual bars.
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at this time point (compare Fig I-2 and 1-4 at 7 weeks). This discrepancy could be due
to oligodendrocyte progenitor cells differentiating into  pre-myelinating
oligodendrocytes (B. Emery, 2010) (also see below), which are not myelinating the
axons due to continuous cuprizone lesion.

Since CD1 mice show more myelin and more oligodendrocytes, we wanted to
determine whether this difference is reflective of a quantitative difference in the levels
of myelin proteins. To this end, we performed western blot analysis using 4
weeks-cuprizone treated corpus callosum samples (Fig 1-5). We first examined the
levels of myelin basic protein (MBP). As shown in Fig I-5A and C, on average, CD1
mice showed a milder reduction in MBP protein levels after cuprizone treatment
compared to C57BL/6 mice, however the difference did not reach statistical
significance (P>0.05 in t-test, N=6 for C57BL/6 and N=8 for CD1). A comparison of
untreated corpus callosum between CD1 mice and C57BL/6 mice (inset) did not
reveal a significant difference (t-test, P>0.05, N=6 per group) between strains. We
also analyzed the level of myelin associated glycoprotein (MAG). As shown in Fig
I-5A and D, the decrease in MAG level was less in CD1 mice compared to C57BL/6
mice (student’s t-test, P<0.05, N=6 for C57BL/6 and N=8 for CD1), and a comparison
of unlesioned corpus callosum sample between the two strains (inset) revealed a

similar base line MAG level between the two strains (student’s t-test, P>0.05, N=6 per

group).

CD1 mice exhibit fewer oligodendrocyte progenitor cells compared to C57BL/6

mice
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Figure 1-5. Western blot analysis confirms the relatively mild effect of cuprizone on CD1 mice compared to C57BL/6 following 4 weeks of
cuprizone exposure. A and B, representative western blot images of MBP, MAG, Ibal, GFAP and NG2 protein. Arrows point to the bands used
for quantification of MBP, GFAP and NG2, respectively. C-G, statistical analysis of the reduction of MBP, MAG, Ibal, GFAP and NG2.
Densitometric data are normalized to B-tubulin and relative to control mice. The decrease in MBP levels are not statistically different in the two
strains, while the reduction of MAG level shows significant difference between the two strains (**, P<0.01 in t-test, N=6 and 8 for C57 and CD1,
respectively). The change in Ibal and NG2 levels after cuprizone treatment are also significantly different between strains (**, P<0.01 in t-test; *,
P<0.05 in t-test. N=6 and 8 for C57 and CD1 mice, respectively). Error bars show SEM. Insets in C-G shows comparison of protein levels of the
two strains using 8-9 weeks old unlesioned corpus callosum samples, with data normalized to average of C57BL/6 mice. None of the

comparisons show significant difference between the two strains.
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Because the oligodendrocyte loss induced by the cuprizone lesion is usually
accompanied by NG2+ oligodendrocyte progenitor cell (OPC) accumulation and
differentiation (Mason et al., 2000), we analyzed the number of OPCs in the
cuprizone treated mice (Fig 1-6). In C57BL/6 mice, NG2+ OPC number peaked at 4
and 6 weeks, while CD1 mice exhibited a gradual increase in NG2+ cell population,
coinciding with increasingly severe demyelination. Although CD1 mice showed a
much smaller increase in NG2+ cells at 4 and 6 weeks (P<0.05 in ANOVA for both 4
and 6 weeks), they do show comparable numbers of NG2+ cells as C57BL/6 strain at
7 weeks. The observation that CD1 mice show less NG2+ OPC recruitment is
consistent with the data that CD1 mice show more oligodendrocytes and less
demyelination. We also confirmed the morphological data by western blot analysis of
NG2 protein level, using 4 weeks-cuprizone treated corpus callosum samples. As
shown in Fig I-5 B and G, the induction of NG2 protein is significantly lower (P<0.05,

student’s t-test) in CD1 mice, compared to C57BL/6 mice.

CD1 mice exhibit a smaller neuroinflammatory response compared to C57BL/6

mice

Because cuprizone induced demyelination in the corpus callosum in also known
to be associated with microglial/macrophage accumulation and prominent astrogliosis
(Hiremath et al., 1998), we then analyzed the degree of the innate neuroinflammatory
response, focusing on recruitment of microglia to the site of demyelination in the two
strains. As the CD1 mice showed less myelin loss following the cuprizone lesion, we

expected that CD1 mice show less microglia compared to C57BL/6 mice. As shown
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Figure 1-6. Immunostaining of NG2 shows blunted recruitment of NG2+
oligodendrocyte progenitor cells (OPCs) in CD1 mice relative to C57BL/6 mice at
different length of cuprizone exposure. A, representative images of NG+ OPCs at the
midline of the corpus callosum. Scale bar, 30 um. B, quantification of cell density
counts. CD1 mice and C57BL/6 mice show comparable numbers of OPCs under
control conditions, and significant differences between strains were observed at 4 and
6 weeks of treatment (asterisks above brackets indicate significant interaction between
strain and cuprizone in two-way ANOVA analysis, *, P<0.05; **, P<0.01). At 7 weeks
of treatment, the numbers of OPCs in the two strains appear to be similar. Asterisks
above the bars indicate significantly different from respective controls (t-test, *,
P<0.05; **, P<0.01). Error bars show SEM. N numbers are indicated on individual
bars.
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in Fig 1-7, the level of Ibal+ microglia peaked at 4 weeks of cuprizone exposure in
C57BL/6 mice, and then gradually decreased in number at 5 to 7 weeks. In contrast,
CD1 mice showed a less prominent microglial response, with the relative increase in
microglia being less than C57BL/6 mice at 4, 6 and 7 weeks of cuprizone treatment
(P<0.01 in ANOVA). The numbers of Ibal+ microglia in CD1 mice stayed roughly
similar throughout the time points analyzed. A western blot analysis showed that in
response to 4 weeks of cuprizone administration, the levels of Ibal was also lower in
CD1 mice compared to C57BL/6 mice (Fig I-5A and E, P<0.01 in student’s t-test),
confirming the morphological observation.

We also analyzed the changes in astrocytes in the cuprizone treated mice. Both
strains exhibited a gradual increase in the GFAP+ astrocyte population from 4 to 7
weeks of treatment, with 7 weeks showing the greatest amount of astrogliosis.
Compared to C57BL/6 mice, CD1 mice showed on average, a lower degree of
astrocyte recruitment at all time points and statistical comparison between strains
showed significant difference at 6 and 7 weeks of cuprizone treatment (Fig 1-8).
Western blot analysis examining GFAP levels in the two strains following 4 weeks of
cuprizone treatment showed that CD1 mice exhibited on average a smaller induction
of GFAP, which is consistent with the immunohistochemical analysis, but the
difference did not reach statistical significance (Fig I-5A and F). Note that the arrow
in the figure points to the one band/isoform of GFAP analyzed. Other bands, however,

are other GFAP isoforms (Kamphuis et al., 2012).

CD1 mice exhibit comparable amount of cuprizone intake with C57BL/6 mice
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Figure 1-7. Immunostaining of Ibal shows blunted recruitment of Ibal+ microglial
cells in CD1 mice relative to C57BL/6 mice after various length of cuprizone
exposure. A, representative images of Ibal+ microglia at the midline of the corpus
callosum. Scale bar, 30 um. B, quantification of cell density counts. CD1 mice and
C57BL/6 mice show comparable numbers of microglia under control conditions, and
significant differences between strains were observed at 4, 6 and 7 weeks of treatment
(asterisks above the brackets indicates significant interaction between strain and
cuprizone in two way ANOVA analysis, P<0.01). Asterisks above the bars indicate
significant difference compared to respective controls (t-test, *, P<0.05; **, P<0.01).
Error bars show SEM. N numbers are indicated on individual bars.
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Figure 1-8. Immunostaining of GFAP shows blunted recruitment of GFAP+ Astrocytes
in CD1 mice relative to C57BL/6 mice after various length of cuprizone exposure. A,
representative images of GFAP+ microglia at the midline of the corpus callosum.
Scale bar, 30 um. B, quantification of cell density counts. CD1 mice and C57BL/6
mice show comparable numbers of astrocytes under control conditions, and
significant differences between strains were observed at 6 and 7 weeks of treatment
(asterisks above brackets indicate significant interaction between strain and cuprizone
in two-way ANOVA analysis, P<0.01). Asterisks above the bars indicate significant
differences from controls (t-test, *, P<0.05;**, P<0.01). Error bars show SEM. N
numbers are shown on individual bars.
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Finally, we asked whether the differences in demyelination could be attributed
to a difference in cuprizone intake. We noticed that CD1 mice appear to be bigger and
weigh heavier compared to C57BL/6 mice, and thus there is a possibility that CD1
intake relatively less cuprizone compared to C57BL/6 mice. In order to rule out this
possibility, we tracked the body weight of the cuprizone treated animals across the
duration of the treatment and we also measured the amount of food intake by
weighing the food pellets in the food tray. The food intake per body weight was then
calculated by dividing the amount of food intake by the respective body weight of the
animals. As shown in Fig I-9, although CD1 mice are on average bigger than
C57BL/6 mice (left panel), they also ingest more cuprizone containing diet (middle
panel), resulting in a similar amount of food intake relative to body weight (right

panel).
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Figure 1-9. CD1 mice ingest similar amount of cuprizone compared to C57BL/6 mice. Although CD1 mice on average exhibit higher body
weight compared to C57BL/6 mice (A), they also comsume more cuprizone containing diet (B), as a result, the two strains exhibit similar
amount of cuprizone diet intake in terms of grams per body weight (C) (No significant differences were seen between groups). Mice were
housed in 3-5 animals per cage, and total food intake of individual cages were measured and divided by the number of animals of each
individual cage to obtain the average food intake per mouse (B), or divided by the total body weight of animals in the cage to obtain the average
food intake per body weight (C). All values are averaged across 4 consecutive weeks of control diet/cuprizone diet treatment. For A, N=10, 11,
13, 11 respectively. Asterisk indicates significant difference from respective controls (P<0.01). For B and C, N=3 cages per group.
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Discussion

In this section we have demonstrated that CD1 mice display less severe
demyelination compared to C57BL/6 mice as demonstrated using several different
parameters. First, histology data of black gold and LFB-PAS staining clearly indicates
that CD1 mice undergo a mild and slower demyelination process. Second,
immunohistochemistry data shows that CD1 mice exhibit less oligodendrocyte
decrease and concomitantly less recruitment of microglia/astrocytes/oligodendrocyte
progenitor cells following cuprizone intoxication. Third, western blot analysis
indicates that while the reduction of MBP is comparable in the two strains, the
reduction of MAG is less in CD1 mice. Fourth, western blot analysis also confirms
that CD1 mice show less increase in protein levels of Ibal and NG2. In addition, we
showed that CD1 mice consume a similar amount of cuprizone diet per body weight
as compared to C57BL/6 mice, and thus the slower rate of myelin damage is unlikely

due to less cuprizone consumption.

Strain differences affect cuprizone induced demyelination

The earliest studies characterizing cuprizone induced pathology was done in ICI
or Swiss mice, and used a much higher dosage at 0.5%-0.6% (Blakemore, 1972;
Ludwin, 1978; Suzuki & Kikkawa, 1969). However, the cuprizone induced
demyelination in the corpus callosum is best documented in the commonly used
C57BL/6 strain and at a dosage of 0.2% (Hiremath et al., 1998; Mason et al., 2000).

Therefore in our study, we adopted a 0.2% dosage to address cross-strain differences.
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For C57BL/6 mice, it was observed that the demyelination of C57BL/6 mice is robust
at 4 to 6 weeks of cuprizone treatment, and our findings mostly agree with the
previously reported observations. However, notably, there have been several other
recent studies that have addressed the importance of genetic background factors in
influencing the extent of demyelination in the cuprizone model. For instance, SJL
mice have been shown to be less susceptible to demyelination in the corpus callosum
compared to the established C57BL/6 strain (Taylor et al., 2009). The authors also
reported that SJL mice exhibit a unique pattern of demyelination in that the area of the
corpus callosum that is immediately lateral to midline seems to demyelinate more
prominently than the midline. In our study we observed several cases that some CD1
mice also showed a similar pattern, but not all. In addition to the corpus callosum,
cortical demyelination induced by cuprizone has also been shown to be affected by
genetic background factors (Skripuletz et al., 2008). In this study the authors
challenged BALB/cJ mice with 0.2% cuprizone treatment of 6 weeks, and observed
that cortical demyelination of BALB/cJ mice was incomplete, as opposed to C57BL/6

strain which shows no detectable cortical myelin at this stage.

Cuprizone administration specifically affects oligodendrocytes

The cuprizone model of induced demyelination has been a widely adopted
approach to study the pathological process of MS for the past 20 years. However, the
exact mechanism of how cuprizone induces demyelination still remains elusive (J.
Praet et al., 2014). Two opposing hypothesis have been proposed to explain the in

vivo action of the cuprizone molecule. The first hypothesis states that the toxic effects
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of cuprizone mainly arises from a copper deficient diet (Benetti et al., 2010). In this
interesting study, a mass spectrometry was performed on the liver and brain of
cuprizone-fed mice and found no detectable cuprizone. In addition, the authors also
showed the inability for the cuprizone molecule to cross either the intestinal epithelial
barrier or the neuronal cell membrane. The other hypothesis states that the cuprizone
molecule has to be present and act directly in the brain for its toxic effect (Zatta et al.,
2005). In this study the authors were able to detect cuprizone in blood plasma samples
from cuprizone treated mice. In addition, a severely altered copper and zinc
homeostasis was observed the central nervous system. Regardless of how exactly
cuprizone exerts its action in vivo, a consensus seems to be that cuprizone selectively
affects oligodendrocytes. Evidence includes giant mitochondria formation specifically
within oligodendrocytes (Acs & Komoly, 2012; Asano, Wakabayashi, Ishikawa, &
Kishimoto, 1978; Biancotti et al., 2008; Hiremath et al., 1998; Ludwin, 1978; Tandler
& Hoppel, 1973; Wakabayashi, Asano, Ishikawa, & Kishimoto, 1978) and an
increased oxidative stress (Acs, Selak, Komoly, & Kalman, 2013; J. Praet et al., 2014;
Tandler & Hoppel, 1973, 1975; Wakabayashi, Asano, & Kurono, 1975) and
endoplasmic reticulum (ER) stress (Hemm, Carlton, & Welser, 1971; Love, 1988;
Wagner & Rafael, 1977) observed in oligodendrocytes, eventually leading to
oligodendrocyte apoptosis (Matsushima & Morell, 2001; C. Xu, Bailly-Maitre, &
Reed, 2005). Importantly this apoptosis precedes the massive demyelination caused
by cuprizone administration (J. Praet et al., 2014), indicating that oligodendrocytes
degeneration is the main cause, as opposed to a secondary immune response. This
actually makes the cuprizone model particularly suitable for studying Type Il and

Type IV MS lesions (C. Lucchinetti et al., 2000; Stys et al., 2012).
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Neuroinflammatory response contribute to cuprizone induced demyelination

In addition to the direct effect of cuprizone on oligodendrocytes, the
involvement of the immune system is believed to be responsible for the massive
demyelination occurring at 4 weeks time point of cuprizone exposure (J. Praet et al.,
2014). Important supporting evidence includes: 1, a switch from Caspase 3-dependant
to Caspase 3-independent form of apoptosis is reported for later stages of cuprizone
exposure (Hesse et al., 2010), 2, cuprizone-induced apoptosis in in vitro
oligodendrocyte culture was successful only after addition of pro-inflammatory
cytokines, which are produced by microglia and astrocytes (Pasquini et al., 2007). 3,
inhibition of microglial activation by minocycline prevented cuprizone induced
demyelination in vivo (Pasquini et al., 2007). 4, microglial processes were observed in
between myelin lamellae, possibly stripping myelin from axons (Ludwin, 1978). In
our experiments, we observed a dramatic increase of microglia in C57BL/6 mice
following 4 weeks of cuprizone exposure, which is similar to previous reports
(Hiremath et al., 1998). However, for the CD1 strain, we did not observe prominent
microgliosis (Fig I-6). Even after 7 weeks of treatment, when CD1 mice already show
extensive demyelination in the black gold stain and LFB-PAS stain (Figure 1-1 & I-2),
the levels of Ibal+ cells is still well below that of the C57BL/6 strain. Thus we
propose that the strain differences observed in this study can be at least partially
accounted for by a difference in the sensitivity of the immune system between the two
strains. This is also a mechanism that has been proposed to explain the difference seen
between type Il and type Il MS lesions (Stys et al., 2012). Future experiments
addressing the levels of cytokines and growth factors during the cuprizone treatment

period and functional interference with specific cells types such as microglia and



49

astrocytes should help elucidate the role of immune response in contributing to the

strain differences observed.

MAG is less affected in CD1 mice compared to C57BL/6 mice

Another notable finding in our experiment is that whereas MBP reduction is
comparable between the two strains, MAG reduction is less in the CD1 strain. Given
that MAG molecules are localized exclusively in the periaxonal regions of the myelin
sheath (Trapp, 1990; Trapp & Quarles, 1984), a relatively abundant MAG level might
indicate a relatively intact myelin-axon interface in the CD1 mice, which could
contribute to the lack of massive immune response. Indeed, our results indicate that at
least, MAG reduction better correlates with the magnitude of immune response
including astrogliosis and microgliosis than MBP reduction (comparing Fig I-4 with
Fig 1-6 & 7). A similar analysis of myelin protein reduction following cuprizone
lesion in other strains, especially strains that are less vulnerable might help to address

whether this is also the case under other genetic backgrounds.

Future directions

We addressed the important role of genetic background in affecting the
demyelination response induced by the neurotoxin cuprizone by comparing CD1
strain versus the commonly used C57BL/6 strain, adding abundance to the current
literature on strain differences in the cuprizone model. CD1 mice appear to show

relatively mild demyelination and blunted immune response compared to C57BL/6
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mice after the same dosage of cuprizone treatment.

In order to further address the strain differences observed, three experiments
could potentially be carried out. The first would be to examine the mitochondria
morphology using an electron microscopy (EM) study. This approach would enable us
to address the pathology within oligodendrocytes specifically at earlier time points of
the cuprizone treatment (e.g., after 1 or 2 weeks of continuous cuprizone exposure),
with minimal interference of the neuroinflammatory response (Matsushima & Morell,
2001). The rationale is that since cuprizone affects primarily oligodendrocytes, we
will need to address whether the oligodendrocytes are similarly affected between the
two strains (C57BL/6 and CD1) in the first place. As mentioned earlier, mitochondria
morphology is an important parameter of cuprizone-induced oligodendrocyte
pathology, and that enlarged oligodendrocyte mitochondria signals oligodendrocyte
metabolic stress. Thus, examination of mitochondria morphology will provide clue for
the metabolic state of oligodendrocytes, and that if CD1 mice exhibit relatively mild
mitochondria pathology compared to C57BL/6 mice, we can easily hypothesize that
the strain differences observed in response to cuprizone treatment is primarily due to
CD1 oligodendrocytes being less susceptible to cuprizone insult. Further confirmation
might include in vitro cell culture experiments using isolated oligodendrocytes from
both strains.

The second experiment that could be done is functional ablation of specific cell
lineages such as the OPCs, microglia and astrocytes, possibly using a cell type
specific promoter and tetracycline-controlled expression system. This would allow for
time-controlled inhibition of neuroinflammatory response and specifically examine
the cuprizone effect on the pre-existing mature oligodendrocytes, without the

interference of oligodendrocyte regeneration, myelin debris clearance and trophic
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support from other cell types. The rationale is the cuprizone induced lesion is highly
complex, and involves cross-talk among various cell types, and that inhibiting specific

cell lineages would enable us to address fewer processes at a time
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Summary

In Section I, we showed that different genetic backgrounds lead to dramatic
difference in oligodendrocyte pathologic response to a demyelinating lesion. In this
section, we focus on probing the function of the Ephrin-B3 ligand in oligodendrocytes,
which is highly expressed in myelin processes. We do so by examining physiological
phenotype of mice carrying Ephrin-B3 null mutation.

Ephrin-B3 belongs to the family of Ephrins, or Eph family receptor interacting
proteins. This Ephrin/Eph signaling has been shown to regulate a wide variety of
physiological processes including neural development and adult CNS function. In this
section, we show that Ephrin-B3 is strongly expressed in the adult mouse brain,
overlapping with myelin tracks. However, oligodendrocyte and myelin development
does not seem to be affected by Ephrin-B3 deletion. In addition, we challenged
Ephrin-B3” mice with cuprizone, which induces demyelination in the corpus
callosum, and analyzed myelin morphology at 4 weeks of cuprizone treatment.
Ephrin-B3” mice showed profound demyelination which is similar to Ephrin-B3**
littermates. Moreover, Ephrin-B3” mice showed recovery (remyelination) upon
cuprizone withdrawal (6 weeks of cuprizone treatment which induces full
demyelination, followed by 3 weeks of recovery using cuprizone-free control diet)
which is also similar to Ephrin-B3*/* littermates. Taken together, Ephrin-B3 loss of
function alone does not seem to dramatically affect oligodendrocyte development as
well as its myelination processes, or the demyelination/remyelination response

induced by cuprizone toxin induced lesion.
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Introduction

Ephrins and Eph receptors

Ephrins are a family of ligands for the Eph group of receptors, which is one of
the largest members in the family of receptor tyrosine kinases. The Ephrin ligands are
divided into two subclasses of Ephrin-As and Ephrin-Bs based on their structure and
linkage to the cell membrane. Ephrin-A ligands are GPI-linked proteins, and the
Ephrin-B ligands are transmembrane proteins (Eph Nomenclature, 1997). On the
other hand, the Eph receptors can also be divided into two groups based on the
relatedness of their extracellular domain sequences, which appears to correspond to
the ability of the receptors to bind preferentially to the Ephrin-A or Ephrin-B ligands.
Therefore, the group of Eph receptors that preferentially interact with Ephrin-A
ligands are called EphAs, and that the group that preferentially interact with
Ephrin-Bs are called EphB receptors. However, there is some promiscuity in their
binding affinities. For instance, Ephrin-B ligands are shown to bind to EphA4
receptor (Pasquale, 2004), and that EphB2 receptor shows attraction towards
Ephrin-A5 ligand (Himanen et al., 2004).

As for many receptor tyrosine kinases, Ephrin binding to Eph receptors induces
so-called ‘forward signaling’, mostly through phosphotyrosine-mediated pathways
(Kullander & Klein, 2002). However, Ephrins can also signal back into their host
cell-referred to as ‘reverse signaling’, in which the Ephrin cytoplasmic tail can be
phosphorylated and thereby recruit signaling effectors. The Eph/Ephrin signaling is
known to play multifunctional roles in regulating the processes of tissue segmentation

(Poliakov, Cotrina, & Wilkinson, 2004), angiogenesis (Cheng, Brantley, & Chen,
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2002), axonal guidance (Egea & Klein, 2007) and synaptic plasticity (Klein, 2009).

Ephrin-B3 in oligodendrocytes

Ephrin-B3 has been shown to be expressed in postnatal myelinating
oligodendrocytes (Benson et al., 2005), and its forward signaling through the EphA4
receptor has been shown to prevent contralateral corticospinal axons from recrossing
the spinal cord midline during neural development, allowing for unilateral motor
control. Consequently, Ephrin-B3”" mice exhibit a hopping gait behavior. Other
reported developmental and physiological functions of Ephrin-B3 include neuronal
migration (Aycan Senturk, Sylvia Pfennig, Alexander Weiss, Katja Burk, & Amparo
Acker-Palmer, 2011), regulation of axon pruning, (N.-J. Xu & Henkemeyer, 2009),
synapse formation (N.-J. Xu, Sun, Gibson, & Henkemeyer, 2011), regulation of
synaptic transmission (Antion, Christie, Bond, Dalva, & Contractor, 2010), regulation
of synaptic plasticity (Armstrong et al., 2006), and endogenous neurogenesis
following cerebral ischemia (Doeppner et al., 2011).

In this section, we make use of two strains of mice, the Ephrin-B3-%°4 mutant
(Yokoyama et al., 2001) and Ephrin-B3”- complete mutant. The Ephrin-B3“Z mutant
is constructed such that the intracellular domain of Ephrin-B3 is deleted and replaced
by a bacterial lacZ cassette, which enables X-gal detection of B-gal activity to
examine the expression patterns of the Ephrin-B3 molecule. The extracellular domain
of Ephrin-B3, however, is maintained, and thus the ‘forward signaling’ component is
preserved while the ‘reverse signaling’ is disrupted. On the other hand, in the

Ephrin-B3”7 complete knockout mice (Yokoyama et al., 2001) the Ephrin-B3
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expression is completely absent.

By utilizing the Ephrin-B3-%“ mutant mice, we first show that the Ephrin-B3
expression is strikingly reminiscent of myelin fiber tracks, which indicate that its
expression is strongly specific to myelinating oligodendrocytes. Then we address the
question whether Ephrin-B3 signaling plays a role in normal myelination during
development and in mediating demyelination/remyelination following cuprizone
lesion, by treating Ephrin-B3”- mice with cuprizone and examining the pathological

phenotype at two different stages.
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Results

Myelin specific expression of Ephrin-B3

We utilized the Ephrin-B3*“%? heterozygous mutant mice in which the
cytoplasmic domain of Ephrin-B3 is replaced by a LacZ cassette and carried out LacZ
staining to examine the expression (Fig I1-1). Ephrin-B3 showed particularly strong
expression in myelin tracks, and that the LacZ staining strikingly resembles the Black
gold staining of Ephrin-B3 wild type animals, indicating that Ephrin-B3 is strongly
expressed in myelin forming oligodendrocytes, in agreement with previous reports

(Benson et al., 2005).

Effects of Ephrin-B3 loss of function on myelin fiber track development

Given the extensive expression of Ephrin-B3 in myelin, we wondered whether
Ephrin-B3 loss of function affects normal development of myelinated axon tracks. To
this end, we performed Black gold staining of 2 months old Ephrin-B3** and
Ephrin-B3” mice (Fig 11-2 and Fig 11-3), but observed no obvious abnormalities in
terms of morphological development and intensity of the myelin staining. We thus
concluded that Ephrin-B3 function is dispensable for the majority of CNS axon

development and myelination.
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Figure 11-1. LacZ staining of 2 months old Ephrin-B3*-2Z brain. A-E, Ephrin-B3 expression exhibit striking resemblance of myelin tracks,
which indicates that Ephrin-B3 is strongly expressed in oligodendrocytes. F, example Black gold staining of myelin tracks of an Ephrin-B3 wild
type brain section for comparison. Scale bar, 3 mm.
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Ephrin-B3** Ephrin-B3™"

Figure 11-2. Black gold staining of 2 months old coronal mouse brain sections shows
that Ephrin-B3 loss of function does not dramatically affect myelin development. Left,
wildtype. Right, Ephrin-B3 knockout. No obvious abnormality in myelin track

development is observed.
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Figure 11-3. Black gold staining of 2 months old sagittal mouse brain sections shows that Ephrin-B3 loss of function does not dramatically affect
myelin development. Upper panels A, B and C are example wild type images. Lower panels D, E and F are from knockout. B, C, E and F are
higher magnifications of the rectangle areas in A and D. No obvious abnormality in myelin track development is observed. Scales bars, from left
to right: 2 mm, 200 um and 500 um, respectively.



61

Ephrin-B3 signaling in oligodendrocytes: cuprizone treatment study

We next reasoned that since Ephrin-B3 is strongly expressed in myelinating
oligodendrocytes, it might be involved in oligodendrocyte cell signaling pathways for
demyelination and remyelination. And that a cuprizone challenge might induce a
demyelination and inflammation process that would recruit Ephrin-B3
forward/reverse signaling. We thus performed cuprizone treatment of wildtype and
Ephrin-B3” mice. We first analyzed corpus callosum tissue samples of mice that
underwent continuous cuprizone treatment for 4 weeks (Fig 11-4). Both Ephrin-B3**
and Ephrin-B3”- mice similarly showed extensive demyelination as indicated by the
loss of blue myelin stain and the vast recruitment of cell bodies, which are possibly a
mixture of OPCs, microglia and astrocytes. Thus, Ephrin-B3 does not appear to
influence the extent of cuprizone-induced demyelination at 4 weeks of treatment.

We then asked whether Ephrin-B3 loss of function impairs the remyelination
process. To this end, we first exposed mice to continuous cuprizone treatment for a
full length of 6 weeks to achieve complete demyelination (Matsushima & Morell,
2001), after which they were returned to a cuprizone-free control diet for 3 weeks to
allow for recovery. Corpus callosum tissue section samples of wildtype and
Ephrin-B3” mice were then analyzed by Black gold staining (Fig 11-5). Both
Ephrin-B3** and Ephrin-B3” mice showed remyelination recovery and were not

different from each other.
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Ephrln B3*’* control Ephrin-B3*’+ cuprizone Ephrin- B3" cuprizone
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Figure 11-4. Example LFB-cresyl violet staining of midline corpus callosum sections
from mice treated with cuprizone diet for 4 weeks. Left, wildtype; right, knockout.
Both genotypes similarly exhibit profound demyelination, with minimal blue and
extensive recruitment of cresyl violet-stained cell bodies. Scale bar, 100 pm.
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Figure 11-5. Example Black gold staining of midline corpus callosum sections from
mice treated with cuprizone diet for 6 weeks, followed by 3 weeks of recovery. Left,
wildtype; right, knockout. Both genotypes similarly exhibit remyelination, and do not
appear to differ from each other. Scale bar, 100 pm.
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Discussion

During embryonic development, the expression of Ephrin-B3 has been shown
to be concentrated at the spinal cord midline (Yokoyama et al., 2001), and that
Ephrin-B3 loss of function leads to a striking motor deficit as manifested by a
hopping gait locomotion. Anterograde and retrograde tracing studies further showed
that in the absence of Ephrin-B3, contralateral corticospinal tract can aberrantly
traverse the spinal cord midline and reenter the ipsilateral side, resulting in bilateral
innervations. Importantly, the Ephrin-B3 LacZ mutant which lack the cytoplasmic
domain show normal gain appearance (Yokoyama et al., 2001), implying that the
reverse signaling of Ephrin-B3 back into the Ephrin-B3 expressing cell is dispensable
for its function as a midline-anchored repellent.

In adulthood, a similar function of Ephrin-B3 has also been reported (Benson et
al., 2005). In this study, Ephrin-B3 has been shown to be expressed in postnatal
myelinating oligodendrocytes and that it partially accounts for the inability of CNS
axons to regenerate following traumatic spinal cord injury. Importantly, this inhibition
of neurite outgrowth also depends on the forward, and not the reverse, signaling of
Ephrin-B3.

Taken together, the forward signaling of Ephrin-B3 has been well documented
as an inhibitor of neurite outgrowth. However, the reverse signaling of Ephrin-B3
back into the myelin-forming oligodendrocytes has remained unexplored. In our study;,
we set out to examine myelin-related developmental phenotype as well as pathology
following cuprizone-induce myelin damage in the absence of Ephrin-B3. However,
we did not observe any significant differences between wildtype and Ephrin-B3
knockout mice in terms of myelination during development, cuprizone-induced

demyelination, and remyelination after cuprizone withdrawal. Thus Ephrin-B3 does
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not seem to be critically involved in regulation of myelination within
oligodendrocytes, and that the reverse signaling of Ephrin-B3 back into its host cell is
still a mystery.

Nevertheless, our study does not preclude Ephrin-B3’s function in
oligodendrocyte demyelination/remyelination in general, as it is known that
intrafamily compensatory mechanisms exist among different Ephrin-Bs (Hu, Li, Jiang,
Li, & Zhou, 2014), and that all of Ephrin-B1, Ephrin-B2 and Ephrin-B3 can share the
same receptor such as EphA4 (Luxey et al., 2013). Thus, in order to address the
function of Ephrin-Bs in general, triple Ephrin-B1, B2, B3 knockout animals (A.
Senturk, S. Pfennig, A. Weiss, K. Burk, & A. Acker-Palmer, 2011) will be needed and

examined in similar experiments.
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SECTION I11: EXAMINING THE FUNCTION OF FBXL15 USING FBXL15™
MICE
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Summary

In the first two sections, we presented studies to address the
myelination/demyelination processes of oligodendrocytes, one being the affect of
genetic background, the other being the potential function of an important signaling
molecule Ephrin-B3.

In parallel, our lab has been investigating the roles of other Ephrin/Eph
signaling molecules in regulation of neural circuit function. Our previous study
indicated that Ephrin-A5 is highly expressed in the suprachiasmatic nucleus (SCN),
and thus potentially regulates the circadian rhythm. Interestingly in the literature,
FbxI15, a mammalian homolog of the drosophila jetlag protein, is also implicated in
circadian regulation. We thus investigated the physiological phenotype of FbxI15 loss
of function in this separate section, in an attempt to probe its role in circadian rhythm
and development.

FbxI15, or F-box and LRR domain-containing protein 15, is a member of the
F-box protein family, and functions as the substrate recognition unit for the
Skpl-Cull-F-box-protein (SCF) ubiquitin ligase complex. Upon binding to its
substrate, the SCF ubiquitin complex directs it to proteosomal degradation through
ubiquitination. In the literature, FbxI15 has been implicated to function in various
physiological processes, including regulation of circadian rhythm and bone mass
homeostasis. Here we generated mice that carry null alleles of FbxI15 (FbxI157) and
report that FbxI15 loss of function does not explicitly influence several easily
assessable behavioral parameters including circadian rhythm, anxiety levels, learning
and memory, motor coordination and depressive behavior. Given the expression of
FbxI15 in adult gastrointestinal track, we also analyzed intestinal morphology and

report no significant morphological abnormalities. Analysis of trabecular bone mass
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also did not reveal genotypic differences between FbxI15** and FbxI157 mice. Thus
we conclude that FbxI15 is not specifically involved in the physiological processes
that were addressed, and that compensatory mechanisms might exist in the absence of

FbxI15, possibly involving other F-box family members.
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Introduction

FbxI15 and the F-box protein family

FbxI15 (F-box and leucine-rich repeat protein 15) is a member of the family of
F-box proteins, which are components of SCF E3 ubiquitin-ligase complexes. SCF
complexes contain four components: Skpl, a cullin, Rbx1/Rocl/Hrtl and an F-box
protein (Kipreos & Pagano, 2000). SCF complexes facilitate interaction between
substrate and ubiquitin conjugating enzymes, which then covalently transfer ubiquitin
onto substrates. Poly-ubiquitinated substrates are subsequently degraded by the 26S
proteosome (Hershko & Ciechanover, 1998). The F-box protein is a subunit of the
SCF complex that binds specific substrates with its carboxyl terminal substrate
recognition domain (most commonly leucine-rich repeats or tryptophan-aspartic acid
(WD) repeats), and it links to the complex by binding Skpl through the F-box motif.
In other words, the F-box proteins, including FbxI15, are the substrate recognition
unit of the SCF complex and it specifies the target protein to be degraded in the cell.

The F-box protein family in mice consists of 74 identified members, all sharing
a common F-box motif and differ in their substrate recognition domains. The various
F-box proteins can be divided into three main classes, namely Fbxw (w for WD
repeats), Fbx! (“I” for leucine-rich repeat) and Fbxo (“o” referring to “other” domains)
(Jin et al., 2004). Among them, the FbxI subfamily consists of 22 different members,

namely FbxI1 through Fbx122.
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Physiological function of various Fbxl proteins: Cirdadian rhythm

Previously it has been reported that the drosophila homolog of the mammalian
FbxI15, namely, jetlag (jet), plays a crucial role in circadian regulation in drosophila
(Koh, Zheng, & Sehgal, 2006). Compared to wildtype, mutations in jetlag resulted in
a slower phase shift in daily activity in response to an 8 hour light shift (a “jet lag”
experiment) and also a substantially reduced light-dependent degradation of the clock
protein timeless (TIM). Further analysis revealed that JET promoted ubiquitination of
TIM in a light sensitive manner. We thus hypothesized that FbxI15 might be in
involved in circadian regulation in mammals as well.

Two other studies also point to a potential function of Fbxl proteins in
mammalian circadian regulations. Godinho and colleagues (Godinho et al., 2007)
screened a set of N-ethyl-N-nitrosourea—mutagenized mice and reported that a
homozygous mutation in FbxI3 results in a prolonged (27 hours) circadian rhythm in a
constant darkness experiment. Circadian fluctuations of mRNA levels of Cryl, Perl
and Per2, which are all molecular components of the mammalian circadian clock,
together with Per2::Luciferase expression, are all disrupted in FbxI3” mice. An
accompanying study (Busino et al., 2007) further demonstrated that both Cryl and
Cry2 proteins are ubiquitinated and degraded via the SCF™® ubiquitin ligase
complex.

In addition to FbxI3, FbxI21 is also shown to play a role in circadian regulation.
In the diurnal sheep, Fbxl21 has been shown to be expressed specifically in the
suprachiasmatic nuclei (SCN) of the hypothalamus, a key structure involved in
circadian regulation (Dardente, Mendoza, Fustin, Challet, & Hazlerigg, 2008). Similar

to FbxI3, Fbx121 also binds Cryl and promotes its degradation. In mice, FbxI21 was
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shown to ubiquitinate and stabilize Crys, antagonizing the destabilizing action of
FbxI3 (Hirano et al., 2013). At the behavioral level, the prolonged circadian rhythm
phenotype of FbxI3” mice is shown to be attenuated in FbxI3/FbxI21 double
knockouts.

To summarize, Jet, FbxI3 and FbxI21 have all been shown to be involved in
circadian regulation. We thus hypothesized that FbxI15 might also be involved in the

mammalian circadian rhythm.

Physiological function of various Fbxl proteins: BMP signaling and adult bone

formation

It has been shown that FbxI15 targets Smurfl for ubiquitination and
proteasomal degradation (Cui et al., 2011). Smurfl, which is also an E3 ubiquitin
ligase, is implicated in the regulation of bone cell function (Xing, Zhang, & Chen,
2010), and that studies from biochemical analyses and genetically modified mouse
models reveal that Smurfl negatively regulates the proliferation, differentiation, and
maturation of osteoblast lineage cells in three potential mechanisms.

First, Smurfl targets phosphorylated Smad1 for ubiquitination and proteosomal
degradation, contributing to downregulation of BMP signaling (Sapkota, Alarcon,
Spagnoli, Brivanlou, & Massague, 2007). Second, Smurfl targets the osteoblast
lineage specific Runx2 for degradation (M. Zhao, Qiao, Oyajobi, Mundy, & Chen,
2003). Overexpression of Smurfl induced proteasomal degradation of Smadl and
Runx2 proteins in 2T3 osteoblast precursor cells and in C2C12 myoblast/osteoblast
precursor cells. Consistent with this notion, Collal-Smurfl transgenic mice in which

Smurfl overexpression was targeted to osteoblasts, exhibit decreased bone volume
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and reduced bone formation rates at 3 months of age (M. Zhao et al., 2004).
BrdU-positive osteoblast-like cells were also decreased on the surface of the calvariae
of these mice. As such, Smurfl functions to inhibit osteoblastogenesis leading to
decreased bone formation. Third, Smurfl targets phosphorylated MEKK2 for
degradation and consequently downregulating the activity of the Runx2 coactivator
AP-1 through the MEKK2-JNK pathway (Yamashita et al., 2005). In this previous
study, Smurfl knockout mice were generated and exhibited a phenotype of
age-dependent increase in bone mass. Accumulated phosphorylated form of MEKK2
was found in Smurfl”- embryonic fibroblasts, which resulted in over-activated JNK
and AP-1 family transcription factors. As a result, the collagen matrix production in
the mature osteoblast was largely increased. Taken together, Smurfl not only
functions to reduce the proliferation of osteoblasts, but also limits the bone forming
activities of mature osteoblasts.

Given the negative role of Smurfl in osteoblast lineage cells, the fact that
FbxI15 targets Smurfl for degradation implicates the positive role of FbxI15 in adult
bone formation. Indeed, Cui and colleagues (Cui et al., 2011) showed that 6 months
old female rats that were treated FbxI15 siRNA exhibited significantly reduced bone
mineral density and trabecular bone volume compared with age-matched control
groups. We thus reasoned that FbxI15 might also function as a positive regulator of
osteogenesis in vivo, and that FbxI157 mice might help us address the impact of
FbxI15 loss of function on bone development.

Taken together, FbxI15 has been implicated in regulation of circadian rhythm as
well as regulation of bone mass homeostasis. We thus generated FbxI15 knockout

animals and examined various physiological parameters.
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Results

The generation of FbxI15 knockout animals

We purchased embryonic stem cell (ES cell) carrying FbxI15 deletion from
KOMP (knockout mouse project). The ES cells were injected into developing mouse
embryos, and the progenies are screened for the FbxI15 null allele. Two heterozygous
for FbxI15 deletion was identified, and one of them was subsequently used to derive

the entire Fbx115 knockout colony.

The expression pattern of FbxI15

We first performed LacZ staining using 2.5 months old adult mice heterozygous
for FbxI15 knockout (FbxI15*"). As shown in Figure IlI-1, FbxI15 is expressed
ubiquitously throughout the brain. Structures such as all layers of the cortex, the
hippocampus, the striatum, the thalamus and the cerebellum are all positive for the
LacZ staining. We were not able to detect any particular structure that was specifically
high in expression, which makes it difficult to pinpoint the specific
neurocircuits/function that FbxI15 is involved in.

Interestingly, we also noticed that FbxI15 is expressed along the adult
gastrointestinal track (Figure 111-2), most prominently in the muscle cell layer, which

implicates a potential function of FbxI15 in intestinal morphogenesis.
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Figure 111-1. LacZ expression study shows that FbxI15 is expressed ubiquitously thoughout the adult brain. Coronal brain sections of 2.5 months
old FbxI15*" mice were collected and representative images at various levels are shown. Rectangular boxes highlight the areas that are
magnified in G-I, showing broad expression in the cortex, hippocampus and cerebellum, respectively. Scale bars, B-F, 2 mm. G-I, 250 um.
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Figure 111-2. LacZ expression study also indicates that FbxI15 is expressed along the
gastrointestinal track in two months old adult mice, most prominently in the intestinal
muscle cell layer. Cross-sections of “Swiss rolls” are shown. A, duodenum. B,

jejunum. C, ileum. D, colon.
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The circadian rhythm of FbxI157 mice

Because FbxI15 was previously implicated in circadian regulation (Koh et al.,
2006), we analyzed the circadian cycle in FbxI15** and FbxI157 mice. We first
acclimated the mice in the running wheel cages on a regular 12 hour light-12 hour
dark circadian cycle for 2 weeks, and then we changed the light schedule to a 24 hour
constant darkness free running period, lasting for two weeks. During this period,
FbxI15*"* animals shifted their activity onset time to progressively earlier time points,
indicating that in the absence of light entrainment, their internal “body clock” has a
natural cycle tau that is shorter than 24 hours (Fig 111-3A). The FbxI157 mice showed
a similar pattern (Fig 111-3B). An analysis of 6 males from each genotype showed that
there is no significant difference (student’s t-test) in terms of the free running period
‘tau’ (Fig 111-3C). Analysis of wheel running parameters including peak running rates
(counts per minute), average activity bout length (minutes), and average bout activity
(counts per bout) also showed no significant difference between wildtype and
knockout. We thus conclude that FbxI15 loss of function does not significantly impair

the expression of circadian rhythm in mice.

Analysis of anxiety levels in FbxI157- mice

Because FbxI15 is broadly expressed across the brain, we reasoned that FbxI15
could potentially be involved in a wide range of different brain circuits underlying
different behaviors, and that FbxI15 deletion could potentially impact these behaviors.

In order to address this possibility, we performed a battery of different behavioral
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Figure 111-3. FbxI15 knockout mice show normal circadian rhythm as shown in wheel running activity in constant darkness. A, representative
circadian actogram for an example adult FbxI15** mouse. B, same as A, but for an FbxI115”7 mouse. The activity bars are double plotted for
visualization and comparison. Red line indicates the time of activity onset during each day gradually advances, which is similar in the wild type

and knockout. C, the circadian period tau is similar between wildtype and knockout. N=6 per group, and error bars shows SEM.
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tests, interrogating different behavioral parameters that FbxI15 loss of function might
affect.

We first focused on anxiety, applying the commonly used elevated plus maze
(EPM) and the light-dark box test. In brief, mice were allowed to freely explore a
cross-shaped maze, elevated from the floor, with two of the arms closed and two open.
Due to the animal’s proclivity toward dark and enclosed spaces, and an unconditioned
fear of heights and open spaces (Walf & Frye, 2007), the animal would naturally
prefer the closed arms over the open arms, and that the ratio of time the animal
explores the open arm, and the ratio of entries into the open arm would be an indicator
of the animal’s anxiety level. Specifically, an increase in the time spent in the open
arm and an increase in the number of entries into the open arm would indicate anxiety
reduction or an anxiolytic effect, and vice versa.

As shown in Figure 111-4A, the FbxI15 knockout mice showed a slightly lower
open arm preference compared to wild type littermates. However, student’s t-test did
not show statistical significance in between genotypes (N=8 for wildtype and N=7 for
knockout). The total number of entries into either open or closed arms which served
as a measurement of general locomotor activity did not show difference between
genotypes either. We then turned to the light-dark box (LDB) test, which is also a
measurement of anxiety levels. Briefly, animals were placed in the dark compartment
of a two compartment enclosure, with one compartment dark and the other brightly
illuminated. Based on the innate aversion of mice to light areas (Bourin & Hascoet,
2003), the latency to emerge into the light box as well as the number of entries and
time that the mouse spent exploring the light box would be an indicator of its anxiety
level. As shown in Figure 111-4B, the knockouts were faster to emerge into the light

box on average, and that they also showed slightly higher light box preference
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Figure 111-4. FbxI15 deletion does not significantly affect anxiety level. A, elevated plus maze to assess anxiety in wild type versus knockout
mice. The group average shows slightly reduced open arm preference in the knockout, but the difference is insignificant. B, group average shows
that although FbxI15 knockout mice spend less time before initiation of exploration in the light box (difference is insignificant (P>0.05)), both
wildtype and knockout exhibit similar numbers of entries into the light box and also spent similar length of time exploring the light box. N=8
and 7 for wildtype and knockout, respectively. Statistical comparison was done by student’s t-test, and all P values are insignificant (>0.05).
Error bar shows SEM.
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compared to wildtypes, which would indicate a slightly lower anxiety level on
average. However, student’s t-test did not show statistical significant difference.
Considering the seemingly conflicting results in these two different anxiety tests
(EPM showed slightly higher anxiety in the knockout and the LDB showed slightly
reduced anxiety in the knockout), we concluded that FbxI15 deletion does not

explicitly impact the animal’s anxiety level.

Analysis of learning and memory in FbxI157- mice

We performed a standard water maze test to assess the ability of spatial learning
and navigation in FbxI15 knockout animals. We trained the mice to swim in a circular
water tank which was made opaque by non-toxic white paint. On the first two days,
an invisible escape platform that was hidden below the water surface but was marked
by a mini-flag was present and the animals quickly learned to swim to and climb onto
the platform for escape from the water (Fig I11-5A, visible days). On the third day, the
flag was removed, and the location of the platform was switched to a random place.
As a result, the animals had to explore around the pool in order to find the hidden
platform (Fig HI-5A, invisible days). The animals gradually learned the location of
the platform over a course of 4-5 days, as shown by the progressively shorter escape
latencies (Fig I11-5A, invisible days). This was the case in both FbxI115** and FbxI115”
mice, and that the learning curve was not significantly different between genotypes in
any of the time points analyzed, indicating that FbxI15 loss of function does not
appear to influence spatial learning and spatial memory.

After the last day of the water maze training, we performed a probe trial in
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Figure 111-5. Water maze test shows that FbxI15 deletion has no effect on learning and memory. A, Standard water maze test in which animals are
first trained with visible platform (visible days) and then with hidden platform (invisible days) at a constant location. Maximum time allowed per
trial was 1 minute. FbxI15*"* and Fbx1157 mice show similar learning curve over days. B, Probe test after the last day of water maze learning.
With the escape platform removed, the animal was allowed a 1 minute free exploration in the pool. The percentage of time that the animal spent
exploring the quandrant in which the hidden platform was located was recorded, and used as an indicator of the memory of the location of the

platform.
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which the hidden platform was removed from the pool. As shown in Figure 111-5B, the
FbxI157 mice spent slightly less time exploring the quadrant containing the location
of the previous platform, but student’s t-test did not show statistical significant

difference between genotypes.

Analysis of motor coordination and balance in FbxI157 mice

The rotarod test is a widely used approach to evaluate motor coordination and
motor skill learning in rodents (Shiotsuki et al., 2010). We challenged FoxI15"*and
FbxI157 mice by placing them on a rotating rod and recorded the latencies for them to
fall off. The speed of rotation was set to a constant at 12 rpm. Over trials and days, the
animals all learned how to stay on the rod for a longer period of time (Fig I11-6), and
we didn’t observe any difference in the learning curve over the 3 day training period
between wildtype and knockout animals, indicating that FbxI15 loss of function does
not explicitly impact motor coordination skill, despite its broad expression in the

cerebellum.

Analysis of depression-like behavior in FbxI157 mice

We also tested the mice in a forced swim paradigm in order to assess
depression-like behaviors (Slattery & Cryan, 2012). In brief, mice were placed inside
a glass cylinder filled with water for 4 minutes and during which time it cannot escape.

The percentage of immobile time, defined as exhibiting no movements beyond those
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Figure 111-6. Rotarod performance test reveals unimpaired motor cordination in
FbxI157 mice. Mice were placed on a rotating cylinder at ~12 rpm, and the average
latency to fall (s) in three separate trials on each day was measured. The learning
curve shows that both the wildtype and the knockout show better performance (longer
duration) with training over time. N=6 per group. Error bar shows SEM. No
significant difference is seen with any of the time points analyzed.
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required to stay afloat was measured and used as an indicator of depression (Porsolt,
Le Pichon, & Jalfre, 1977). As shown in Figure I11-7, both wildtype and knockout
animals spent similar amount of immobile period on the two consecutive test days,
indicating that FbxI15 loss of function does significantly impact depression-like

behaviors in mice.

Analysis of intestinal morphology of FbxI157- mice

Given the intestinal expression of FbxI157 mice, we wondered whether FbxI15 loss
of function impacts intestinal morphology. To this end, we performed hemotoxylin
and eosin stain (H&E stain) of the intestinal fine structures of the wildtype and
knockout animals (Figure 111-8). We did not observe prominent difference between
wildtype and knockout animals in terms of general morphology and size of the

intestinal villi and crypts.

Analysis of trabecular bone volume in FbxI157 mice

Because FbxI15 was previously implicated in regulation of bone mass and bone
mineral density (Cui et al., 2011), we asked whether there would be any
developmental abnormalities in bone mass in FbxI157 mice. To this end, we did
microCT analysis of 16 months old male proximal tibia samples. As shown in Figure
[11-9, the wildtype and knockout animals showed similar bone volume percentage. We

thus concluded that FbxI15 loss of function does not significantly affect bone
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Figure 111-7. Forced swim test shows that Fbx1157 mice render similar depressive-like
performance as wildtype mice. Mice were placed inside a glass cylinder from which
they cannot escape for 4 minutes, during which the immobility (defined as showing
no movements beyond those required to keep its head above water) time was
measured. N=8 for wildtype and N=7 for knockout. Error bars show SEM. No
significant difference between genotypes is seen.
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FbxI115**

FbxI15"

Figure 111-8. H&E staining shows that intestinal morphology appears to be normal in
FbxI157 mice. A and B, example wildtype sections. C and D, example knockout
sections. No obvious difference in terms of general morphology is observed.
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Figure I111-9. MicroCT analysis of the trabecular bone at the proximal tibia of FbxI15” mice shows similar bone volume percentage compared to
wildtype. A, example 3D reconstruction of trabecular bone structure of a wildtype mouse. B, same as A, but for a knockout mouse. C, bone
volume percentage was analyzed and compared between genotypes. No significant difference is seen. N=5 per group.
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Discussion

After various attempts to address the physiological function of FbxI15 using
FbxI15 knockout mice, we failed to detect any significant behavioral phenotypes or
developmental phenotypes in gastrointestinal morphology, bone morphology, and
bone mass homeostasis. Therefore, the function of this protein could possibly be
redundant in mouse, or that the loss of function of this protein could potentially be
compensated by other members of the F-box protein family (Kipreos & Pagano,
2000). For instance, Fbxo3, another member from the F-box protein family, has
recently been reported to target Smurfl for ubiquitination and degradation (Li et al.,
2015), thus sharing the same target with FbxI15 (Cui et al., 2011). It could well be that
Fbxo3 serves to compensate for part of the function of FbxI115 when FbxI15 is absent,
and that a double knockout of FbxI15 and Fbxo3 might be helpful in addressing the
physiological function of these two proteins.

On the other hand, the substrates of FbxI15 might not be limited to Smurfl, and
that a proteomic approach for analysis of FbxI157 tissue samples might be useful to

identify other potential targets that might be affected by FbxI15 deletion.
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Section | methods

Mouse strains and cuprizone administration

Animal care and use in this study was performed in accordance with Rutgers
University Institutional Animal Care and Use Committee (IACUC) standards
(approval number 93-052). CD1 mice were purchased directly from Charles River
Laboratories (strain code 022) and C57BL/6J mice were purchased from the Jackson
Laboratory (stock No. 000664). Both strains of mice were purchased at 8 weeks of
age and kept in a pathogen-free facility. Mice were allowed one week of acclimation
to the environment upon arrival, and then fed with a 0.2% cuprizone-containing diet
(Catalog No. TD.01453, Envigo) or a control diet without cuprizone (Catalog No.
TD.00217, Envigo). Feeding was ad libitum for a duration ranging from 4 to 7 weeks.
For analysis of cuprizone-containing diet intake, both body weights (recorded 3 times

weekly) and food consumption (recorded daily) were closely monitored.

Tissue sample preparation

For histology and immunohistochemistry, mice were deeply anesthetized by
ketamine (Henry Schein, Melville, NY) injection, and transcardially perfused with
saline and then with 4% Paraformaldehyde (PFA) solution. Mouse brains were then
collected and placed in 4% PFA solution for overnight fixation, followed by
incubation in 30% sucrose containing phosphate buffered saline (PBS) for

cryoprotection. Mouse brains were then frozen in O.C.T. (VWR, Radnor, PA) and cut



92

at 14 um thickness with a cryostat (Leica, Buffalo Grove, IL). Coronal brain sections
were collected focusing on the corpus callosum above the fornix, which is
approximately between bregma -0.58 mm and -0.82 mm (The Mouse Brain In
Sterotaxic Coordinates(Franklin, 1997)) (Fig I-1A). For any of the subsequent
analyses, including histology and immunohistochemistry, at least 3 sections were
stained per mouse and the average luxol fast blue myelin scoring or cell count/mm2
was taken to represent a single mouse.

For western blot analysis, mice were sacrificed by cervical dislocation and
mouse brains were collected and placed in a 1 mm brain matrix (Alto Acrylic). A 2
mm section of the corpus callosum tissue overlying the fornix (approximately
between bregma 0.14 mm and -1.86 mm) was dissected out and frozen at -80°C. Lysis
of the tissue was carried out by homogenizing in diluted NP40 Cell Lysis buffer
(ThermoFisher, Bridgewater, NJ) in the presence of protease inhibitor cocktail (1:200,
Sigma, St. Louis, MO) and protein concentration was quantified using a BCA protein

assay kit (Pierce, Waltham, MA).

Black gold staining and Luxol fast blue—periodic acid Schiff (LFB-PAS) stain

Black gold stain was carried out using Black-Gold 1l compound (Histo-Chem,
Jefferson, AR) following the manufacturer’s instructions. LFB staining was carried
out using LUXOL FAST BLUE - PAS kit (Hitobiotec, Kingsport, TN) following the
manufacturer’s instructions followed by PAS counterstaining with a PAS kit (Sigma,
St. Louis, MO). Sections were eventually dehydrated with graded ethanol and

mounted with permount (Fisher Scientific, Waltham, MA). Images of the midline of
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the corpus callosum were taken using Virtual Slide microscope 120 (Olympus, Center
Valley, PA). For analysis, the sections were scored blind on a scale of 0-3 (Fig 1-9) by

judging the relative intensity of blue (myelin content) and pink (demyelinated area).

Immunohistochemistry

For visualization of mature oligodendrocytes, sections were boiled in citrate
buffer solution for antigen retrieval, followed by one hour blocking in PBS solution
containing 10% goat serum and 0.3% Triton and incubated overnight with glutathione
S-transferase Pi (GST-n) antibody (Enzo Life Sciences, Farmingdale, NY) at 4°C.
Sections were then rinsed in PBS for washing and further incubated for 3 hours in
fluorescent secondary antibody (Alexa Fluor Goat anti Rabbit 543, ThermoFisher,
1:200) and to-pro-3 (1:1000, Thermo Fisher) for nuclear stain.

For visualization of oligodendrocyte progenitor cells (OPCs), sections were
blocked with 30% goat serum/0.3% triton in PBS for one hour, followed by overnight
incubation with NG2 antibody (1:750, Millipore, Billerica, MA) at 4°C. After rinsing
in PBS, sections were then incubated with Alexa Fluor goat-anti-rabbit secondary
antibody (1:200, Thermo Fisher) together with to-pro-3 for nuclear stain.

For visualization of microglia/macrophages, sections were blocked with 5%
goat serum and 0.3% Triton in PBS for one hour, followed by overnight incubation at
4°C in rabbit-anti-Ibal (1:500, Wako, Richmond, VA). After rinsing in PBS,
secondary antibody incubation was carried out using Alexa Fluor goat-anti-rabbit 488
(2:200, Thermo Fisher). To-pro-3 was also added for nuclear stain (1:1000, Thermo

Fisher).
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For visualization of astrocytes, sections were boiled in citrate buffer solution for
antigen retrieval, followed by blocking in 0.1% Triton/2% goat serum containing PBS
for one hour. Glial fibrillary acidic protein (GFAP) antibody (1:200, ThermoFisher)
was used as primary antibody for overnight incubation at 4°C. After rinsing (3 X 5
min) in PBS, secondary antibody incubation was carried out using Alexa Fluor
goat-anti-rat 488 (1:400, ThermoFisher) together with to-pro-3 for nuclear stain.

Finally, slides mounted with clear-mount (Electron Microscopy Sciences,
Hatfield, PA) were examined and fluorescence images of the midline of the corpus
callosum were taken using a three-channel confocal microscope system (Eclipse C1,
Nikon, Melville, NY). For cell counting, positively stained cells are identified by

antibody-to-pro-3 colocalization (Fig 1-10).

Western blot

For analysis of myelin basic protein (MBP), myelin-associated glycoprotein
(MAG), ionized calcium-binding adapter molecule 1 (Ibal) and Glial fibrillary acidic
protein (GFAP) levels, both CD1 and C57BL/6 tissue lysates (6 ug) were combined
with 5x Laemmli loading buffer containing 0.1% bromophenol blue, 7.7%
Dithiothreitol (DTT), 10% SDS, 50% Glycerol and 60 mM Tris-Cl (pH 6.8). Samples
were denatured by boiling and then loaded (6 pg/lane) and analyzed in a 12%
acrylamide protein gel. Upon completion of gel electrophoresis, protein was wet
transferred onto 0.45 pum nitrocellulose membrane (bio rad), followed by blocking in
5% BSA solution and incubation at 4°C overnight with primary antibodies against

MBP (mouse-anti-MBP, 1:200, Serotec, Hercules, CA), MAG (rabbit-anti-MAG,
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Figure 1-10. Examples of positively stained cells. A-C, Example images of Ibal+ cells.
A, Ibal fluorescence. B, To-pro-3. C, overlaid image. Arrows point to Ibal+ cells,
which show colocalization of Ibal fluorescence and nuclear to-pro. D-F, same as A-C,

but for GFAP staining. Scale bar, 30 pm.
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1:1000, Santa Cruz, Dallas, TX), lbal (rabbit-anti-lbal, 1:1000, Wako), GFAP
(rabbit-anti-GFAP,  1:10000, Abcam, Cambridge, MA) and beta-tubulin
(mouse-anti-beta-tubulin, 1:5000, Sigma) for loading control. After washing,
fluorescent secondary antibody (Li-cor goat-anti-mouse IRDye 680 for MBP and
beta-tubulin and Li-cor goat-anti-rabbit IRDye 800 for Ibal, GFAP and MAG)
incubation was performed for one hour at room temperature, followed by detection of
fluorescence signal using odyssey imaging system (Li-cor, Lincoln, NE).

For analysis of NG2 protein levels, 10 pg of protein samples were loaded and
run in a 6% acrylamide protein gel. Primary antibody (Rabbit-anti-NG2, 1:1000,
Millipore) and secondary antibody (HRP-linked anti-Rabbit 1gG, 1:5000, Cell
signaling, Danvers, MA) incubation was performed similarly, and detection of
chemiluminescence signal was performed using ECL prime reagent (GE healthcare)

and GeneGnomeXRQ imaging system (Syngene, Frederick, MD).

Statistical analysis

Statistical differences between the group data of C57BL/6 and CD1 mice were
analyzed using either unpaired student’s t-test or two-way ANOVA analysis where
appropriate. Statistical differences between cuprizone treated and control groups
within individual strains were analyzed using student’s t-test. Differences were
considered to be significant at p<0.05 and data are presented as the mean +standard

error of the mean.
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Section Il methods

Ephrin-B3 mutant animals

Ephrin-B3“%°? and Ephrin-B3¥® mutant mice were previously described
(Yokoyama et al., 2001), and are both from CD1 background. For analysis of
Ephrin-B3"¢ mutants, Ephrin-B3*N¢® mice were backcrossed into pure C57BL/6
background for 3-4 generations, and mice carrying the Ephrin-B3N® allele were
selected for the Black gold staining analysis of myelin, as well as for the cuprizone

experiment.

LacZ staining

The protocol for LacZ staining was described previously (Cooper, Crockett,
Nowakowski, Gale, & Zhou, 2009). In brief, brains from adult Ephrin-B3*-%Z mice
were freshly dissected, embedded in Tissue-tek O.C.T. Compound (Sakura Finetek,
Torrance, CA) and frozen in dry ice. Coronal sections of 30 um were cut using a
Leica cryostat. Sections were then lightly fixed with 2% paraformaldehyde/0.5%
glutaraldehyde solution in phosphate buffered saline (PBS) for 5 minutes, before an
18 hour reaction with 5-bromo-4-chloro-3-indoly-p-D-galactopyranoside (X-gal). The
X-gal working solution is at 1 mg/mL X-gal concentration with 5 mM potassium
ferricyanide, 5 mM potassium ferrocyanide, 2 mM magnesium chloride, 0.01%
sodium deoxycholate, and 0.02% NP-40. After the reaction, sections were

subsequently dehydrated in graded ethanol and eventually placed in xylene and
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mounted with permount (Sigma).

LFB-cresyl violet staining

LFB-cresyl violet staining was carried out using the Luxol Fast Blue Stain Kit
purchased from IHC world, and following the manufacturer’s instructions. In brief,
tissue sections were incubated in Luxol Fast Blue Solution at 56 “C in an oven for
overnight, followed by rinsing in 95% alcohol. Differentiation was carried out by
incubating sections in Lithium Carbonate solution for 30 seconds, followed by
washing in 70% ethanol for another 30 seconds. This differentiation was repeated for
multiple cycles and continuously monitored under a light microscope, until the
background staining was mostly transparent. When differentiation was complete,
sections were counterstained in Cresyl Violet Solution for 1 minute and 30 seconds,
followed by washing, dehydration in graded ethanol and mounting using permount

(Thermo Fisher).

Section 111 methods

The generation of FbxI157 mice

Embryonic stem cell (ES cell) carrying FbxI15 deletion was purchased from

KOMP (knockout mouse project, website https://www.komp.org, project ID number

CSD67768). Injection of ES cells into mouse embryos generated chimeras, and that

mating of chimeras subsequently generated progenies that were screened by PCR


https://www.komp.org/
http://www.mousephenotype.org/martsearch_ikmc_project/martsearch/ikmc_project/67768
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(shared forward primer 5’-cttcctgacaaggattctcagtga-3’°, reverse primer for wild type
allele  5’-tcgccaagtgcagctga-3’,  reverse  primer  for  knockout  allele
5’-gtggtatggttatgcgccttagtc-3°). Two progenies heterozygous for FbxI15 deletion was
identified, and one of them was subsequently used to derive the entire Fbxl15

knockout colony. All mice used were on pure C57BL/6 background.

Circadian wheel running experiment

Two months old adult male FbxI15** and FbxI157 mice were placed in wheel
running set up (Coulbourn) (one mouse per cage) including wheel running cages and
a clocklab 56-channel interface and software. The number of wheel running cycles
was recorded in real time by the Clocklab toolbox that runs in MATLAB. The mice
were first allowed two weeks of acclimation to the running wheel cages and room
conditions, after which the lights are turned off for a 24 hour-constant darkness free
running test. Tau analysis and bout analysis were performed using two weeks of free
running data, and all analyses were performed using the Clocklab installment within

MATLAB.

Elevated plus maze (EPM)

The EPM apparatus was previously described (Sheleg et al., 2017). Briefly,
mice were brought into a dimly lit test room and left there for acclimation for half an
hour, after which they were taken out of their home cage and placed on the center

junction of a four-arm black Plexiglas maze that is elevated 30 cm above the floor,
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facing one of the closed arms, which were 65 cm in length and had 8 cm high black
Plexiglas walls. The open arms, however, were 30 cm in length and devoid of such
walls. The test started when the mouse was released at the center and lasted 5 minutes.
The whole experiment was videotaped and an observer recorded the time that the
mouse spent in the open arms and closed arms, as well as the number of entries the
mouse made into the open and closed arms. The ratio of time spent exploring the open
arm and the ratio of entries into the open arms over the total number of entries into
open or closed arms served as a parameter of anxiety. The total number of entries
serves as a measurement of general locomotor activity. The criteria for an entry to
either an open or a closed arm is that all four paws has to be placed into the arm. A

total of 7 knockout mice and 8 wildtype littermates were tested.

Light-dark box test (LDB)

The LDB apparatus was previously described (Rossi-George, LeBlanc, Kaneta,
Urbach, & Kusnecov, 2004). Briefly, the Plexiglas light-dark box (47x24x21cm?,
LxWxH) consisted of two compartments, one black walled and opaque, while the
other had transparent walls and had a 20 W light bulb hanging from the ceiling. The
two compartments were separated by a wooden wall with a 4x5 cm? opening that
served as the passage between the two compartments. Before the test, mice (7
Fbx1157 and 8 FbxI15** littermates) were brought into the test room for acclimation
for half an hour, after which they were individually taken from their home cage and
placed in the dark box and were allowed a 5 minute period to freely explore the

enclosure. The entire experiment was videotaped and that the latency to emerge from
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the dark compartment into the light, the number of entries the mouse made into the
light compartment, as well as the total time spent in the light compartment was
recorded and used as a measure of anxiety. The criteria for an entry or emerge is that

all four paws of the animal has to pass the midline.

Water maze test

The testing apparatus for the water maze was described previously (Woodruff,
Schorpp, Lawrenczyk, Chakraborty, & Kusnecov, 2011). Briefly, the water maze pool
was a steel circular tub (110 cm in diameter and 59 cm in height) and was filled with
tap water and adjusted to approximately 22°C and made opaque with nontoxic white
paint. The escape platform consisted of a clear circular Plexiglas plate perforated with
small holes that helped the mouse gain stability by grabbing on to them once it
reaches the platform. The platform was 1 cm below the water surface and mounted on
top of a steel rod affixed to a heavy metal base which was movable to allow different
platform locations for the test. A white canvas curtain surrounds the pool and extends
from the floor to the ceiling, separating the pool and the experimenter during the trials.
The interior of the curtain was decorated by various cues of different cues and sizes to
provide spatial cues for orientation for the swimming animal. The curtain also had an
opening that allowed the experimenter to place and retrieve the animal from the pool.
The entire trials were video-recorded by on overhead camera hanging from the ceiling
and above the center of the pool and displayed in real time on a display screen outside
of the curtain, where the experimenter monitored the animal’s behavior and timed the

latency to find the platform with a stopwatch. For the probe trials, the platform was
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removed from the pool, and the videotapes were post-processed by a video-tracking
software (SMART-Spontaneous Motor Activity Recording & Tracking; San Diego
Instruments, San Diego) to determine the percentage of time spend in each quadrant
during the 1 minute test.

During the first two days of visible platform training (Fig 111-4A, visible days),
the platform location was indicated by a circular mini-flag that was readily visible to
the swimming animal. A total of 4 trials were performed with each animal and a
maximum of 1 minute was allowed for each trial with an approximate 5 minutes
intertrial interval. The latency to reach the platform was recorded and, if the animal
failed to reach to platform, a latency of 60 s was recorded and the animal was then
manually retrieved from the water and place onto the platform.

For the testing during invisible days (Fig Il1-4A, invisible days), the cue flag
was removed, and the location of the platform was changed to novel locations which
is randomized for individual mice. These locations for respective mice were then
remained constant throughout the rest of the test. Other procedures were similar to the
visible days, including 4 trials per day and approximately 5 minutes intertrial interval.
The test lasted until all mice had memorized the location of the platform, after which

the probe trial was performed for only once.

Rotarod performance test

The rotarod apparatus consisted of a steel cylinder covered with cardboard
paper roll and mounted onto a rotating pump (Masterflex) from which its rotation was

driven. The angular velocity was set to 12 rpm and while the mouse was placed onto
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the rotating rod, two plastic circular disks from either side which rotates together with
the rotarod keeps the animal from turning around, forcing it to perform a
treadmill-like walking on the rod while trying to maintain balance. A circular
plexiglass bowl filled with soft bedding material was placed underneath the rotarod in
order to catch the animal once it falls off. A maximum of 90 s was allowed for each
trial and the latency to fall off was recorded using a stopwatch. 3 trials were
performed on each day of testing and an approximate 15 minutes intertrial interval

separates the trials.

Forced swim test

The forced swim test was performed using a transparent glass cylinder (18 cm
in diameter) of water filled up to 30 cm in depth. Mice were gently placed into the
cylinder individually and its behavior was videotaped in front of a camera for 4
minutes, and time of immobility, which is defined as exhibiting no movements
beyond those required to keep afloat was recorded using a stopwatch. Only one trial
per mouse was performed on the first day, and another trial was performed for each

mouse on the following day.

Preparation of intestinal samples and H&E stain

Two months old FbxI15"* and FbxI157 mice were sacrificed by cervical
dislocation and their intestine was dissected out and washed in PBS. The intestine was

then sectioned with a pair of scissors into four parts, corresponding to duodenum,
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jejunum, ileum and colon, respectively. The intestines were subsequently flushed with
PBS, cut open, and then gently rolled using a tooth pick to form a Swiss roll. The
Swiss roll was transferred into a tissue processing cassette (VWR) and immersed in
10% formalin for overnight, followed by dehydration in gradient ethanol, xylene, and
eventually imbedded in wax.

After collecting sections of the imbedded Swiss roll using a microtome (Leica),
slides were dewaxed by heating at 55 degrees for 15 minutes followed by rinsing in
xyline and then rehydrated in gradient ethanol. After washing in water for 5 minutes,
slides were incubated in the Mayer’s Hematoxylin solution (Sigma) for exactly 1 min,
followed by washing in running tap water for 15 minutes. The slides were briefly
tapped dry and then dipped in Eosin solution (Sigma), followed by tap water washing
and dehydration via gradient ethanol. The slides were then transferred into xylene

solution and mounted by Permount (Fisher Scientific).

MicroCT analysis of trabacular bone tissue

We used micro-computed tomography (Skyscan 1172 high-resolution micro-CT,
Rutgers Robert Wood Johnson Medical School core facility) to analyze bone volume
percentage of the trabecular bone at the proximal tibia. Mice were sacrificed by
cervical dislocation, and the tibia was removed and stored in 70% ethanol temporarily
and later transferred into a scanning tube containing saline solution before the CT
scan. The scanning pixel size was set to 5 pm and after 3D reconstruction of the
scanned images, Skyscan CTan software was used to select the region of interest (ROI)

of trabular bone, which we define as commencing 220 um from the growth plate level
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in the direction of the metaphysic, and extending a further 1 mm. Within the ROI, a
circular contour was manually drawn to outline the trabular region, and a three
dimensional batch analysis was performed within the CTan software to measure bone

volume fraction (bone volume over tissue volume).
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