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The detection of myelin disruptions in Alzheimer’s
disease (AD)-affected brain raises the possibility that
oligodendrocytes undergo pathophysiological assault
over the protracted course of this neurodegenerative
disease. Oligodendrocyte compromise arising from
direct toxic effects imparted by pathological amy-
loid-f3 peptides and/or through signals derived from
degenerating neurons could play an important role in
the disease process. We previously demonstrated that
3XTg-AD mice, which harbor the human amyloid
precursor protein Swedish mutant transgene, prese-
nilin knock-in mutation, and tau P301L mutant trans-
gene, exhibit significant alterations in overall myeli-
nation patterns and oligodendrocyte status at time
points preceding the appearance of amyloid and tau
pathology. Herein, we demonstrate that A3, ,, leads
to increased caspase-3 expression and apoptotic cell
death of both nondifferentiated and differentiated
mouse oligodendrocyte precursor (mOP) cells in vitro.
Through use of a recombinant adeno-associated virus
serotype-2 (rAAV2) vector expressing an Af}, ,,-spe-
cific intracellular antibody (intrabody), oligodendro-
cyte and myelin marker expression, as well as myelin
integrity, were restored in the vector-infused brain
regions of 3 XTg-AD mice. Overall, this work provides
further insights into the impact of A, ;,-mediated
toxicity on the temporal and spatial progression of
subtle myelin disruption during the early presymp-
tomatic stages of AD and may help to validate new
therapeutic options designed to avert these early
impairments. (Am J Pathol 2010, 177:1422-1435; DOI:
10.2353/ajpath.2010.100087)
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Alzheimer’s disease (AD) is classically thought of as a
gray matter disease; however, white matter lesions and
pathology have been widely reported in the brains of
incipient and mildly afflicted individuals.’™® The underly-
ing cause of the observed white matter changes in early
AD brains may relate to compromised function of cells of
the oligodendrocyte lineage resulting from disease-re-
lated insults.*® Initial AD-related white matter aberrations
often precede advanced stages of AD described by
overt amyloid and tau pathology.®” The inability of oligo-
dendrocytes to sufficiently myelinate neuronal processes
or maintain extant myelin status might render the affected
axonal processes vulnerable to disease-related inflam-
mation, oxidative stress, fibrillogenic AB, or phospho-tau
species.*® Importantly, neuronal impulse conduction
may be perturbed, thereby contributing to the signature
AD symptoms such as memory loss and confusion.
These initial white matter changes in the AD brain may
trigger a cascade of more advanced AD pathology and
exacerbate the disease course. Therefore, it may be
critical to develop strategies to circumvent these abnor-
malities in white matter during AD.

Previous studies in human AD patients have demon-
strated that myelination in the brain occurs in a “hetero-
chronological” pattern and AD pathology develops in a
spatio-temporal manner, affecting the brain regions with
most protracted course of myelination the earliest.®° We
demonstrated similar observations in triple transgenic AD
mice (3XTg-AD), a model genetically engineered to de-
velop amyloid and tau-related pathologies in patterns
and brain regions reminiscent of human AD.>'©
3XTg-AD mice harbor three mutations: human preseni-
lin-1 M146V (PS1M48Y) human amyloid precursor pro-
tein Swedish mutation (APPS*®), and the P301L mutation
of human tau (tauP°') and display white matter disrup-
tion and alteration in myelin marker expression in subre-
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gions of the hippocampus and the entorhinal cortex brain
regions as early as 2 months of age.® These mice exhibit
signs of intracellular AB peptide accumulation and cog-
nitive impairment as early as 3—-4 months of age, while
amyloid plague and tangle pathology develop at more
advanced ages (12-18 months).'"'2 Collectively, these
observations indicate that memory deficits and myelina-
tion changes in the 3XTg-AD mice arise before the onset
of overt amyloid and tau pathology, thus implicating early
disease-related signaling in these abnormalities.™”

The underlying causes of oligodendrocyte and myelin
dysfunction in AD have not been fully clarified. Increased
levels of AB peptides have been correlated previously
with brain regions exhibiting myelin abnormalities in hu-
man AD patients.* Similarly, pathological characteriza-
tion of 3XTg-AD mice revealed immunohistochemically
detectable intracellular AB,_,, at ages and in regions
comparable to the appearance of myelin and oligoden-
drocyte disruption.’" Previously reported in vitro studies
have illustrated toxicity induced by various forms of AB
peptides on oligodendrocytes.'® ' Collectively, these
correlative observations identify AB peptide species as
potential triggers of myelin and oligodendrocyte deficits
in AD. In the present study, we sought to more directly
examine the effects of AB,4, in the 3XTg-AD mouse
model by using a previously engineered intrabody (IB)
targeted specifically against AB,_4. This IB was ster-
eotactically delivered and chronically expressed in vivo
via a viral vector to further implicate AB,_,» peptide spe-
cies in the age-related degradation of myelin and oligo-
dendrocyte status. Herein, using biochemical, immuno-
histochemical, and ultrastructural analyses, we report
that AB,_4o-incited mechanisms undermine the oligoden-
drocyte lineage in vitro and in 3XTg-AD mice. Moreover,
these pathological signals can be suspended by block-
ing parenchymal AB,_,» accumulation at an early stage of
disease. In aggregate, our results further highlight AB;_4»
as a viable target for early AD intervention strategies and
that its selective blocking via passive immunotherapeu-
tics can delay or even prevent the elaboration of AD-
related white matter pathology.

Materials and Methods

Mouse Oligodendrocyte Precursor (mOP)
Cell Line

The mOP cell line was developed and kindly provided by
Dr. Steven A. Reeves (Massachusetts General Hospital,
Charlestown, MA)."® The cell line was maintained in the
mOP proliferation medium (PM) as previously described.'®
The PM medium consists of 10 ug/ml biotin, 5 wl/ml N1
supplement, 5 uwg/ml insulin (Sigma, St. Louis, MO), 70%
high glucose DMEM, and 30% B104 neuroblastoma cell
line conditioned medium. Differentiation medium, con-
sisting of all components of PM except insulin and N1
supplement, was used to induce differentiation of mOP
cells. For AB peptide treatment of nondifferentiated mOP
cells, cells were plated in PM for 2 days, followed by AB
peptide addition. Complementing studies in differenti-
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ated mOP cells were performed by culturing mOP cells in
PM for 3 days and then in differentiation medium for 2
more days, followed by exposure to AB peptides.

AB Peptide Treatment

AB4_45 0r AB4o_4 peptides (American Peptide, Sunnyvale,
CA) were diluted to a 1 mmol/L stock concentration in
ddH,O and stored at —20°C. Nondifferentiated and dif-
ferentiated mOP cells were treated with a final concen-
tration of 0.25, 0.50, 1.00, 2.00, 4.00 umol/L AB;_4, Or
AB4-_4 peptide and incubated at 37°C, 6% CO, for 4
hours. The mOP cells were then fixed using 4% (w/v)
paraformaldehyde, washed, and stored in phosphate
buffered saline (PBS) at 4°C until staining was performed.

In Vitro Immunocytochemistry and Hoechst
Staining

Fixed mOP cells were permeabilized in 0.1% Triton-X100
in PBS, blocked in 10% goat serum in PBS, and incu-
bated in primary antibodies for 2’, 3'-cyclic nucleotide
3’-phosphodiesterase (CNPase) and myelin basic pro-
tein (MBP; 1:1000 and 1:200, respectively; Chemicon
International, Billerica, MA). The cells were then washed
and stained with Alexa Fluor goat anti-mouse 568 and
goat anti-rat 488 secondary antibody (1:2000, Molecular
Probes, Carlsbad, CA). The cells were washed and cov-
erslips were mounted on glass slides using Mowiol aque-
ous mounting media.

Active caspase-3 and myc staining was performed
similarly using 3,3’-Diaminobenzidine (DAB) staining.
The cells were incubated in primary antibody for active
caspase-3 (1:600, Promega, San Luis Obispo, CA) or
c-myc, clone 9E10 (1:1000, Sigma), washed in PBS, and
then incubated in biotinylated goat anti-rabbit immuno-
globulin (1:2000, Rockland Immunochemicals, Gilberts-
ville, PA). Cells were washed with PBS, the HRP activity
conjugated, and the antigen-antibody complexes were
subsequently developed using a DAB peroxidase kit
(Vector Laboratories, Burlingame, CA). Hoechst staining
was performed by incubating the fixed mOP cells in 1
uwmol/L Hoechst 33342 dye (Sigma). Cells were subse-
quently washed and imaged. Stained cells were ana-
lyzed using an Olympus DP71 microscope equipped with
a motorized stage (Olympus, Melville, NY), and images
were captured under X20 magnification for all stains.

Apoptosis Quantification

Four fields were randomly sampled from each well by
microscopy for cells stained with Hoechst 33342, and the
total numbers of cells was determined for each condition.
The number of pyknotic cells with condensed or frag-
mented nuclei was summated in the sampled regions,
and the percentage of pyknotic cells per coverslip was
subsequently calculated. Similarly, for active caspase-3
staining the total numbers of cells and active caspase-
3—positive cells were calculated in randomly sampled
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regions, and the percentages of positive cells were
determined.

Mouse Strains

Triple-transgenic Alzheimer’'s disease (3XTg-AD) mice
were generated on the 129/C57BL/6 background as
previously described and were kindly provided by Dr.
Frank LaFerla.’®" Age-matched 129/C57BL/6 mice or
C57BL/6 mice were used as non-transgenic (Non-Tg)
controls where indicated. Age-matched male mice were
used for all experiments (N = 6 per experimental group
for immunocytochemical studies, N = 3 per experimental
group for electron microscopy and biochemical assays).
All animal housing and procedures were performed in
compliance with guidelines established by the University
Committee of Animal Resources at the University of
Rochester.

Brain Homogenates

Entorhinal cortex from 3XTg-AD and C57BL/6 mice at 2
and 6 months of age were microdissected and frozen at
—80°C until ready for use. Frozen tissue was weighed,
then homogenized in 1% SDS, 0.1% Tween-20 in PBS
with a protease inhibitor cocktail (Sigma) at a 1:10 weight:
volume ratio. It was subsequently ultra-centrifuged at
100,000 X g for 1 hour at 4°C. Supernatants were re-
moved to a new tube and assayed for protein concentra-
tion. Based on protein assay results samples were diluted
to the same final concentration of 4 mg/ml.

Western Blotting for Human AB;_,»

Entorhinal cortex homogenates were analyzed via so-
dium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) using 12% Tris-Glycine gels. Homogenates
were combined with sample buffer containing 2-mercap-
toethanol, and boiled for 5 minutes. One hundred micro-
grams of total protein was loaded onto gels along with
SeeBlue Plus2 (Invitrogen, Carlsbad, CA) prestained mo-
lecular weight markers. Each lane of the gel represents a
different mouse. Protein samples were electrophoretically
separated at 100V then transferred to polyvinylidene di-
fluoride membranes at 4°C for 1 hour at 300 mAmps.
Polyvinylidene difluoride membranes were blocked for 1
hour at room temperature (~22°C) in Tris-buffered saline
with 0.1% Tween-20 (TBST) and 5% nonfat dried milk.
Membranes were then incubated with the 12F4 anti-Ap42
(Covance, Berkeley, CA) at a 1:1000 dilution overnight at
4°C and washed 4 X 5 minutes with TBST. A horseradish
peroxidase-conjugated secondary antibody was used at
a 1:2000 dilution for 1 hour at room temperature, washed
as above, then washed 1 X 5 minutes in TBS. Immuno-
positive AB species were visualized using chemilumi-
nescence (Western Lightning Reagent, PerkinElmer,
Waltham, MA). The membrane was stripped and re-
probed with anti-p-actin (1:5000, Sigma) to ensure
equal loading.

Dot Blot

Entorhinal cortex homogenates were spotted onto nitro-
cellulose membranes while vacuum pressure was ap-
plied. Each dot consisted of 12 pg of total protein. Mem-
branes were allowed to dry before immunoblotting was
performed. Membranes were blocked for 1 hour at room
temperature in TBST and 5% nonfat dried milk. Mem-
branes were subsequently blotted using primary anti-
body 111, an oligomer-specific antibody (provided by Dr.
Charles G. Glabe, UC Irvine), at 1:2000 dilution overnight
at 4°C and washed 4 X 5 minutes with TBST. A horse-
radish peroxidase-conjugated secondary antibody was
used at a 1:2000 dilution for 1 hour at room tempera-
ture, washed as above, then washed 1 X 5 minutes in
TBS. The membrane was stripped and reprobed with
anti-B-actin (1:5000) to normalize dots for total protein
level. Dot blots were visualized with chemilumines-
cence and analyzed for total raw density (Labworks by
UVP, Upland, CA).

Construction, Verification, and Packaging of
IB-Expressing rAAV Vectors

The construction of the pAAV-scFVAB. oz 'B vector, which
expresses an endoplasmic reticulum (ER)-targeted anti-
AB42 specific IB, was previously described.'® We simi-
larly constructed a control vector (parent scFv construct
kindly provided by Dr. Mark A. Sullivan, University of Roch-
ester),™® which expresses an ER-targeted anti-phenobarbi-
tal-specific single-chain 1B (pAAV-scFvphe, e, 'B). Briefly, a
phenobarbital-specific 1B sequence with an in-frame ER
targeting signal (KDEL) and c-myc epitope tag at the C
terminus to facilitate immunocytochemical detection was
cloned into the pBS-FBR,,. shuttle vector under the tran-
scriptional control of the human cytomegalovirus promoter
and a SV40-derived polyadenylation signal was included at
the 3’ end of the transcription unit. This transcription unit
was excised and cloned into the inverted terminal repeat-
containing parent plasmid, pFBGR. Subsequently, baby
hamster kidney cells were plated on coverslips and tran-
siently transfected with the pAAV-scFVABxpe, '® and pAAV-
scFvphe,pe '® plasmids, and immunocytochemistry was
performed to verify IB expression in the cells. On verifica-
tion, the PAAV-sCFVAB.pe '® and pAAV-scFvphe, e '®
plasmids were packaged into serotype-2 virions using a
previously described baculovirus-based methodology.?°

Stereotactic Injections Using Convection
Enhanced Delivery

Recombinant AAV vectors were stereotactically deliv-
ered using convection-enhanced delivery method into
2-month-old male 3XTg-AD mice and Non-Tg mice in
accordance with approved University of Rochester ani-
mal use guidelines, as previously described with a few
modifications.® Briefly, mice were anesthetized with
Avertin (300 mg/kg) and positioned in the stereotactic
apparatus. The skulls of the mice were exposed, burr
holes were drilled bilaterally over the designated hip-



pocampal coordinates (Bregma, —2.06 mm, 1.5 mm lat-
erally, —1.25 mm ventrally), and the injections were per-
formed using an UltraMicro pump (WPI Instruments,
Sarasota, FL) with a 33-gauge needle gradually inserted
to the desired depth. A total volume of 5 ul of either
rAAV-scFvpheype B or rAAV-scFVAB.pe '© was deliv-
ered by a continuous injection via increasing delivery
rates starting at 100 nl/min for 6 minutes, 200 nl/min for 10
minutes, and finishing at 400 nl/min for 6 minutes into
both hemispheres. Following the completion of both in-
jections, the incisions were closed using vicryl sutures,
and topical 5% lidocaine ointment (Fougera, Melville, NY)
was applied. The mice were then allowed to recuperate in
a heated recovery chamber, transferred to their homing
cage, and returned to the vivarium. The mice were sac-
rificed at 6 months of age and the brain tissue was
harvested for immunocytochemistry, biochemical as-
says, and electron microscopy.

Tissue Harvest and Processing

Non-Tg control and 3XTg-AD mice were anesthetized
with pentobarbital and perfused by transcardiac perfu-
sion with 4% (w/v) paraformaldehyde. Brains were re-
moved and postfixed overnight in 4% paraformaldehyde
at 4°C followed by sequential transfer in 20% sucrose in
PBS overnight and 30% sucrose in PBS until sectioned.
Brains were sectioned coronally (30 um) on a sliding
microtome and stored in cryoprotectant at —20°C until
processed for immunohistochemistry and black-gold my-
elin staining.

Black-Gold Il Myelin Staining and Quantification

Non-Tg and 3XTg-AD mouse brain tissue was stained
for myelin using Black-Gold II myelin staining kit (Mil-
lipore, Temecula, CA) Briefly, tissue was mounted on
glass slides, rehydrated, and myelin stained using
0.3% Black-Gold Il. The stain was then fixed using 1%
sodium thiosulfate, washed, dehydrated, and sealed
using mounting medium (Richard-Allan Scientific, Hud-
son, NH) with coverslips. Staining was visualized using
an Olympus AX-70 microscope and X20 images were
captured. Investigator-blinded quantitative analysis of
images was performed using the MCID software pro-
gram (InterFocus Imaging Ltd., Cambridge, UK). The
analysis was done by first setting a target intensity
threshold and assessing total target pixels meeting the
threshold criterion. The images were also assessed for
the total number of myelinated fibers present in the
given target area. Three consecutive sections for each
mouse from both hemispheres within each group were
analyzed. Pixel intensity was averaged across all im-
ages and mice within a group, and all statistics were
analyzed using Prism GraphPad software (GraphPad
Software, San Diego, CA).
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Immunohistochemical Detection and Analysis of
Olig2, CC-1, CNPase, MBP, and Neurofilament

Immunohistochemical analyses for CNPase and MBP (1:
1000 and 1:200, respectively) were performed on Non-Tg
and 3XTg-AD mouse brain tissue, as previously de-
scribed.® Briefly, sections were washed in phosphate
buffer (PB) to remove the cryoprotectant and the tissue
was mounted on glass slides, allowed to dry, and anti-
gen retrieval method was performed, as previously de-
scribed.?’ The tissue was then permeabilized in 0.15
mol/L PB using 0.4% Triton-X100, blocked with 10% goat
serum in PB with 0.4% Triton-X100 and incubated with
the primary antibody in 0.15 Mol PB with 0.4% Triton-
X100, and 1% normal goat serum. Sections were then
rinsed in PB and incubated with Alexa Fluor 568 or 488
goat anti-mouse and goat anti-rat secondary antibody
(1:2000). Tissue was subsequently washed with PB, al-
lowed to dry overnight, and the slides were then sealed
with coverslips. Additional sections were incubated with
Olig2, CC-1 (1:500, EMD chemicals, Inc., San Diego,
CA), or neurofilament-specific (NF) antibody, 2H3, (1:
500, Developmental Studies Hybridoma Bank, IL) using
the same method above with a few modifications. The
sections were permeabilized in 0.1% TX-100 instead of
0.4% TX-100, 0.1 mol/L PBS was used instead of PB, and
the antigen retrieval step was not performed. Stained
sections were visualized using an Olympus BX50WI
(Olympus, Melville, NY) and Leica SP1 (Leica Microsys-
tems Inc, Bannockburn, IL) microscopes, and images
were captured under X40 magnification. Three consec-
utive sections from both hemispheres for each mouse
(4-6 mice total per genotype per age) for the different
regions of the hippocampus were analyzed using ImageJ
software version 1.38x (National Institutes of Health,
Bethesda, MD). The pixel intensities for CNPase, MBP, and
NF 2H3 for the images were analyzed and averaged across
all images and mice within a group. Total CC-1 and Olig2-
positive cell counts were also performed using Imaged soft-
ware and the final counts averaged across all images and
mice within a group. The investigator was blinded to the
identity of each experimental group.

Immunohistochemical Detection and Analysis of
APP, AB,_,o, Human Tau, Phosphorylated
Human Tau, and IBs

Immunohistochemical analysis for AB,4, and tau was
performed on Non-Tg and 3XTg-AD mouse brain tissue,
as previously described.’" Briefly, brain sections were
washed in 0.15 mol/L PB and then placed in 3% H,0, to
quench endogenous peroxidase activity. For AB4_,o
staining the sections were mounted on the slide, allowed
to dry, treated with Dako target retrieval buffer (Dako,
Carpinteria, CA), washed in PB, permeabilized in PB with
0.4% Triton X-100 in PB. This step was followed by block-
ing in PB with 0.4% Triton X-100 plus 10% normal goat
serum. For all other stainings, sections were washed in
PB, permeabilized, and then placed in blocking solution.
Next, the sections were incubated in primary antibodies,
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Y188 (1:1000, Abcam, Cambridge, MA); anti-AB,_4, 12F4
(1:1000, Covance, Berkeley, CA) for extracellular AB4_,o;
anti-AB4_4. polyclonal antibody (1:1000, Invitrogen) for
intracellular AB4_4.; HT7 antibody (1:200, Pierce, Rock-
ford, IL), AT180 antibody (1:200, Pierce), and c-myc,
clone 9E10 (1:1000, Sigma) in 0.15 mol/L PB with 0.4%
Triton X-100, and 1% normal goat serum. The tissue was
washed again and placed in appropriate biotin-conju-
gated secondary antibodies (1:1000, Vector Laborato-
ries, Burlingame, CA) in 0.15 mol/L PB with 0.4% Triton
X-100, and 1% normal goat serum. Sections were
washed in PB and then incubated in avidin-biotin com-
plex per the manufacturer's protocol (Vectastain ABC
System, Vector Laboratories) and developed using nickel-
enhanced DAB. Floating sections were mounted on
glass slides, allowed to air dry, sealed using mounting
medium (Richard-Allan Scientific, Hudson, NH), and cov-
erslipped. The stain was visualized and images were
captured using an Olympus DP71 microscope or Olym-
pus VanoxAH-2.

Electron Microscopy

Mice were perfused transcardially, the brain was re-
moved, coronally sectioned to 1 um to include the hip-
pocampal formation at 1.70 mm to 3.40 mm posterior to
Bregma, and placed in fresh fixative (4.0% paraformal-
dehyde/2.0% glutaraldehyde in 0.1 mol/L sodium caco-
dylate buffer). The sections were further trimmed to in-
clude the Schaffer collaterals, postfixed in 1.0% osmium
tetroxide, dehydrated, and embedded in Epon. Ultra-thin
sections were counterstained with uranyl acetate fol-
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lowed by lead citrate and examined using a Hitachi 7100
transmission electron microscope. Images for myelin
sheath integrity of the Schaffer collateral axons were
captured using a MegaView Il digital camera and Analy-
SIS (Soft Imaging Systems, Lakewood, Colorado) soft-
ware. Images were captured at X10,000 magnification.

Statistical Analysis

Statistical analysis was performed by means of Student’s
t-test or 2-way analysis of variance followed by the Bon-
ferroni posttest using GraphPad Prism version 5.0 for
Mac OS (GraphPad Software, San Diego, CA).

Results

Myelin Disruption in the Brains of 3XTg-AD Mice

Myelin and oligodendrocyte alterations have been previ-
ously described in the hippocampal subregions of 3X
Tg-AD mice.® Previously, significant alterations in oligo-
dendrocyte and myelin markers CNPase and MBP and
ultrastructural changes in myelin sheath integrity of
3XTg-AD mice were demonstrated. Herein, we further
examined myelin status in the CA1 region of the hip-
pocampus in the brains of 3XTg-AD and Non-Tg mice at
6 months of age and sought to determine the pathogenic
source of these alterations. Qualitative assessment of
Black-Gold Il myelin staining revealed a decline in stain-
ing intensity in the CA1 region of the hippocampus of
3XTg-AD mice (Figure 1, A and B). Quantitative analysis
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Figure 1. Alterations in myelin and oligodendrocyte cell
number are observed in the brain regions of 3XTg-AD
mice. Black-Gold II stain for myelin was performed on
6-month-old 3XTg-AD and Non-Tg mice. Representative
coronal images of the myelin staining patterns specifi-
cally in the CA1l hippocampal region (A and B) of
3XTg-AD mice compared with Non-Tg mice are illus-
trated. Quantitative analyses of myelin staining intensi-
ties and numbers of myelinated axons were performed
(C and D, respectively). Scale bars = 5 um. N = 3 per
genotype. Coronal sections of 6-month-old Non-Tg (E
and G) and 3XTg-AD mice (F and H) were immuno-
stained for the CC-1 and Olig2 oligodendrocyte markers.
Representative images for CC-1 (E and F) and Olig2 (G
and H) staining for Non-Tg and 3XTg-AD mice are
depicted. Quantitative analyses were subsequently per-
formed to determine the numbers of CC-1- (D or Olig2-
positive cells (J). Scale bars = 5 um. N = 6 per genotype.
*P < 0.05.
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of the pixel intensity of myelin staining in the CA1 region
indicated a significant decrease in 6-month-old 3XTg-AD
mice compared with age-matched Non-Tg counterparts
(Figure 1C). Additionally, we stereologically quantified
myelinated fibers in the CA1, which demonstrated a de-
cline in the total number of myelinated processes in 6
month-old 3XTg-AD mice (Figure 1D).

The relative numbers of mature and immature oligoden-
drocytes in the CA1 region of the hippocampus were sub-
sequently assessed using adenomatous polyposis coli
(APC; also CC-1), a mature oligodendrocyte marker that
stains cell bodies and Olig2 marker for immature oligoden-
drocytes. We had previously shown that 3XTg-AD mice
exhibit decreased numbers of MBP-positive myelinating oli-
godendrocytes within the hippocampus and entorhinal cor-
tex by 6 months of age.® The staining patterns for CC-1
(Figure 1, E and F) and Olig2 (Figure 1, G and H) are
depicted in representative images for Non-Tg and 3X
Tg-AD mice. Quantitative analyses revealed a statistically
significant elevation in the total number of CC-1-positive
cells (Figure 1), whereas numbers of Olig2-positive imma-
ture oligodendrocytes remained unchanged (Figure 1J).

AD-Related Pathology in the Brains of
3XTg-AD Mice

The age at which these alterations in oligodendrocyte
marker expression and myelin staining patterns arise are at
a time when 3XTg-AD mice do not exhibit overt AD-related
pathology.?° To confirm the AD pathology status at the ages
examined in the current study, immunohistochemistry was
performed on the brains of 3XTg-AD and Non-Tg mice for
amyloid precursor protein (APP), intracellular and extracel-
lular AB;_4o, human tau, and phosphorylated human tau
protein. Qualitative analysis of marker expression revealed
no alterations in the expression of human APP in the CA1
region of the brains of 2- and 6-month-old 3XTg-AD mice
(Figure 2, A and B). Intracellular AB,_,» levels are qualita-
tively enhanced in 6-month-old 3XTg-AD mice (Figure 2, C
and D) whereas extracellular AB,_,» deposits remain unde-
tectable at both 2 and 6 months of age (Figure 2, E and F).
Western blot and dot blot analyses were performed to fur-
ther assess the levels of AB peptide species in the brains of
3XTg-AD and Non-Tg (C57BL/6) mice at 2 and 6 months of
age. The 3XTg-AD mice exhibited enhanced levels of
AB,_4» conformers between 2 and 6 months of age (Figure
2@G). Furthermore, quantification of dots blot analysis using
an oligomer-specific antibody (111; kindly provided by Dr.
C. Glabe) revealed significantly higher levels of AB oli-
gomers in 3XTg-AD mice compared with Non-Tg mice
(P < 0.05) (Figure 2H). Dot blot analyses also confirmed an
age-related increase in AB oligomers in 6-month-old
3XTg-AD mice compared with 2-month-old mice. Tau im-
munohistochemistry indicated human tau transgene stain-
ing was qualitatively stable at both time points (Figure 2, |
and J), while AT180-detected phospho-tau was readily ap-
parent in the CA1 hippocampal region of 6 month-old 3X
Tg-AD mice, but not at 2 months of age (Figure 2, Kand L).
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Cell Death of mOP Cells Is Induced by AB;_4»

The myelin abnormalities and subtle myelin loss found in
human AD brain and mouse models of the disease could
arise as a result of a disease-related “signal” that directly or
indirectly impacts the function and/or viability of oligo-
dendrocytes. The slight, but detectable, accumulation
of AB;_4o in the brains of young 3XTg-AD mice suggests
that these pathogenic peptide species may exact untoward
effects on the oligodendrocyte lineage during early patho-
genesis. To initially examine the susceptibility of oligoden-
drocytes to AB peptide exposure, we used a mOP cell line
developed in the laboratory of Dr. Steven Reeves.'® These
cells exhibit morphological and marker expression profiles
reminiscent of nondifferentiated or differentiated oligoden-
drocytes depending on predetermined culture conditions.
For the current study, mOP cells were cultured to assess
whether differentiation status influenced sensitivity to fibril-
logenic ABy.4» peptide. Nondifferentiated mOP cells as-
sume bipolar/tripolar morphology and elongated cell body
and on differentiation depict multipolar morphology and
rounded cell body (Figure 3, A-D). We further confirmed the
staging of mOP cells by examining the expression of oligo-
dendrocyte cell markers 2’,3'-cyclic nucleotide 3'-phos-
phodiesterase (CNPase), which is expressed by cells
throughout the lineage, and MBP, which is expressed by
mature myelinating oligodendrocytes.?? As expected, non-
differentiated mOP cells express CNPase but lack MBP
expression (Figure 3, E and F), while differentiated mOP
cells express both CNPase and MBP (Figure 3, G and H).
After confirming differentiation status evoked under each
culture condition, mOP cells were incubated with human
AB4_4o Or reverse AB,._; control peptide for 4 hours, and
cell death was assessed using Hoechst staining, which
facilitates detection of fragmented or condensed nuclei,
signs reminiscent of apoptotic cell death. Analyses of
Hoechst-stained mOP cells revealed a significant increase
in the number of cells with pyknotic nuclei following AB;_4
peptide treatment in both nondifferentiated and differenti-
ated mOP cells (Figure 3, | and J, respectively), as com-
pared with companion cultures treated with the control
AB4o_4 reverse peptide.

Active caspase-3 has been used extensively as a marker
for apoptosis.?? Possibly more relevant, prior studies have
demonstrated increased caspase-3 expression in neurons,
astrocytes, and blood vessels in AD brains and implicated
this protease in the functional decline of neurons in AD.2324
To this end, immunohistochemical analyses for active
caspase-3 was performed on AB peptide-treated nondiffer-
entiated (Figure 3, K and M) and differentiated (Figure 3, L
and N) mOP cells, and the percentage of active caspase-
3-positive cells was determined. mOP cultures exposed to
AB4_4» peptide exhibited a significant increase in the per-
centage of cells expressing active caspase-3, regardless of
differentiation state, as compared with cultures treated with
the reverse peptide control. Collectively, these data indicate
cultured oligodendrocytes exhibit a differentiation state-in-
dependent sensitivity to AB,_4, toxicity and suggest that this
AD-related pathogenic peptide may be a key role in directly
affecting oligodendrocyte viability and myelin status in vivo.
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Figure 2. AD-related pathology in the brains of 3XTg-AD mice at two and six months of age. Immunohistochemistry was performed on nonmanipulated 2- and
6-month-old 3XTg-AD to assess human amyloid precursor protein (hAPP), intracellular and extracellular AB,_;,, tau, and phosphorylated tau expression. Representative
images for APP, intracellular AB,_4,, and extracellular AB,_4, expression (A—F) in the CA1 region of the hippocampus of 3XTg-AD mice are demonstrated. Insets
represent X100 magnification images of protein expression in the neurons of the CA1 hippocampal region. Western blot and dot blot analyses were performed on
microdissected entorhinal cortex brain tissue of 2- and 6-month-old Non-Tg and 3XTg-AD mice to assess oligomeric forms of AB. Representative western blots showing
oligomeric A levels (G) in the entrohinal cortex region of 3XTg-AD mice, and quantitation of dots blots (H) for Non-Tg and 3XTg-AD mice are shown. Representative
images of human tau and phosphorylated human tau protein are also illustrated (J-L) for the CA1 region of the brain for 3XTg-AD mice at two and six months of age.
Scale bars = 10 um for the images and 200 um for the insets. N = 6 for immunohistochemistry, and N = 2 for Western and dot blots.

Engineering and in Vivo Delivery of rAAV
Vectors

We next used a previously engineered IB targeted
specifically against AB,_,, and stereotactically deliv-
ered the IB in vivo via a viral vector to assess the effects
of AB perturbation on oligodendrocyte and myelination
status in 3xTg-AD mouse brain.'® The constructed
pAAV vectors expressed a phenobarbitol or ABy_4o-
specific 1B sequence harboring an in-frame ER target-
ing signal (KDEL) and a c-myc epitope tag at the C
terminus under the transcriptional control of the cyto-
megalovirus promoter (Figure 4A)."® We previously
demonstrated that these IBs are preferentially targeted
to the ER of cells in vitro and in vivo.'® Baby hamster
kidney cells were subsequently transiently transfected
with the pAAV vector plasmids, and DAB immunohis-

tochemistry was performed to verify IB expression (Fig-
ure 4, B-D). Subsequently, the plasmid vectors were
packaged into serotype-2 virions to restrict IB expres-
sion to neurons®® and sterotactically infused into the
hippocampi of 2-month-old 3XTg-AD and Non-Tg mice
using bilateral convection enhanced delivery (CED) to
facilitate distribution of IB-expressing AAV particles.
Mice were sacrificed and brains were analyzed 4
months post-transduction (6 months of age).?®2” Im-
munohistochemistry for c-myc was performed, and the
results revealed comparable rAAV-scFvphe, e '® and
rAAV-scFVABkpe '® IB staining in the transduced CA1
hippocampal field (Figure 4E-L). Co-immunohisto-
chemistry for IB and the neuronal marker NeuN dem-
onstrated that IB expression was restricted to pyrami-
dal neurons of the vector-infused CA1 subregion
(Figure 4, M-X).
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Figure 3. AB,_,, induced toxicity and enhancement of active caspase 3 in nondifferentiated and differentiated mOP cells. Phase contrast photomicrographs
of nondifferentiated (A) and differentiated cells (B) are depicted. The insets are digitally magnified to 60% the original image to illustrate bipolar
morphology of nondifferentiated cells (C) and multiprocess mature morphology on differentiated cells (D). Nondifferentiated and differentiated cells were
stained using CNPase (E and G, respectively) and MBP (F and H, respectively) to determine the maturation stages of the cells. mOP cultures were
subsequently treated with 0—4 wmol/L AB,_4, and AB,,_, peptides for four hours. mOP cell death was determined using Hoecsht 33342 staining for both
nondifferentiated (ID and differentiated cells (J). Immunocytochemistry for active caspase 3 was performed on fixed mOP cells, and representative images
for nondifferentiated and differentiated cells are depicted (K and L, respectively). Arrowheads point to active caspase-3—positive cells. Quantification of
active caspase-3 positive mOP cells was performed for both nondifferentiated (M) and differentiated (N) cultures. An average of 1000-5605 cells were
enumerated per condition (N = 4) per experiment. A total of three and two independent experiments were performed, respectively. Scale bars = 5 um.
Error bars indicate SD. *P < 0.05; **P < 0.001.
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Figure 4. Construction and in vivo assessment of IB-expressing rAAV2 vectors. Schematic representations of the recombinant adeno-associated virus plasmid constructs,
PAAV-scFvpheyp '® and pAAV-scFVA By P, are shown (A). The vectors harbor the human cytomegalovirus promoter driving a c-myc epitope-tagged and KDEL
endoplasmic reticulum targeting signal-tagged scFv IB specific for either phenobarbital (scFvphey ™) or AB_4, (SCFVABy ™), followed by a SV40 poly A signal.*®
The entire transcription unit is flanked by AAV-derived inverted terminal repeats. Baby hamster kidney cells were transiently transfected with the pAAV vectors, and DAB
immunohistochemistry was performed for c-myc epitope (B-D). These rAAV vectors were packaged into serotype-2 capsids using a previously described baculovirus-
based method'® and stereotactically injected into the hippocampus of 2-month-old Non-Tg and 3XTg-AD mice. The mice were sacrificed at 6 months of age, the brains
were harvested, and DAB immunohistochemistry was performed for c-myc to detect rAAV-scFvphe e ' and rAAV-scFvA By ™ expressed IB in the vector infused CA1
subregion of the hippocampus (E-L). Co-immunohistochemistry was further performed using c-myc (red; M, P, S, V) and NeuN (green; N, Q, T, W) to assess cell type
specificity of IB expression. Colocalized fluorescence is depicted in the overlay panels (yellow; O, R, U, X). Scale bars = 5 um. N = 6 per genotype per vector condition.

Myelin and Oligodendrocyte Marker Status Is mice. Analyses of CNPase and MBP markers were per-
Restored in 3XTg-AD Mice Transduced with formed in the transdupgd CA1 h|ppocarr.1pal| .reg|on. Exam-
AAV-sCFVA B ination of CNPase staining revealed no significant changes
17 SCHVABkpeL between the various treatment groups (Figure 5, A-D and
To determine whether IB-mediated abrogation of AB;_» M). While MBP expression levels remained unchanged in
release from neurons would rescue the white matter pa- CA1 region of the Non-Tg mice injected with rAAV-
thology observed in 3XTg-AD mice, oligodendrocyte/ scFvphe.pe '® and rAAV-scFVABxpe ', MBP staining in-
myelin marker staining profiles were assessed in the tensities were restored in 3XTg-AD mice intrahippocam-

brains of rAAV vector-infused 3XTg-AD and Non-Tg pally infused with rAAV-scFVAB.pe B (Figure 5, E-H and
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Figure 5. Restoration of oligodendrocyte/myelin status and oligodendrocyte numbers in CA1 region of the hippocampus in the brains of rAAV-scFvA By injected
3XTg-AD mice. Coronal sections from 6-month-old rAAV-scFvpheyp; '™ (A, B, E, F, I, J) or rAAV-scFVABypp'” (C, D, G, H, K, L) injected Non-Tg (A, C, E, G, I, K)
and 3XTg-AD mice (B, D, F, H, J, L) were stained with antibodies specific for CNPase (A-D), MBP (E-H), or neurofilament (J-L), and representative microscopic images
are depicted (A-L). Insets represent X2 magnification of the original selection and depict CNPase-positive cell body staining patterns in the hippocampus (A-D).
Quantitation of CNPase (M), MBP (N, and NF (O) immunopositivity was performed by calculating integrated densities across each genotype and treatment group. Scale
bars = 5 um. Coronal sections from 6-month-old rAAV-scFVA By o ' or rAAV-scFvphey ' injected Non-Tg and 3X Tg-AD mice were also immunostained for the CC-1
and Olig2 oligodendrocyte markers. Representative images for CC-1 (P=S) and Olig2 (T-W) for the CA1 hippocampal region are depicted for the 6-month-old rAAV2
vector-injected Non-Tg (P, R, T, V) and 3XTg-AD mice (Q, S, U, W). Quantitative analyses were also performed to assess the numbers of CC-1 (X) and Olig2 positive
cells (Y) in the CA1 region of the hippocampus. Scale bars = 5 um. Error bars indicate SD N = 6 per genotype per treatment. *P < 0.05; **P < 0.01.

N). As expected, MBP staining was markedly lower in To confirm that the axonal integrity in the brains of the
3xTg-AD mice injected with the rAAV-scFvphe, e, '® con- 3XTg-AD and Non-Tg mice was maintained after the
trol vector, which is similar to what was previously reported invasive stereotactic injection and to verify that axonal

in non-manipulated 6 month-old 3XTg-AD mice.® integrity was not a contributing factor toward the differ-
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Figure 6. Myelin disruptions are significantly dampened in rAAV-scFVA By P-injected 3X Tg-AD mice. Black-Gold 1T stain for myelin was performed on coronal
sections from rAAV2 vector-injected 6-month-old 3XTg-AD and Non-Tg mice. Representative images of the myelin staining patterns in the CA1 hippocampal
region (A-D) of rAAV2 vector-injected 3XTg-AD mice compared with Non-Tg mice are illustrated. Quantitative analyses of myelin stain for pixel intensity and
numbers of myelinated axons were performed for the rAAV2 vector-injected 3XTg-AD mice and Non-Tg (E and F, respectively). Scale bar = 5 um (D). N = 3
per genotype. Electron microscopy was performed on the Schaffer collateral pathway fibers of coronal brain sections of 6-month-old rAAV2 vector-injected
Non-Tg and 3XTg-AD mice. Representative images from each treatment group are depicted (G=J). An asterisk (*) represents axons with evidence of myelin
sheath disruption. These marked axons were digitally magnified to X4.5 of original images to depict myelin sheath pathology in more detail (K=N). The
arrowheads point to disrupted myelin sheaths with granular inclusions. Quantitative analyses determining axons with myelin sheath damage in both rAAV2
vector-injected Non-Tg and 3XTg-AD mice are shown (0). Scale bar = 700 nm (J and N). Error bars indicate SD. N = 3 per genotype per condition. **P < 0.001.

ences observed in the levels of the CNPase and MBP
markers, immunohistochemistry for mouse NF 2H3 was
performed. NF 2H3 staining patterns appeared unaltered
in all groups of vector-infused mice (Figure 5, I-L). Quan-
titative analyses of NF 2H3 levels in the CA1 region
further indicated comparable staining intensities of this
neuronal marker across all groups of mice (Figure 50).
Collectively, these results revealed that a strategy de-
signed to impede extracellular AB,_,» accumulation suc-
cessfully restored expression of the myelinating oligo-
dendrocyte marker, MBP, in 3XTg-AD mice to levels
comparable to age-matched Non-Tg control mice without
overtly impacting axonal integrity.

Immunocytochemical analysis of CC-1 (for mature oli-
godendrocytes) and Olig2 (for immature oligodendro-
cytes) marker expression in the brains of rAAV2 vector-
injected 3XTg-AD and Non-Tg mice was additionally
performed. Quantitation of CC-1-positive cells revealed
that intrahippocampal infusion of rAAV-scFVABpe. ' into
3XTg-AD mice led to a reduction in CC-1-positive cell
numbers that were comparable to Non-Tg control mice
injected with either rAAV vector (Figure 5, P-S and X).
The numbers of Olig2-positive immature oligodendro-
cytes remained unaltered in the brains of rAAV2 vector-
injected Non-Tg and 3XTg-AD mice (Figure 5, T-W and
Y). These results suggest that the passive immune-based
intervention altered the balance of MBP-positive (myeli-
nating) versus CC-1-positive mature oligodendrocytes in

favor of a more myelination-competent population. Shift-
ing the ratio in such a manner could indicate rescue of
the myelin defects that we have shown arise in unma-
nipulated 6-month-old 3XTg-AD mice.

Myelin Integrity Is Protected in 3XTg-AD Mice
Transduced with rAAV-scFVABpe '°

To independently assess myelin status in the brains of IB-
treated 3XTg-AD and Non-Tg mice, Black-Gold Il staining
was used (Figure 6, A-D). Quantitative analysis of the pixel
intensity of myelin staining in the CA1 revealed restored
levels in 3XTg-AD mice intrahippocampally injected with
rAAV-sCFVAB e ' (Figure 6E), as compared with the
rAAV-scFvphe.pe 'B-infused group. These analyses simi-
larly demonstrated a rescue in the numbers of myelinated
fibers in the CA1 hippocampal region of 3XTg-AD mice
injected with rAAV-scFVAB e '® (Figure 6F).

We additionally assessed the integrity of myelin sheaths
of the Schaffer collateral fibers in the brains of 3XTg-AD
and Non-Tg mice injected with the IB-expressing rAAV2
vectors using electron microscopy. Previously, ultrastruc-
tural analysis of the myelin sheaths on the Schaffer collateral
fibers of 3XTg-AD mice exhibited significant disruptions in
integrity by 6 months of age.® The disrupted myelin sheaths
include splitting of the major denseline and accumulation of
dense bodies, indicative of age-related changes in myelin



integrity.?® Our present results confirm a similar elevation
in the percentage of compromised myelin sheaths in
3xTg-AD mice injected with rAAV-scFvphe e, ' as com-
pared with Non-Tg mice injected with either rAAV vector
(Figure 6, G-0O). Importantly, 3XTg-AD mice injected with
rAAV-sCFVABpe "B demonstrated signs of myelin sheath
integrity restoration as compared with rAAV-scFvphe, e, '=-
injected 3XTg-AD mice. Collectively, these data further il-
lustrate that the delivery of rAAV-scFVAB«pe, B to impede
the accumulation of extracellular AB,_,, effectively prevents
myelin degeneration in the brains of 3XTg-AD mice.

Discussion

Previous studies have uncovered normal age-related loss
of myelin integrity at the ultrastructural level in humans
and nonhuman primates.?®° These alterations are exac-
erbated in AD brains, and the pathology is consistent with
the detrimental effects inflicted by accumulating fibrillo-
genic AB peptides.®' Song and colleagues observed
white matter alterations in the brains of PDAPP mouse
model of AD using diffusion tensor imaging (DTI) with the
manifestation of amyloid plaque pathology.®? Another
study revealed decreased brain matter volume in the
corpus callosum of PDAPP mice before the appearance
of plagues.®® Gotz and colleagues discussed the pres-
ence of axonopathy and accumulation of both intracellu-
lar and extracellular AB in white matter of Tg2576 mouse
model.>* More importantly, Wirths et al detected myelin
degeneration, myelin ovoid formation, and axonopathy in
APP/PS1 double-transgenic mouse models correlative to
intraneuronal AB accumulation in the spinal cords to the
mice.®® Our previous study indicated the appearance of
compromised myelin sheaths enveloping Schaffer collat-
eral axons of 3XTg-AD mice in 6 month-old mice exhib-
iting intracellular AB accumulation.® In the present report,
ultrastructural analyses of Schaffer collateral axons in the
brains of 3XTg-AD mice intrahippocampally infused with
rAAV-scFVAB. e ' demonstrated protection of myelin
sheath integrity. The Schaffer collateral pathway is com-
prised of axons projecting from CA3 to CA1 and is inte-
gral to neurotransmission associated with learning and
memory.3®37 Interestingly, others have shown that 6
month-old 3XTg-AD mice exhibit defects in long-term
potentiation (LTP) and long-term depression (LTD), two
electrophysiological correlates of learning and memory.'©
Another report revealed that the earliest cognitive defects
manifest at 4 months of age in 3XTg-AD mice leading to
diminished long-term memory retention.’® Given the cor-
relation between appearance of myelination defects and
learning/memory deficits, it is possible that compromised
myelin integrity contributes to diminishing cognitive func-
tion in early AD. Additionally, early abnormalities in brain
white matter might further contribute to the temporal and
regional progression of axonopathy and classical patho-
genesis of the disease.

Discriminating the individual contribution of AB-driven
myelin degradation from direct AB-mediated effects on
neurons during learning and memory formation in the
3XTg-AD mouse model is a challenging endeavor. While
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our in vitro data indicate that AB,_,» peptides in isolation
can exact direct oligotoxic effects on immature and dif-
ferentiated mOP cell cultures, the presence of human
APPswe  PS{M146V gnd tauP3C't in the 3xTg-AD mouse
complicates, to some extent, dissection of the mecha-
nism(s) underlying the susceptibility mechanism at play
in vivo. The human APP*"® and tau™°'" transgenes are
transcriptionally controlled by the neuron-specific
mouse Thy1.2 promoter, while the PSTM®Y mutation is
“knocked-in” to the native mouse PS1 gene locus. The
latter mutation, therefore, can be expressed in all cells
supportive of the PS1 gene promoter, which includes
cells of the oligodendrocyte lineage.®®3° This familial AD
mutation has been shown to hypersensitize oligodendro-
cytes to various insults associated with AD, including AB
peptides.*® Hence, it is possible that the AB-induced
changes in oligodendrocyte marker expression and my-
elin structure are at least partially mediated through oli-
godendrocyte-expressed PS1M14€V |solation of each po-
tential genetic player in single and double-transgenic AD
mice, as well as generation of conditional transgenics
with oligodendrocyte-specific expression profiles, will help
to differentiate “oligocentric” mechanisms from pathogenic
signals indirectly derived from other ApB-assaulted cell
types.

Myelination requires a number of sequential steps in the
maturation of the oligodendroglial cell lineage accompa-
nied by a coordinated change in the expression of specific
antigenic signatures.®® This unique feature of oligodendro-
cytes is often used to examine the disease-related effects
on various developmental stages of the lineage. In the cur-
rent study, we used antibodies specific for Olig2 (im-
mature), CC-1 (mature), MBP (mature myelinating), and
CNPase (pan-oligo marker) to assess the general compo-
sition of oligodendrocyte-related cells residing in the hip-
pocampus of nonmanipulated and scFv-treated 3XTg-AD
mice and control Non-Tg mice. Immunocytochemistry re-
vealed that Olig2-positive immature oligodendrocyte num-
bers did not change as a function of age or scFv treatment
in 3XTg-AD mice. Similarly, the overall numbers of oligo-
dendrocyte-related cells as determined by assessment of
CNPase staining were unchanged after four months of scFv
expression. Interesting differences in oligodendrocyte pro-
files were revealed, however, when mature marker staining
patterns were evaluated in rAAV vector-infused 3XTg-AD
mice. Oligodendrocytes expressing CC-1 were elevated,
while those expressing MBP were decreased, in the CA1
hippocampal region of 6-month-old non-manipulated and
rAAV-scFvphe.pe '® 3XTg-AD mice. These changes were
effectively reversed and myelination integrity improved by
intrahippocampal rAAV-scFVAB. e '® infusion. Of note,
previous reports have attributed CC-1 expression preferen-
tially to nonmyelinating mature oligodendrocytes that lack
MBP expression.*' CC-1 expression is localized to the cell
body of mature oligodendrocytes, whereas MBP is found
predominantly within cellular processes of myelinating oli-
godendrocytes, making assessment of CC-1/MBP double-
positive cells by immunocytochemistry technically difficult.

Our results suggest that AB alters the composition of
the mature oligodendrocyte pool and detrimentally af-
fects myelin integrity. What we do not know at present is
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whether myelinating oligodendrocytes are more selec-
tively vulnerable to AB peptides in vivo. Mature myelinat-
ing oligodendrocytes are highly susceptible to oxidative
stress due to their increased metabolic requirement and
elevated iron and lipid content. It is possible that expo-
sure to AB disrupts the delicate homeostasis maintained
in these cells, thereby leading to apoptotic cell death.*?
Our in vitro experiments in immature and mature mOP
cells did not reveal any stage-specific differences in AB
vulnerability. However, in vivo, where contributing factors
relating to microglia-derived reactive oxygen species
and cytokines, such as tumor necrosis factor-a (TNF-a)
are present, the selective impact on mature myelinating
oligodendrocytes could be greater. In fact, Zeng and
colleagues have shown that AB enhances TNF-a—medi-
ated oligodendrocyte demise through a sphingomyeli-
nase/ceramide pathway,*® while our laboratory has pre-
viously reported enhanced levels of TNF-a within the
brains of 3XTg-AD mice at ages identical to when oligo-
dendrocyte/myelin deficits become evident.

Our current study does not directly address the contri-
bution of the enzymes that are known classically to regulate
neuronal hAPP"¢ processing to oligodendrocyte and my-
elin degeneration in 3XTg-AD mice. B-site APP cleaving
enzyme 1 (BACE1) is a key enzyme in the cleavage of APP
and its neuronal activity is increased in AD. BACE1 cleav-
age is subsequently followed by an increase in y-secretase
activity, leading to the liberation of AB peptides.** Of note,
BACE1 has been shown to be essential in the process of
myelination and myelin repair through neuregulin signal-
ing.*>*6 Gamma-secretase activity has also been shown to
be essential for neuregulin signaling involved in oligoden-
drocyte maturation.*” Another study reported that y-secre-
tase activity restricted the process of myelination, but the
molecular mechanism involved in this effect remains un-
known.*® Therefore, the possibility exists that the activities of
these enzymes may contribute to the oligodendrocyte/my-
elin-related changes observed in young 3XTg-AD mice.
Further experimentation undoubtedly will be required to
formally implicate oligodendrocyte-harbored BACE1 and/or
y-secretase in this process.

In summary, our study demonstrates pathogenic AB-
mediated activity drives AD-related myelin injury in vivo.
This phenomenon appears to result from impaired ability
of mature oligodendrocytes to maintain/repair myelinated
neuronal processes in response to AB,_4, within the hip-
pocampus of young 3XTg-AD mice. These findings pro-
vide the rationale to explore the oligodendrocyte-resident
signaling mechanisms lying downstream of AB exposure,
to determine whether AB acts directly or indirectly on the
oligodendrocyte lineage through neuronal and/or glial
signals, to determine whether specific stages of oligo-
dendrocyte differentiation are more or less susceptible to
AB or if AB exposure alters the path of oligodendrocyte
maturation, and to ultimately assess the consequences of
these AB-mediated myelination defects on neurotrans-
mission and hippocampal function. In aggregate, our
studies provide further insights into the temporal and
spatial progression of white matter disruption in the early
presymptomatic stages of AD and may illuminate new

therapeutic strategies designed to avert these early
impairments.
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