1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Ann Neurol. 2012 September ; 72(3): 395-405. doi:10.1002/ana.23606.

Apoptosis of oligodendrocytes in the CNS results in rapid focal
demyelination

Andrew Caprariellol, Saisho Mangla2, Robert H. Miller, Ph.D.2, and Stephen M. Selkirk,
M.D./Ph.D.34

1Department of Physiology and Biophysics, Case Western Reserve School of Medicine,
Cleveland Ohio

?Department of Neuroscience, Case Western Reserve School of Medicine, Cleveland Ohio
3Department of Neurology, Case Western Reserve School of Medicine, Cleveland, Ohio

4Spinal Cord Injury Division, Louis Stokes Cleveland Department of Veterans Affairs Medical
Center, Cleveland Ohio

Abstract

Objective—Multiple sclerosis (MS) is a demyelinating disease of the central nervous system that
presents with variable pathologies that may reflect different disease-causing mechanisms. Existing
animal models of MS induce pathology using either local injection of gliotoxins or stimulation of
the immune system with myelin-related peptides. In none of these models is the primary cellular
target well characterized and although demyelination is a hallmark pathological feature in MS, it is
unclear to what extent this reflects local oligodendrocyte loss. To unambiguously identify the
effects of oligodendrocyte death in the absence of inflammatory stimulation, we developed a
method for experimentally inducing programmed cell death selectively in mature
oligodendrocytes and assessed the effects on demyelination, immunological stimulation and
gliosis. The resulting pathology is discussed relative to observed MS pathologies.

Methods—Oligodendrocyte apoptosis was induced in the adult rat brain using a lentivirus to
express experimentally-inducible caspase 9 (iCP9) cDNA under transcriptional control of the
promoter for myelin basic protein (MBP), which is oligodendrocyte-specific. Activation of iCP9
was achieved by distal injection of a small molecule dimerizer into the lateral ventricle resulting in
localized, acute oligodendrocyte apoptosis.

Results—Induced oligodendrocyte apoptosis resulted in rapid demyelination and robust,
localized microglial activation in the absence of peripheral immune cell infiltration. Lesion
borders showed layers of preserved and degraded myelin, while lesion cores were demyelinated
but only partially cleared of myelin debris. This resulted in local proliferation and mobilization of
the oligodendrocyte progenitor pool.

Interpretation—This approach provides a novel model to understand the pathological changes
that follow from localized apoptosis of myelinating oligodendrocytes. It provides the first direct
proof that initiation of apoptosis in oligodendrocytes is sufficient to cause rapid demyelination,
gliosis and microglia response that result in lesions that share some pathological characteristics
with a subset of MS lesions.

Corresponding author: Robert H. Miller, 2210 Circle Drive, SOM E721, Cleveland, OH 44106, 216.368.6269 (p), 216.368.4650 (f),
Rhm3@case.edu.
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INTRODUCTION

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system (CNS) and
is the leading cause of non-traumatic neurological disability in young adults. The cause of
MS remains undefined although evidence supports an autoimmune mechanism by which
dysregulation of myelin-specific T-lymphocytes causes CNS damagel. The precise
repertoire of antigens in MS, however, remains unknown and while immune-targeted drug
therapies may decrease relapse rate, they are less effective at preventing and do not reverse
functional loss. A characteristic of MS is the presence of regions in the CNS that are devoid
of myelin and oligodendrocytes but may retain abundant axons. The relative contribution of
oligodendrocyte loss as a primary stimulus for demyelination is currently unclear.

A number of well-established animal models exist to study MS etiology and the relevant
mechanisms of disease progression. Injection of glial-toxins such as lysolecithin, for
example, produce demyelinating lesions with relative sparing of axons? allowing for
spontaneous repair. While these models are useful for studying remyelination3, their
relevance to MS is complicated by a number of issues. Despite a systemic cell infiltrate and
myelin antigen exposure, an auto-immune T-cell response is not propagated, even with
repeated insults. Furthermore, the specificity of cell loss in these models is imprecise,
astrocytes are damaged, and the blood brain barrier is transiently breached. These confounds
complicate the interpretation of results as they relate to the initiation and progression of
demyelination.

Experimental allergic encephalomyelitis (EAE) in mice is a well-studied model of MS. This
model involves the induction of a CNS-specific immune response through systemic injection
of CNS antigens and adjuvant. While EAE models some aspects of MS effectively, it is also
limited. The use of a potent adjuvant to induce EAE may bypass essential components
involved in MS initiation and progression. Furthermore, EAE can be induced with both
myelin as well as non-myelin derivatives from astrocytes and other CNS cells*~7 which may
explain why agents that modify the immune response in EAE do not always modify the
disease course in MS8-2. In none of the existing models is the primary cellular target well
characterized. For example, gliotoxin injection damages astrocytes and endothelial cells in
addition to oligodendrocytes and their precursors and EAE is often characterized by edema
and inflammation rather than simply oligodendrocyte loss and frank demyelination,
suggesting that MS is more complex than current animal models of the disease. Adding to
the complexity of MS, the pathological courses between patients are often quite different.
Comprehensive analyses of MS neuropathologies? between patients have led to the notion
of pathologically-distinct categories of MS lesions'!: 12, Two of four such MS subtypes
implicate oligodendrocyte degeneration as a possible disease trigger, reminiscent of virus- or
toxin-induced demyelination rather than autoimmunity. Likewise, studies of very early
lesion formation in twelve MS patients who succumbed to an acute relapse revealed lesions
containing extensive oligodendrocyte apoptosis and microglial activation in the absence of
peripheral immune cell infiltration13. A separate study of fourteen patients with acute MS
exacerbations showed Balo-like alternating rims of demyelination and preserved
myelination at the lesion borders in a manner previously linked to oligodendrocyte lossl4: 15,
Together, these data support the notion that oligodendrocyte loss may be a contributing
factor in the initiation of subsets of MS lesions.

To determine whether the induction of oligodendrocyte apoptosis is sufficient to drive
demyelination in the absence of inflammation or additional local insults we developed a
novel model of experimentally-induced apoptosis in mature oligodendrocytes. Experimental
apoptosis is achieved through small-molecule dimerization of an engineered, inducible
caspase-9 (iCP9) transgene delivered to the corpus callosum using a lentivirus. A cell-
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specific promoter sequence driving iCP9 expression restricts cell death in the CNS to
oligodendrocytes. Following induced oligodendrocyte apoptosis, rapid demyelination
ensued, triggering robust, localized microglial activation in the absence of peripheral T-
lymphocytes. The iCP9 model represents a potential tool for understanding the response of
the adult CNS to selective oligodendrocyte apoptosis and indicates that such cell loss is
sufficient to stimulate demyelination and a rapid endogenous microglial response.

Cloning of iCP9 lentiviral vector

The first generation, self-inactivating lentiviral vector pLpMG (gift from Dr. Stanton
Gerson, CWRU) was madified by insertion of a fragment of the rat Myelin Basic Protein
promoter (0MBP)17. The resulting vector, pLpMBPxMG, was further modified by ligation
of the iCP9 cDNA sequence downstream of pMBP (Fig 1A). The vector,
pLpMBP(iCP9)MG, was used to generate high titer, replication incompetent lentivirus18.
The same vector contained the sequence for GFP under transcriptional control of a viral
promoter, allowing for identification of infected cells before and after CID administration.
Viral titer was determined against 293T cells followed by FACS analysis for GFP
expression. All titers used /n7 vivo were at least 10° colony-forming units per ml. The iCP9
cDNA was kindly provided by Dr. David Spencer (Baylor University). It was engineered by
linking the caspase 9 cDNA sequence, after removal of the caspase recruitment domain
(CARD), to a FK506 binding protein (FKBP) sequence (GenBank AH002818). The absence
of the CARD sequence prevents physiologic protein dimerization and cell death!®. Fusion to
the FKBP sequence enables experimental activation with an FK506 analog, termed chemical
inducer of dimerization (CID, Fig 1B). The CID was altered to prevent interaction with
endogenous FKBPs (Dalton Pharmaceuticals).

In vitro application of lentiviral vector and immunocytochemistry

Primary rat cortical cultures were established as previously described!®. Cultures were
plated on poly-L-lysine-coated coverslips (1x104 cells per coverslip) and grown in defined
media for three days after which lentivirus was added. Twenty-four hours later 20nm CID
was added. Control cultures were infected with virus but not exposed to CID. Cultures were
fixed and labeled with antibodies to identify specific cell types. The proportions of the
different cell types that were GFP* were counted from ten randomly selected fields taken
from at least 2 different coverslips from 3 separate preparations and the results compared
between CID treated and control cultures.

For immunocytochemistry, cells were fixed at room temperature with 4% PFA for 20
minutes followed by incubation in primary antibody (A2B5, 1:2; 04/01, 1:4; MBP
[Covance SMI99], 1:500; GFAP [Dako], 1:500) in 5% NGS/0.3% triton for 30 min at RT
followed by secondary antibody (Alexa 594 [Invitrogen], 1:500) for 30 minutes at RT.
Labeling with mAbs A2B5, O4 and O1 was performed on live cultures that were
subsequently fixed in 4% PFA. Cultures were mounted using Vectashield with DAPI and
examined on a Leica DM5500B upright microscope equipped with epiflouresence.

Brain injections of lentiviral vector and CID

All animal procedures were conducted in accordance with NIH guidelines and were
reviewed and approved by animal subcommittees at both the Cleveland VA Medical Center
and CWRU. Under a BSL2 hood, lentivirus was injected into the corpus callosum of
anesthetized rats using stereotaxic guidance as previously described?0. One week later, CID
was injected into the ipsilateral ventricle distal to the initial site of injection. CID was
resuspended in 100% ethanol to a concentration of 1mM and diluted 1:1000 in PBS. A full
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week was allowed between the initial injection of lentivirus and injection of CID in order to
provide sufficient time for any inflammatory response to return to baseline and for robust
integration of the iCP9 construct into the target tissue.

Tissue processing and analysis

One and seven days post-CID, rats were sacrificed via transcardial perfusion with 0.9%
saline followed by 4% PFA. Brains were removed, placed in 30% sucrose overnight,
embedded in OCT, and sectioned on a cryostat at 20 pm. Fluorescent microscopy was used
to visualize infected cells. Myelin loss was identified using either Black-Gold
histochemistry (Histochem, Jefferson AR) or MBP immunostaining. For
immunohistochemistry, sections were treated as described above for cultures except
incubation in the primary antibody was overnight at 4°C. Primary antibodies used were
GFAP, A2B5, 04, 01, Olig2 (Chemicon, 1:500), GFP (Invitrogen, 1:500), CC1 (Oncogene,
1:250), cCP3 (Cell Signaling, 1:100), and Ki67 (BD Pharmogen, 1:250). For double-
labeling experiments, primary antibodies were mixed together and applied to tissue sections
as a mixed solution for the overnight incubation period.

Tissue Cell Counts

Results

Cell quantification in the in vivo experiments were generated using blinded counts of
immunolabeled cells in 5 consecutive, non-overlapping, white matter fields beginning with
the medial aspect of the subventricular zone and proceeding laterally. The same area of
tissue (approximately 0.9-1.5 mm?2) was analyzed in at least 2 sections of 4 or 5 rat brains
per experiment. Statistical significance was assessed using an unpaired Student’s T-test.

CID selectively decreases GFP* oligodendrocytes in primary brain cultures

To determine the efficacy and specificity of the iCP9 system for initiating oligodendrocyte
death, studies were conducted using primary neonatal rat brain cultures. In these
experiments, cultures were infected with lentivirus carrying the iCP9 construct
(pLpMBP(iCP9)MG), exposed to CID for twenty-four hours, and analyzed for cell death by
comparing the relative numbers of different neural cell types in treated versus untreated
cultures. After exposure to virus, routinely 60— 70% of cells were infected and this was
proportional to the amount of virus that was added to the culture. The cells appeared
morphologically normal and total cell counts of virally-infected versus uninfected cultures
were similar, indicating that neither virus alone nor inappropriate iCP9 activation induced
cell loss. After CID exposure, the relative proportion of MBP™ cells infected with virus
(MBP*/GFP™*) was significantly reduced compared to control cultures. This reduction was
specific to mature oligodendrocytes (O1* and MBP*) as the numbers of GFP*, virus-
infected A2B5* oligodendrocyte progenitor cells, O4* immature oligodendrocytes, or
GFAP* astrocytes were not statistically different in CID-treated compared to control
cultures (Fig 2). The few MBP*/GFP™ cells remaining in the experimental cultures
displayed hallmark signs of apoptosis including nuclear condensation, membrane blebbing,
and truncated cell processes. By contrast the other GFP* cell types exposed to CID were
morphologically indistinguishable from cells in control cultures. These data validate the
efficacy and specificity of CID-induced apoptosis of mature oligodendrocytes.

CID decreases GFP* oligodendrocytes in the adult rat brain

To determine the potential of CID to induce oligodendrocyte apoptosis in vivo, lentivirus
containing the MBP-iCP9 construct was injected into the rat corpus callosum. One week
later, CID was delivered distally to the ipsilateral ventricle and after a further twenty-four
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hours the proportion of GFP* cells expressing CC1, a marker of mature oligodendrocytes,
was compared to vehicle-injected, control animals. In control animals, CC1*
oligodendrocytes represented approximately 45% of all infected cells (n=5), which
constituted approximately 20% of the total number of CC1* oligodendrocytes in the targeted
region of the corpus callosum (Fig 3). By contrast, following injection of the cross-linking
CID agent, the average number of CC1* oligodendrocytes per 20x field decreased
significantly (control 162+/- 1: experimental 86+/— 4) compared to either the contralateral
corpus callosum or to a separate vehicle-treated control animal (Fig 4). The relative loss of
CC1* oligodendrocytes was closely matched by the loss of CC1*/GFP* virally-infected
oligodendrocytes (control 44+/- 10% : experimental 20+/- 1%). These data were consistent
with the in vitro studies, which together indicate the capability of the MBP-iCP9 construct to
selectively ablate oligodendrocytes. To show that ablation occurred secondary to induced
apoptosis, immunostaining was conducted using both cleaved Caspase 3, the downstream
effector of Caspase 9, and TUNEL, which identifies nicked-end DNA in apoptotic cells. The
vast majority of CC1* oligodendrocytes in the lesion were also both cleaved caspase 3* and
TUNEL™ following CID treatment consistent with the induction of apoptosis (Fig 4).

To assess the specificity of induced apoptosis, tissue sections from control and CID treated
animals were probed with cell-specific antibodies to astrocytes, microglia, and axonal
neurofilaments. Quantification of GFAP* astrocytes in the lesion area showed no significant
differences in CID-treated animals compared to either the contralateral corpus callosum or
to vehicle-treated control animals (control 110+/- 7 : experimental 120+/- 2) (Fig 5).
Similarly, no discernible changes were found in axonal neurofilaments by confocal
microscopy, while the number of IBA1* microglia significantly increased (control 50 +/- 1 :
experimental 110 +/- 2). These data verify the oligodendrocyte-specificity of CID-mediated
death.

Oligodendrocyte death increases the number of proliferating OPCs

In models where demyelination is induced in a less cell-type-specific manner, insults are
often associated with a local increase in the proliferation of progenitor cells. To determine
the extent and nature of cell proliferation following induced oligodendrocyte apoptosis,
sections through the lesion and corresponding control areas were labeled with antibodies to
Ki67, which identifies proliferating cells. In vehicle-injected control animals a low level of
proliferation occurred in the virally-infected regions expressing GFP (193+/-15), which was
markedly increased in animals that received CID injections (353+/-30) (Fig 6). To assess
the proportion of the proliferating cells that were of the oligodendrocyte lineage, sections
were double labeled with antibodies against the transcription factor Olig2. While the
proportion of proliferative Olig2-negative cells showed some increase (152+/— 41 : 205 +/-
64), the larger increase in proliferating cells was attributable to the Olig2* population (40+/-
12 : 150+/- 37). The highest density of proliferating cells was located adjacent to the
subventricular zone and the enhanced cell proliferation was absent from the contralateral
hemisphere of experimental animals. These data suggest that the induction of apoptosis in
mature oligodendrocytes is sufficient to stimulate a proliferative response in local OPCs.

Oligodendrocyte apoptosis leads to rapid myelin loss

Induced oligodendrocyte apoptosis resulted in rapid, localized myelin disturbances. Twenty-
four hours after injection of CID, an area of demyelination was present that directly
correlated with the region containing a markedly decreased number of GFP* cells, whereas
the surrounding regions appeared normal. The loss of myelin was identified using a number
of histological myelin assays. Lesions contained Black-Gold-positive fragments of degraded
myelin and an absence of MBP immunofluorescence compared to controls (Fig 7).
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To rule out the possibility that myelin loss was caused by either the virus or the cross-
linking CID agent, control animals were injected with a different lentivirus designed to
target astrocytes in which iCP9 was inserted downstream of an astrocyte-specific GFAP
promoter (pLpGFAP(iCP9)MG). Following CID injection into rats expressing
pLpGFAP(iICP9)MG, there were no signs of demyelination up to seven days after CID
exposure despite evidence of functional loss of astrocytes using an 1gG blood-brain barrier
integrity assay (Fig 7). In additional controls, animals were injected with an empty vector
lacking the iCP9 sequence (pLpMBP(X)MG) and subsequently treated with CID. Although
strong GFP labeling indicated successful viral delivery, the myelin appeared healthy and
undisturbed despite exposure to both virus and CID (data not shown). Likewise, injections
of CID alone in the absence of virus did not cause noticeable cytotoxicity or demyelination.

Further evidence of demyelination came from ultrastructural analyses of the lesions, which
revealed demyelinated axons and glial processes interspersed with intact myelinated axons.
This data likely reflects the fact that only 20-30% of the total number of oligodendrocytes
expressed iCP9 and were therefore susceptible to CID-mediated death. Localized
oligodendrocyte death resulted in a characteristic pattern in which axons were myelinated on
one internode but demyelinated on adjacent segments (Fig 8). Accordingly, the interface of
myelinated and demyelinated regions was usually seen at a node. In thin sections stained
with Toluidine Blue, the lesion borders contained alternating patterns of preserved and
degraded myelin, a pattern of demyelination previously linked to oligodendrocyte lossl4: 15,

Apoptosis-mediated demyelination coincides with a robust microglia response and
delayed T-cell infiltration

One unexpected finding from these studies was the remarkably rapid loss of myelin basic
protein immunofluorescence from the lesion area. One potential mechanism of myelin
clearance is the activation of phagocytic cells. Consistent with this possibility, cell counts of
microglia/macrophages labeled with anti-IBA1 antibodies showed a significant increase in
cell number and an obvious morphological change from a resting to an activated state.
Further, GFP* fragments were identified within IBA1* microglia suggesting phagocytosis of
degraded myelin (Fig 9). This finding was confirmed in thin sections stained with Toluidine
Blue, which clearly demonstrated myelin-containing phagocytic cells. However, nearby
Black-Gold-positive myelin debris indicated incomplete phagocytosis after twenty-four
hours. Although iCP9-mediated demyelination triggered rapid and robust microglial
activation within and surrounding the areas of demyelination, early lesions were devoid of
blood-borne CD3* T-cells. One week later, T-cells appeared and microglia were still
activated yet myelin debris persisted. Together these data suggest that localized induction of
oligodendrocyte apoptosis results in rapid demyelination that is accompanied first by
localized activation of CNS-resident microglia/macrophages and then delayed infiltration of
blood-borne CD3* T-cells.

Discussion

In this study we demonstrate a unique system to selectively ablate oligodendrocytes in a
focal manner. The induced apoptotic cascade, which is limited to adult oligodendrocytes,
produces a focal demyelinated lesion without the administration of exogenous toxins into
the CNS or the systemic administration of an antigen and adjuvant. The induction of
oligodendrocyte apoptosis results in rapid local demyelination and the localized activation of
microglial cells. The infiltration of immune cells is delayed and follows rather than precedes
demyelination in this model.

Established animal models of MS have provided the framework for understanding important
aspects of the disease. Localized injection of toxins such as lysolecithin or ethidium bromide
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are useful for studying demyelination and remyelination22 under controlled, reproducible
conditions, while EAE has utility for understanding mechanisms of immune cell infiltration
and immune-mediated demyelination. Our system offers a hew perspective to assess the
induction of demyelination resulting from oligodendrocyte death and models an additional
component that may be important in the generation of MS lesions. In the iCP9 model,
oligodendrocyte death is experimentally induced by short-circuiting an existing cell death
pathway that has been reported in early MS lesions but whose significance for MS
pathogenesis remains unknown10-15. 23,

To our knowledge, this is the first report of a model in which oligodendrocytes are
eliminated in both a physiological- and potentially disease-relevant manner. While the
current studies are restricted to analysis of oligodendrocyte loss in the adult corpus callosum
it is potentially applicable to the other regions of the adult CNS as well as during
development. Such studies may reveal important regional differences in the response to
oligodendrocyte death. The primary restriction in such studies is the limits of diffusion of
the cross-linker from its site of injection to iCP9-expressing oligodendrocytes. The current
studies suggest CID needs only to be administered to a nearby CSF-access point, such as the
cisterna magna, the lateral ventricles, or the vitreous of the eye for near-complete coverage
of the spinal cord, brain, or optic nerve, respectively.

An important aspect of the MBP-iCP9 model is that allows for the study of demyelinating
events in the absence of a systemic inflammatory response. This may have clinical relevance
since it has been suggested that some early MS lesions are characterized by extensive
oligodendrocyte apoptosis prior to systemic inflammatory cell infiltrationl3: 24-25,
Consistent with this hypothesis, iCP9-mediated lesion borders contained alternating patterns
of demyelination and preserved myelination, a pattern similar to that seen in Bal6’s
concentric sclerosis, a disease variant of MS1# 12 and in Type 111 patterns of MS that may
result from oligodendrocyte dystrophy’2.

The induction of oligodendrocyte apoptosis and subsequent microglial activation is
sufficient to stimulate local proliferation of OPCs. A comparison of proliferating Ki67* cells
in control and experimental animals demonstrated a selective proliferative response in
OPCs, the majority of which were located adjacent to the subventricular zone. The low level
of OPC proliferation seen in the absence of demyelination likely reflects the continuous
generation of oligodendrocytes in the adult corpus callosum3’. The stimuli responsible for
enhanced OPC proliferation is unknown, however it has been reported in other models of
demyelination and remeylination as well as in MS lesions3®s. One attractive hypothesis is
this reflects an attempt at endogenous repair, however in slice preparations3® and in chronic
MS lesions*® loss of mature oligodendrocytes often fails to stimulate effective myelin repair.

The activation of CNS microglia occurs in in response to cellular debris, acute injury and
chronic disease?6-22, Following oligodendrocyte apoptosis, a rapid microglia/macrophage
response was seen as early as twenty-four hours later. Given this robust response and the
absence of T-cells at this early time point, it appears the initial response to oligodendrocyte
apoptosis is one of local scavenging rather than a systemic inflammatory reaction. A similar
robust microglia response has been identified in acute MS lesions24. In these
neuropathological specimens, activated microglia were found primarily in pre-phagocytic
regions that were actively demyelinating but generally devoid of T and B cells. In contrast,
in areas of active phagocytosis or repair, microglia were less common and T and B cells
predominated.

The observation that myelin components are rapidly cleared after cell death contrasts with
recent reports of global oligodendrocytes ablation using diphtheria toxin (DT). For example,
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a lack of myelin removal after DT-mediated oligodendrocyte death was observed 3°.
Microglia/macrophage activation occurred around vacuoles that developed from the splitting
of the myelin sheath lamellae but not until four weeks after oligodendrocyte death.
Similarly, a 4-5 week delay in microglial activation was seen 31 even though
oligodendrocytes were ablated by seven days of treatment. Thus, following DT-mediated
oligodendrocyte cell death, myelin sheaths appear to remain intact despite being
disconnected from a viable cell body. The basis for the different rate of myelin clearance is
unclear, however we propose the mechanism of cell death dictates the response of the local
environment to oligodendrocyte death. In the iCP9 model, oligodendrocyte death is
restricted to an apoptotic pathway unassociated with significant cellular stress prior to death.
By contrast, DT blocks protein synthesis and in doing so, presumably generates a prolonged
period of pre-death cellular stress and initiation of pro-inflammatory cell death. Normal
apoptotic cell death involves the expression and release of molecules that activate a local
scavenging response for rapid cellular removal32. For example, the externalization of
phosphatidyleserine (PS), the release of intracellular metabolites (e.g. ATP), chromatin
binding proteins and nucleotides have all been shown to mediate microglia activation33: 34,
Apoptotic cells also suppress the secretion of pro-inflammatory cytokines3® to promote
immunological tolerance, which may explain why peripheral T-cells were absent from early
iCP9 lesions. In the DT model, by contrast, cellular responses to stress are variable and
distinct from the apoptotic pathway32. As cellular stress persists and RNA translation is
prevented by diphtheria toxin, factors generated by cells are likely limited, and typical pro-
phagocytic signals and pro-inflammatory molecules may not be elicited to a degree that
activates clearance of myelin.

One factor common between previous models of demyelination is the robust systemic
inflammatory infiltrate that accompanies the demyelinating event. In the current model,
however, the systemic inflammatory response appears limited despite focal oligodendrocyte
death. Given the absence of a systemic immune infiltrate in some pre-phagocytic MS
lesions, the iCP9 system may provide a tool for modeling a novel aspect of disease
pathogenesis. Moving forward, it will be important to differentiate pathogenic mechanisms
attributable to the immune system versus potential cell degeneration in the CNS3,

A model of inducible oligodendrocyte apoptosis allows for the spatial and temporal
characterization of the adult CNS responses to the induction of apoptosis in mature
oligodendrocytes. The current data demonstrates rapid and robust demyelination that is
accompanied by local microglial activation but precedes extensive immune cell infiltration.
The loss of mature oligodendrocytes is associated with a selective increase in the local
proliferation of OPCs suggesting a dynamic regulation of oligodendrocyte numbers in the
adult. These results may have direct clinical relevance since it has been proposed that a
subtype of MS is characterized by oligodendrocyte dystrophy.
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Figure 1.

Diagrammatic representation of the lentiviral construct engineered to induce
oligodendrocyte apoptosis. (A) Schematic of the viral construct in which an
oligodendrocyte-specific promoter sequence (pMBP) drives expression of a suicide gene
that is a chemically-inducible analogue of the endogenous Caspase 9 (iCP9). The reporter
GFP was expressed downstream driven from a constitutive viral promoter. (B) During
canonical apoptosis Caspase 9 dimerizes through binding to APAF-1 to initiate the apoptotic
cascade while in the inducible model the N-terminal domain of Caspase 9 (blue) was
modified with removal of the APAF-1 binding site and replacement with a CID binding
domain to allow chemically-induced dimerization (CID, green). LTR = long terminal repeat;
pMBP = promoter for myelin basic protein; pMND = promoter from modified murine
leukemia virus; GFP = green fluorescent protein; APAF = apoptotic protease activating
factor.
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Figure2.

Viral delivery of iCP9 and subsequent exposure to CID resulted in selective ablation of
mature oligodendrocytes in vitro. (A) Primary neonatal rat cultures labeled with cell type-
specific antibodies indicated that astrocytes, oligodendrocytes and their precursors were
effectively transduced by the virus and that viral transduction in the absence of CID has no
effect on cell survival. Addition of CID had no effect on the survival of transduced, GFP-
expressing A2B5* oligodendrocyte precursor cells, O4* immature oligodendrocytes, or
GFAP* astrocytes but significantly decreased the number of MBP* mature oligodendrocytes
in the culture. (B) Quantification of the relative proportion of oligodendrocyte lineage cells
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within the GFP* population in parallel cultures before and after CID demonstrated that cell
death was specific to mature oligodendrocytes (O1*/MBP™ cells). In control cultures
approximately 60% of the GFP* cells belonged to the oligodendrocyte lineage and this was
reduced to approximately 40% after CID treatment. While the relative proportion on A2B5*
and O4* cells were not altered there was a significant reduction in O1* and MBP* cells.
Note that not all O1* cells express MBP and only those that do (approx 50%) were lost
following CID treatment. Data represent the mean+/- standard error from cell counts taken
from 3 independently treated coverslips from 2 cell preparations. Scale bar = 25 um. p <
0.05.
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Figure 3.

Localized delivery of lentivirus resulted in robust transfection and gene expression as
visualized by GFP expression. (A) Representative image of the extent of lentiviral
transfection one week after stereotaxically-guided lentiviral injections into the adult rat
corpus callosum. Inset demonstrates the effective transduction of mature, CC1*
oligodendrocytes. Confocal analysis of GFP and anti-neurofilament labeling (NF)
demonstrated axons myelinated by GFP* oligodendrocytes. (B-C) Quantitation of the
relative proportions of oligodendrocyte lineage cells within the GFP population before CID
delivery. Prior to CID injection, CC1* oligodendrocytes constituted approximately 44% of
all cells virally transduced, which represents approximately one quarter of the total number
of oligodendrocytes in a given region of corpus callosum. Scale bar = 25 um. p < 0.05.
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Figure4.

Injection of CID induced the apoptosis of iCP9 expressing oligodendrocytes in vivo. One
week after lentiviral injection into the corpus callosum of adult rats, CID was injected
distally into the ipsilateral ventricle to activate iCP9-triggered apoptosis. (A) One day post-
CID, there was a significant decrease in the number of GFP*/CC1* oligodendrocytes
compared with either the contralateral hemisphere or to vehicletreated controls. (B)
Quantitation and comparison of the reduction of CC1+ cells and relative proportion of GFP+
cells expressing CC1. The total number of CC1+ cells was reduced by approximately 50%
after CID exposure. Likewise the proportion of GFP+ cells that express CC1 was reduced by
approximately 50% after CID treatment. (C) Double labeling with cleaved caspase 3 and
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CC1 as well as TUNEL labeling confirmed the induction of apoptosis following CID
exposure. Scale bar = 25 um. p < 0.05.
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Injection of CID resulted in selective loss of mature oligodendrocytes in areas of viral
transfection. (A) Labeling of infected areas with antibodies to GFAP to identify astrocytes
demonstrated no significant reduction in GFAP+ cells. (B-C) Likewise, IBA1* microglia
and NF* axonal neurofilaments were present throughout the transfected area (D)
Quantitation shows similar numbers of GFAP+ astrocytes +/— CID but a significant increase
in microglia. Scale bar = 25 pm. p < 0.05.

Ann Neurol. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Caprariello et al. Page 18

(A)

(C) 450 -
400 - T
350

| 300

1# Dividing 250

cells/field 200

150 -

100 -

|

|

|

B OPCs
M Othercells

50 -

-CID +CID

Figure6.

Oligodendrocyte death increased the number of proliferating OPCs. (A) In vehicle-injected
control animals, a low level of proliferation (Ki67*) was present in virally-infected regions.
(B) The level of cell proliferation was markedly increased in animals that received CID
injections. Double-labeling Ki67 with an oligodendrocyte lineage marker (Olig2) indicates
an increase in the number of proliferative cells which was significant only in the Olig2™* cell
population (C). Scale bar = 25 um. p < 0.05.
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Figure?7.

Oligodendrocyte apoptosis led to rapid myelin loss. (A) Myelin perturbation was absent in
vehicle-treated control animals, whereas (B) CID-treated animals displayed a loss of MBP
immunofluorescence as well as Black Gold signal. (C) Control experiments demonstrated
that demyelination was not attributable to either virus or CID alone as parallel studies using
a separate viral construct to target GFAP* astrocytes lacked myelin loss despite functional
evidence of astrocyte loss using a blood-brain-barrier 1gG assay. Scale bar = 50 ym. p <
0.05.
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Figure8.

Electron microscopy revealed demyelination of intact longitudinal axons in CID-treated rats
expressing MBP-iCP9. (A-B) Consistent with the loss of oligodendrocytes, demyelinated
axons were present in CID-treated but not control animals. Demyelination invariably began
at could at nodes of Ranvier (arrow) resulting in areas of internodal demyelination. (C-D)
The borders of apoptotic lesions contained layers of preserved and degraded myelin, seen by
(D) MBP immunolabeling and confirmed by thin-sections stained with Toluidine Blue (E).
Scale bar = (C) 50 um; (D) 25 pm.
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Figure9.

A robust, highly-localized microglial response accompanied CID-mediated demyelination.
(A) IBA1* microglia/macrophages on the contralateral side of an experimental animal
exemplify the basal, ramified morphological state whereas on the ipsilateral injection side,
microglia display activated, amoeboid morphology. (B) Co-localization of GFP* fragments
with IBA1 and thin sections stained with Toludine Blue suggest phagocytosis by activated
microglia. (C) Quantitation of increases in IBA1+ cells following CID induced
oligodendrocyte apoptosis (D) Extensive T-cell infiltration as shown by anti-CD3 staining
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was limited twenty-four hours after CID treatment but increased at 7 days post
demyelination. Scale bars = 25 pm; p < 0.05.
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