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ABSTRACT
Changes in brain white matter are prominent features of
the aging brain and include glial cell activation, disruption
of myelin membranes with resultant reorganization of the
molecular components of the node of Ranvier, and loss of
myelinated fibers associated with inflammation and oxida-
tive stress. In previous studies, overexpression of CNP, a
key myelin protein, was implicated in age-related changes
in myelin and axons. Here we examine the extent of CNP
accumulation in brain white matter and isolated myelin of
aged rhesus monkeys and its relationship to CNP degrada-
tion and partitioning in myelin. With age, excess CNP is
found in myelin and throughout brain white matter accom-
panied by proteolytic fragments of CNP. These increases
occur in the absence of changes in CNP mRNA levels.
Using a combination of 2D electrophoresis, immunoprecipi-
tation, and mass spectrometry analysis, ubiquitinated CNP
was demonstrable in the Triton X-100 insoluble lipid raft
associated fractions of myelin isolated from rhesus mon-
keys. Further, using ubiquitin-mediated fluorescence com-
plementation (UbFC), ubiquitinated CNP was visualized by
microscopy in both COS-7 and MO3.13 cells and by immu-
noblot in MO3.13 cells and appears to at least partially
localize within lipid rafts. The findings suggest that incom-
plete degradation of CNP due to failure of the proteasomal
system and aberrant degradation by calpain-1 leads to age-
related CNP accumulation and proteolysis. In sum, we sus-
pect these phenomena result in age-related dysfunction of
CNP in the lipid raft, which may lead to myelin and axonal
pathology. VVC 2007 Wiley-Liss, Inc.

INTRODUCTION

The accumulation of proteins over time is rapidly
being considered a central event in the pathology of a
number of age-associated diseases. The most devastating
diseases of this type are those affecting cognition, such
as Alzheimer’s disease (AD), in which protein accumula-
tion/aggregation is identified as a critical feature
(Gandy, 2005; Tseng et al., 2004). In fact, all the major
neurodegenerative diseases display pathologic evidence
of protein accumulation (Bossy-Wetzel et al., 2004; Lay-
field et al., 2005; Moore et al., 2005). There is also evi-
dence that abnormal accumulation of proteins can trig-
ger various inflammatory pathways such as the unfolded
protein response (Goldberg, 2003; Zhang and Kaufman,

2005) as well as mechanisms of alternative proteolysis
to dispose of this excess protein burden (Grune et al.,
2004).

For a number of years, our group has focused on uti-
lizing the aged rhesus monkey to understand the molec-
ular mechanisms behind the decline in cognitive abilities
frequently accompanying old age. Free from postmortem
artifacts and co-morbid neurodegenerative disease, the
rhesus monkey provides a useful model for the study of
normal age-related changes in the brain that culminate
in age-related cognitive decline (Herndon and Lacreuse,
2002). Rather than demonstrating significant neuronal
loss with age (Peters and Sethares, 2002b; Peters et al.,
1998a,b, 2001), these animals demonstrate an age-
related decrease in brain white matter volume (Makris
et al., 2007), characterized by various structural abnor-
malities in the myelin sheath (Peters, 2002a; Sloane
et al., 2000), and an increase in reactive astrocytes
(Sloane et al., 2000) and microglial activation (Sloane et
al., 1999) specifically within white matter regions. In
part, these cells contribute to the increased detection of
activated calpain-1 and degradation of myelin proteins
(Hinman et al., 2004; Sloane et al., 2003); biochemical
events presumed to underlie ultrastructural defects in
myelin membrane organization seen in aged monkeys.

The myelin-associated enzyme, 20,30-cyclic nucleotide
phosphodiesterase (CNP; CNPase; EC 3.1.4.37), makes
up 4% of total CNS myelin protein (Kurihara and
Tsukada, 1967; Olafson et al., 1969), and acts on all
20,30-cyclic nucleotides to give exclusively 20-nucleotides
(Sprinkle, 1989) attributable to two catalytic histidine
residues (Lee et al., 2001), part of two tetrapeptide
H-X-T/S-X motifs, that are also vital to three other
classes of enzymes: fungal/plant RNA ligases; bacterial
RNA ligases; and plant/yeast cyclic phosphodiesterases
(Braun et al., 2004; Hofmann et al., 2002). The relevance
of this activity to the role of CNP in myelin remains
unclear.
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Roughly 40% of CNP associates with the detergent-in-
soluble membrane fraction and meets criteria for raft
association (Kim and Pfeiffer, 1999), principally the
result of posttranslational modifications that increase its
hydrophobicity, including isoprenylation (Braun et al.,
1991; De Angelis and Braun, 1996) and palmitoylation
(Agrawal et al., 1990). In studies of cultured oligoden-
drocytes CNP appears to co-localize with both actin and
tubulin-based cytoskeletal networks (Dyer and Benja-
mins, 1988, 1989; Dyer and Matthieu, 1994; Dyer et al.,
1995) and colchicine-mediated disruption of microtu-
bules induces a redistribution of both cholesterol and
CNP in rat oligodendrocytes (Lintner and Dyer, 2000).
Subsequently, CNP was identified as an isoprenylated
protein responsible for the association of microtubules
(MT) with the plasma membrane in FRTL-5 thyroid
cells (Laezza et al., 1997) and later found to meet crite-
ria for a microtubule-associated protein (MAP) (Bifulco
et al., 2002). Most recently, CNP has been shown to bind
tubulin multimers, induce MT polymerization, and in
this manner direct the formation of branched process
outgrowth in both glial and nonglial cells (Lee et al.,
2005). Consequently, it is plausible that CNP is involved
in a lipid raft-mediated signaling cascade affecting mye-
lin and axonal cytoskeletal components.

Studies in CNP transgenic and knockout mice suggest
an important role for CNP in assembly and formation of
myelin membranes and in maintaining axonal integrity
(Gravel et al., 1996; Lappe-Siefke et al., 2003; Rasband
et al., 2005; Yin et al., 1997). The L191 CNP overex-
pressing mice show similar ultrastructural abnormal-
ities in myelin to those observed in aged rhesus mon-
keys suggesting increases in CNP might be a key fea-
ture of age-dependent myelin disruption (Gravel et al.,
1996; Yin et al., 1997). In knockout mice, deficiency of
CNP is associated not with myelin disruption but with
age-dependent axon degeneration and loss, also similar
to features observed in aged rhesus monkeys (Lappe-
Siefke et al., 2003). Recent studies have demonstrated
an age-related accumulation of CNP in both brain white
matter and isolated myelin (Sloane et al., 2003). In addi-

tion, the limited proteolysis of CNP is also increased
with age and in vitro can be induced by exogenous
calpain-1 (Hinman et al., 2004), suggesting that com-
plete degradation of CNP requires the activity of an
additional enzyme, a deficiency of which could account
for the accumulation and fragmentation of CNP in aging
white matter.

Here we present data indicating that CNP accumu-
lates at the protein level throughout the brain of aged
rhesus monkeys reaffirming previous observations in a
more complete assessment of multiple anatomic areas
and in a larger cohort of behaviorally tested monkeys.
The novel finding that CNP is ubiquitinated suggests
that in addition to calpain-1, the ubiquitin-proteasomal
system is involved in CNP proteolysis. Furthermore, we
present data to suggest that partitioning of CNP within
the myelin membrane is altered with age and that its
ubiquitination may occur within the lipid raft. These
changes in CNP may be vital in understanding age-
related changes of white matter and associated decline
in cognitive function.

METHODS
Monkeys

Twenty-four rhesus monkeys (Macaca mulatta)
acquired from a colony of the Yerkes National Primate
Research Center were behaviorally tested and brains
processed to evaluate age-related changes. Basic demo-
graphic data on all monkeys used are presented in Table
1. All monkeys spent several years free ranging in social
groups maintained at the Yerkes Regional Primate
Research Center before being housed individually for
1–3 years during behavioral testing at either the Yerkes
Regional Primate Research Center or the Laboratory
Animal Science Center at Boston University School of
Medicine. Both facilities are fully accredited by the Asso-

TABLE 1. Rhesus Monkey Subjects Used in Study

AM ID Sex Age (yrs)

024 F 30.4
048 M 30.2
063 F 25.8
068 M 26.2
069 M 30.0
073 M 30.4
078 F 5.8
082 F 28.1
092 M 8.8
094 M 6.1
095 F 7.8
098 F 28.1
107 F 26.0
109 M 29.6
120 F 26.5
123 M 21.0
126 F 21.0
127 M 7.4
131 F 6.7
139 M 12.7
145 M 8.8
146 F 6.3
147 F 4.4
148 M 7.3

Abbreviations

ACN acetonitrile
AD Alzheimer’s disease
CAN Ceric ammonium nitrate
CFP cyan fluorescent protein
CNP 20,30-cyclic nucleotide phosphodiesterase
CMT1A Charcot Marie Tooth disease type 1A
FA formic acid
GAPDH glyceraldehyde phosphate dehydrogenase
GFP green fluorescent protein
IP immunoprecipitation
MAP microtubule-associated protein
MDL major dense line
MT microtubule
PMP22 peripheral myelin protein 22
RPA ribonuclease protection assay
SUMO small ubiquitin-like modifier
TFA trifluoroacetic acid
TNFR1 tumor necrosis factor receptor 1
TX-100 Triton X-100
UbFC ubiquitin-mediated fluorescence complementation
YFP yellow fluorescent protein.
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ciation for the Assessment and Accreditation of Laboratory
Animal Care. All animal protocols were approved by the
Institutional Animal Care and Use Committees of both
institutions and complied with the guidelines of the
National Institutes of Health and the Institute of Labo-
ratory Animal Resources Commission on Life Sciences
Guide for the Care and Use of Laboratory Animals.

Tissue Preparation

All monkeys were deeply anaesthetized and transcar-
dially perfused with 2–4 L of Krebs-Heinseleit buffer,
pH 7.4 (6.41 mM Na2HPO4, 1.67 mM NaH2CO3, 137
mM NaCl, 2.68 mM KCl, 5.55 mM Glucose, 0.34 mM
CaCl2, 2.14 mM MgCl2) at 4�C. One hemisphere was
blocked, in situ, in coronal stereotactic plane, quickly
removed, weighed and then flash-frozen in 270�C isopen-
tane (Rosene et al., 1990). Blocks of tissue were stored in
an ultralow freezer at 280�C. Triton-soluble homogenates
were prepared by homogenization in 5 Vol. of phosphate-
buffered saline with 1% Triton X-100 and protease inhibi-
tors using hand-held Teflon-coated pestle. After 30 min
on ice, the homogenate was centrifuged at 16,000g for
10 min and supernatant was assayed for protein content
using the BCA assay (Pierce, Rockford, IL).

Myelin Purification and Sucrose
Gradient Ultracentrifugation

Sections of corpus callosum or brainstem �5 mm in
thickness from 0.1 to 0.3 g were dissected and immedi-
ately processed after dissection and weighing. Myelin
was isolated from white matter by disruption with a
Dounce homogenizer and separation on discontinuous
sucrose gradients as previously described (Norton et al.,
1973) to yield intact myelin at the interface between
0.85 and 0.32 M sucrose and a floating myelin fraction
floating in the 0.32 M sucrose portion (Lees et al., 1980;
Persson and Corneliuson, 1989). Detergent resistant
myelin membranes were isolated as described (Marta
et al., 2003) by extraction with Triton X-100 (TX-100)
(Sigma; 1% final concentration) and the insoluble pellet
was resuspended in phosphate buffered saline with 1
mM EDTA, 1 mM EGTA, and 1% TX-100, mixed with 2
M (1 mL), overlaid with 1 M (2 mL), and 0.2 M (1.5 mL)
sucrose, and centrifuged for 16 h at 45,000g (SW 55 Ti,
�200,000g; Beckman) at 4�C. Fractions of 0.5 mL were
collected from top to bottom and directly used for immu-
noprecipitation. Samples for fraction analysis were
precipitated overnight with 2 Vol. of ethanol at 220�C
overnight, centrifuged (13,000g, 4�C, 10 min), and resus-
pended in sample buffer (50 mM Tris-HCl, pH 6.8, 2.5%
glycerol, 5% SDS, 4 M urea, 0.01% bromophenol blue, 10
mM DTT).

Immunoblotting

Samples of either equal protein or equal volume (frac-
tion analysis) were prepared in reducing sample buffer

and loaded on to 4–20% Tris-glycine sodium dodecyl sul-
fate-polyacrylamide gels (SDS-PAGE) (Biorad). Proteins
were transferred to Immobilon-P PVDF membranes
(Millipore, Bedford, MA), blocked in 5% nonfat milk in
TBST (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.05%
Tween-20), and blotted with monoclonal antibodies
against anti-CNPase (1:2,000; Sigma), antiflotillin (1:250;
BD), or anti-GAPDH (1:100; Chemicon). Antibody/antigen
complexes were identified using peroxidase-linked goat
anti-mouse IgG (1:10,000; KPL) or goat anti-rabbit IgG
(1:10,000; KPL) and visualized using SuperSignal West
Pico enhanced chemiluminescence reagents (Pierce,
USA). Primary antibody dilutions were in 5% nonfat milk
in TBST and 0.02% NaN3, washes and secondary anti-
body dilutions were in TBST. Densitometry, z-score for-
mulation, and correlative studies were performed as
described (Hinman et al., 2004).

Immunoprecipitation

Samples from TX-100 soluble, TX-100 insoluble frac-
tions isolated as above were precleared using either
30 lL of a slurry of goat anti-mouse agarose beads for
murine antibodies (Sigma) or Protein A-agarose beads
(Invitrogen) for rabbit antibodies by incubation with agi-
tation at 4�C for 60 min followed by centrifugation for 5
min at 3,800g at 4�C. Polyclonal anti-ubiquitin antibody
(1:50) (Sigma) was added to the supernatant and incu-
bated with agitation overnight at 4�C. Antibody–antigen
complexes were precipitated using goat anti-mouse aga-
rose beads or Protein A-agarose beads with agitation at
4�C for 60 min, followed by centrifugation for 5 min at
3,800g at 4�C. Antibody–antigen complexes were washed
three times for 20 min each in 50 mM Tris, pH 7.6, 150
mM NaCl, 2 mM EDTA, 0.2% NP-40; the first wash con-
tained base buffer with 500 mM NaCl and a protease in-
hibitor cocktail (Boehringer–Mannheim/Roche, India-
napolis, IN), the second wash contained 0.1% SDS and
protease inhibitors, and the third wash contained prote-
ase inhibitors. Complexes were then eluted by the addi-
tion of 23 Laemelli sample buffer and two repeated
5-min cycles of boiling and centrifugation. Negative con-
trols included incubation of sample with nonspecific
mouse or rabbit IgG.

2D PAGE

Two-dimensional electrophoresis was performed ac-
cording to the method of O’Farrell by Kendrick Labs,
(Madison, WI) as follows: isoelectric focusing was carried
out in glass tubes of inner diameter 2.0 mm using 2%
pH 3.5–10 (Amersham Pharmacia Biotech, Piscataway,
NJ) for 9,600 volt h. After equilibration for 10 min in
Buffer ‘‘O’’ (10% glycerol, 50 mM dithiothreitol, 2.3%
SDS and 0.0625 M Tris, pH 6.8) the tube gels were
sealed to the top of stacking gels on top of 10% acrylam-
ide slab gels (0.75-mm thick) and electrophoresis carried
out for �4 h at 12.5 mA/gel. After slab gel electrophore-
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sis, the gel for blotting was transferred to transfer buffer
(12.5 mM Tris, pH 8.8, 86 mM glycine, 10% MeOH) and
transblotted onto PVDF membrane overnight at 200 mA
and �100 volts/two gels. Immunoblotting was as above.

RNase Protection Assay

Pharmingen (San Diego, CA) RPA kit was used and man-
ufacturer’s protocol followed employing a standard human
glyceraldehyde phosphate dehydrogenase (GAPDH) RPA
probe (Pharmingen) and a custom designed Macaca
mulatta CNP probe (405 bp) prepared by J. Duce (Abraham
Lab). In brief, 5-lg total RNA isolated from monkey brain
temporal lobe white matter was used in the RPA assay. Tis-
sue samples were homogenized using a hand-held Teflon
homogenizer in 1 mL of TRIzol� reagent (Invitrogen) and
passed 10 times through 20G needle on ice. Because of high
lipid and sugar content of brain white matter, an optional
centrifugation step of 12,000g for 10 min at 4�C was added
to standard protocol. Fifty nanograms of both probes were
added to a T7 RNA polymerase in vitro transcription reac-
tion in presence of 100 lCi of 32P-dUTP (NEN, Boston,
MA). Precipitated RNA samples were resuspended in 8 lL
of hybridization buffer, to which 2 lL of labeled probe
(diluted to 3 3 105 cpm/lL) was added. Hybridized samples
and probes were pelleted, resuspended in loading buffer
(Pharmingen), and warmed at 90�C before loading onto a
prewarmed 6% PAGE sequencing gel and electrophoresed
for �2 h at 2,000 V in the presence of 44.5 mM Tris, pH 8.0,
44.5 mM boric acid, 1 mM EDTA (0.5X TBE). Following
electrophoresis, the gel was dried onto filter paper at 80�C
for 2 h using a Biorad Model 583-gel dryer and exposed to
Kodak Biomax MS autoradiographic film.

Capillary Liquid Chromatography/Mass
Spectrometry

All sample preparation and data acquisition was per-
formed at 21st Century Biochemicals, Marlboro, MA.

Sample preparation

Silver stained spots or bands were minced and thor-
oughly washed with 100 mM ammonium bicarbonate in
50% acetonitrile (ACN). Gel pieces were dehydrated with
100% ACN and evaporated to dryness using a centrifugal
evaporator. Samples were reduced with dithiothreitol (30
mM) for 1 h at 55�C, washed, dehydrated, and alkylated
with iodoacetamide for 30 min at RT in the dark. Samples
were washed with 100 mM ammonium bicarbonate and
dehydrated 23 and dried using a centrifugal evaporator.
Trypsin (Princeton Separations) was introduced by diffu-
sion at an enzyme to substrate concentration of �1:25 and
incubated for 16 h at 37�C. Resultant peptides were
extracted from the gel pieces with successive washes of 2%
trifluoroacetic acid (TFA; Pierce) in 50% ACN followed by

100% ACN. Extracts were dried by centrifugal evaporation
and stored at 270�C until analyzed.

Capillary LC/MS

Samples were analyzed by directed infusion of chro-
matographically separated components on an Applied
Biosystems MDS/Sciex QStar XL mass spectrometer
interfaced with an LCPackings Ulimate micropump.
Capillary columns (150 lm 3 100 mm) were packed in-
house with Majic C-18 reversed-phase packing material
(Michrom). A 150-min continuous gradient was used for
separation with 2% CAN, 98% H2O, 0.1% formic Acid
(FA), and 0.01% TFA as the A buffer and 10% isopropa-
nol, 80% CAN, 10% H2O, 0.1% formic Acid (FA), and
0.01% TFA as the B buffer. Dried samples were resus-
pended in a buffer and loaded directly on capillary col-
umn. Samples were sprayed at 4,500 V and MS along
with tandem MS data was acquired on-the-fly using the
Analyst QS software (Applied Biosystems).

Data analysis

Resultant data was reconstructed manually and with
a Beyesian reconstruction algorithm and searched
against theoretical data from CNP and ubiquitin using
BioanalystTM (Applied Biosystems) and GPMAW (Light-
house) software. Tandem data was used for web-based
searches using MascotTM.

Plasmid Construction

To construct the GC-CNP plasmid with the sequence
encoding 155–238 of enhanced GFP (Clontech, Mountain
View, CA) upstream of CNP, a ApeI site was introduced
into the GFP-CNP plasmid using QuickChange Site-
Directed mutagenesis kit (Stratagene, La Jolla, CA)
with the following sense and antisense primers: 50-
TACAACAGCCACAACACCGGTACCATGGCCGACAAG
CAG-30 and 50-CTGCTTGTCGGCCATGGTACCGGTGT
TGTGGCTGTTGTA-30. The mutated GFP-CNP plasmid
was digested with AgeI to remove N-terminal sequence
of EGFP encoding amino acid residues 1–154, and self-
ligated. The resulting GC-CNP construct was confirmed
by DNA sequencing. The YN-Ub, YN-SUMO, and c-
JUN-CC were provided by Dr. Tom Kerpolla (University
of Michigan, Ann Arbor, MI).

Imaging of Fluorescence in Living Cells and
Indirect Immunofluorescence

COS-7 and MO3.13 cells (McLaurin et al., 1995) were
maintained in Dulbecco’s modified Eagle medium sup-
plemented with 10% fetal bovine serum and antibiotics
at 37�C and 5% CO2. Cells grown on a Lab-Tek II 8-
chambered coverglass (Nalge Nunc International, Roch-
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ester, NY) were co-transfected with 0.4 lg of the expres-
sion vectors indicated in each experiment using Lipofect-
amine Plus reagent (Invitrogen, Carlsbad, CA) with
equivalent DNA used for each co-transfection. For mock
and single plasmid transfection, 0.4 lg of pcDNAI empty
vector was added. Twenty-four to forty eight hours after
transfection, cells were incubated at RT for 30 min on
bench, washed twice with PBS, and fluorescence was
observed in living cells in PBS using a Zeiss Axiovert
200M microscope with YFP filters. For immunofluores-
cence, cells were washed with PBS and fixed in 4% para-
formaldehyde in PBS for 20–30 min at RT. After fixa-
tion, cells were permeabilized with 0.1% Triton X-100 in
PBS for 10 min, washed with PBS containing 0.1% gela-
tin and stained using anticaveolin polyclonal antibody
(1:200; BD Transduction Laboratories) or anti-flotillin-1
monoclonal antibody (1:100). After rinsing the cells with
PBS/0.1% gelatin, bound antibodies were detected with
Alexa Fluor594 conjugated secondary antibodies (1:500;
Molecular Probes). Images were obtained using a Zeiss
Axiovert 200M microscope with YFP and rhodamine
filters.

Preparation of Cultured Cell Lysates

Transfected MO3.13 cells were cultured as above
using 10 cm2 growth plates and plasmid transfections
done as indicated using 10-lg total DNA (5 lg each vec-
tor in co-transfection) with pBOS as control (mock).
Forty-eight hours post-transfection cells were isolated
and protein lysates generated using same method for
preparation of monkey tissues for similar analysis. Cells
exposed to proteasome inhibition were incubated in 10
lM MG132 in DMSO (2-mM stock) 44 h after transfec-
tion for 3 h prior to cell lysate preparation. Separation
of TX-100 soluble and insoluble fractions was done as
described in the monkeys employing 300- to 600-lg pro-
tein and using discontinuous sucrose gradient centrifu-
gation (Marta et al., 2003). Immunoblot analysis was
performed as previously described using anti-CNP
monoclonal antibody 1:1,000 (Sigma) and antiflotillin
antibody 1:100 (BD Biosciences).

RESULTS
CNP Accumulates with Age

Our previously reported CNP levels were increased as
a function of age relative to control and other myelin
proteins in an analysis of frontal lobe white matter
(Sloane et al., 2003). Here, we analyzed CNP relative to
GAPDH levels by immunoblot in Triton X-100 (TX-100)
soluble homogenates from subcortical white matter dis-
sected from temporal, frontal, and parietal lobe of young
and aged monkeys (n 5 24, see Table 1). A representa-
tive immunoblot from temporal lobe white matter is
shown in the upper panel of Fig. 1A. In a cohort of
seven young and nine old monkeys, the level of CNP rel-
ative to GAPDH is increased 2.56-fold (P 5 0.004, Stu-

dent’s t test) in temporal lobe white matter (Fig. 1B).
Samples of purified myelin generated from the medulla
of four young and four old monkeys (see Table 1) using
the method of Norton and Poduslo (1973), demonstrated
a 1.62-fold increase (P 5 0.0014, Student’s t test) in
CNP expression with age (lower panel, Fig. 1A). To es-
tablish whether CNP levels were increased throughout
the aged brain, immunoblots from frontal, temporal, and
parietal lobes were quantitated using a cumulative z-
score of CNP immunoreactivity (described in Hinman
et al., 2004). Using this analysis, CNP levels were also
significantly increased (young 5 20.437; old 5 0.213; P 5
0.03, Student’s t test, n 524). This confirms our previous
studies and indicated increases in CNP are not isolated to
the frontal lobes but represent a global central nervous
system phenomenon.

Although CNP is often used as a marker of oligoden-
drocyte cell number, quantitative microscopic analysis of
oligodendrocytes performed in areas 17, 46, and the an-

Fig. 1. CNP accumulates with age. With immunoblot analysis there
is an age-dependent accumulation of CNP relative to GAPDH levels in
TX-100 soluble fractions of subcortical white matter from temporal
(upper panel in A), parietal, and frontal lobes of 24 monkeys (see Table
1). CNP levels are also increased with age in purified myelin (lower
panel in A). In temporal lobe white matter from a cohort of seven young
and nine old monkeys, there is a statistically significant increase in the
CNP:GAPDH ratio (B).
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terior commissure of monkeys from the same colony as
those used in these studies demonstrates no change
between age groups (Peters, 1996; Peters and Sethares,
2002a; Sandell and Peters, 2003). In addition, no differ-
ences in CNP1 versus CNP2 isoforms were noted on
repeated immunoblots using nongradient 10% SDS-
PAGE that adequately separate the two isoforms (data
not shown). Therefore the specific evaluation of CNP
protein levels in aged monkeys should be considered as
an equal increase in both isoforms.

Age-Dependent Limited Proteolysis
of CNP by Calpain-1

In addition to an age-related increase in the parent
46- and 48-kD isoforms of CNP, aged monkeys also
demonstrate specific limited proteolysis evidenced by
the appearance of several low molecular weight CNP
immunoreactive bands on immunoblot, the most abun-
dant of which migrates at 40 kD (arrow, Fig. 2A).
Though not obvious from Fig. 2A, multiple low molecu-
lar weight CNP bands were visible on longer chemilu-
minescent exposures, consistent with previous data.
Quantitative analysis of immunoblots for CNP in the
detergent soluble fraction of white matter from tempo-
ral, frontal, and parietal lobes, shows a marked statisti-
cally significant increase in the level of the major 40
kD CNP fragment in aged monkeys (Fig. 2B), consist-
ent with previous studies of frontal lobe white matter
(Sloane et al., 2003).

Lack of Change in CNP mRNA Levels

Increased levels of CNP protein suggest age-related
changes in CNP transcription may be present. Thus, we
assessed CNP mRNA levels using an RNase protection
assay (RPA) employing a 405 bp Macaca mulatta-specific
CNP probe designed by reverse transcription from mon-
key RNA. Radiolabeled probes for CNP as well as
human GAPDH were hybridized with 5-lg total RNA
isolated from temporal lobe subcortical white matter

Fig. 2. Age-dependent limited proteolysis of CNP. Long exposures of
immunoblots for CNP in TX-100 soluble fractions of subcortical white
matter from temporal (sample shown in A), parietal, and frontal lobes
of 24 monkeys (see Table 1) reveals a limited proteolytic fragment of
CNP migrating at �40 kD. This major 40-kD fragment is increased in
aged monkeys compared with young throughout brain white matter
(* 5 P < 0.05 using Student’s t test, B).

Fig. 3. CNP mRNA levels do not change with age. CNP mRNA lev-
els were detected by RNase protection assay, using a Macaca mulatta-
specific CNP probe (405 bp), in 5 lg of total RNA derived from temporal
lobe subcortical white matter. No difference in fold expression of
CNP:GAPDH mRNA levels was detected in two independent experi-
ments (young:old 5 1:1.09, P 5 0.44).

Fig. 4. Age-related changes in lipid raft associated CNP. Approxi-
mately 45% of total CNP isolates together with b-tubulin into the TX-
100 insoluble pellet (P), while the remainder stays in the detergent
soluble fraction (S) in myelin purified from the corpus callosum (A).
There is no change in the ratio of insoluble:soluble CNP (43.6% in
young, n 5 4; 44.1% in old, n 5 4; P-value). Separation of the TX-100
insoluble pellet by sucrose density fractionation demonstrates differen-
tial partitioning of CNP with age. In both young and old, a majority of
CNP (upper panel, B) isolates in Fractions 3 and 4, together with the
lipid raft marker flotillin-1 (lower panel, B). CNP isolating in non-raft
associated, heavier Fractions (7–9) is increased in aged subjects (C, n 5
3 per group, asterisks indicate P < 0.05).
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(Fig. 3). Fold expression differences in CNP mRNA rela-
tive to GAPDH levels were unchanged in a sample of
five young and five old monkeys (young:old 5 1:1.09,
P 5 0.44). Two independent experiments produced simi-
lar results.

Age-Related Changes in Lipid Raft
Associated CNP

A significant percentage of CNP isolates in the deter-
gent insoluble membrane fraction and although it is not
a transmembrane protein, fits the criteria for association
with lipid rafts (Taylor et al., 2004a). With a 2.5-fold
increase in CNP levels in the detergent soluble fraction
of brain white matter, we speculated differences may
exist in the detergent insoluble fraction. TX-100 separa-
tion at 4�C of samples of purified myelin from the corpus
callosum of four young and four old animals resulted in
43.6% of CNP isolating in the pellet (as a proportion of
insoluble to soluble) together with b-tubulin compared
with 44.1% in old (Fig. 4A, P 5 n.s., Student’s t test).
However, separation of the TX-100 insoluble pellet by
sucrose density centrifugation resulted in a significant
increase in CNP within the heavier Fractions 7–9 in
aged animals (Figs. 4B,C). No differences were noted

between young and old in the level of CNP found in frac-
tions also containing the lipid raft marker, flotillin-1.

To assess differences in CNP isolating in raft and/or
nonraft fractions, raft-associated fraction 3 from both
young and old and nonraft associated fraction 8 from old
myelin were subjected to 2D electrophoresis and immu-
noblotting for CNP (Fig. 5). In raft fraction 3 from a
young monkey (YF3, upper left panel), CNP demon-
strates its normal electrophoretic pattern with a molecu-
lar weight between 40 and 50 kD and a pI of �9.0. In
contrast, in raft fraction 3 from an aged monkey (OF3,
upper right panel), though a majority of CNP can be
found where expected, evidence of sequential CNP prote-
olysis is apparent (bracketed spots) as is an abundance
of CNP immunoreactive higher molecular weight mate-
rial (arrow). Nonraft fraction 8 from an aged monkey
(OF8, lower left panel) shows the majority of CNP in
this fraction is normal although a different proteolytic
event compared with F3 is apparent (arrow). The
appearance of a smear of higher molecular weight mate-
rial at the same isoelectric point as native CNP sug-
gested either there was CNP monomer aggregation or
the native protein was undergoing ubiquitination or
both. The most intriguing result from this analysis is
the suggestion that CNP might be ubiquitinated; partic-
ularly that this ubiquitination might occur in lipid rafts.

Fig. 5. Two-dimensional PAGE and immunoblotting of TX-insoluble
myelin fractions. TX-100 insoluble fractions of purified myelin isolating
together with lipid rafts (F3) and those not (F8) were electrophoresed
in 2D and immunoblotted for CNP. Raft-associated Fraction 3 from
young monkeys (YF3, upper left panel) shows the normal, largely basic
electrophoretic pattern of CNP, while Fraction 3 from old monkeys

(OF3, upper right panel) shows evidence of CNP proteolysis (bracket)
and increased higher molecular weight material consistent with ubiqui-
tination (arrow). Non-raft associated Fraction 8 (OF8, lower left panel)
from aged monkeys shows evidence of a different proteolytic event
(arrow) than that occurring in OF3 but is otherwise unremarkable.
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Identification of Ubiquitinated CNP
from Lipid Raft Fractions

Immunoblotting for ubiquitin of detergent insoluble
gradient fractions from an aged animal reveals ubiqui-
tin-immunoreactive material concentrated in raft-asso-
ciated Fractions 3–5, including a prominent band in
the molecular weight range of CNP (�50 kD) (left
panel, Fig. 6A). Longer exposure of a CNP immunoblot
of OF3 illustrates the higher molecular weight CNP
immunoreactive material found in this fraction (right
panel, Fig. 6A). To confirm the presence of ubiquiti-
nated CNP in lipid raft fractions, immunoprecipitation
(IP) using a polyclonal anti-ubiquitin antibody and
subsequent immunoblotting for CNP was performed
from all three myelin fractions, TX-100 soluble, TX-100
insoluble F3, TX-100 insoluble F8 (Fig. 6B) from both
young and old animals (only old is shown). A single
prominent band was immunoprecipitated in highest
concentration in the TX-100 insoluble F3, though also
detectable in lower concentration in both the TX-100
soluble and TX-100 insoluble F8. Using IP, which con-
centrates less abundant protein species, there was no
age-related difference in the amount of CNP isolated

by IP with antiubiquitin antibody, with the majority
found in the lipid-raft associated fraction, suggesting
that ubiquitination of CNP occurs physiologically. This
single band is consistent with a mono-ubiquitinated
species of CNP, migrating just below IgG (arrow, Fig.
6B). The inability of this polyclonal antiubiquitin anti-
body to IP polyubiquitinated species of CNP is indi-
cated by the predominance of these polyubiquitinated
species in the post-IP supernatant (S1 fraction). That
the same antibody was able to recognize polyubiquiti-
nated species on one and 2D SDS-PAGE is most likely
attributable to the difference in protein structure
between IP under native conditions and the denaturing
conditions of SDS-PAGE. Both mono- and polyubiquiti-
nated CNP are detected when the IP was repeated
employing a monoclonal antiubiquitin antibody (Ubi-1,
Zymed) (Fig. 6D). One concern with this approach is
that detergent-insoluble material will be mistaken for
immunoprecipitates by virtue of insolubility and thus
contaminate the IP. To address this, identical IPs were
performed using polyclonal anti-phosphoserine anti-
body. In Fraction 3, only minimal amounts of CNP
were immunoprecipitated from either young or old ani-
mals (compared with IP with ubiquitin, Fig. 6C). Posi-

Fig. 6. Immunoprecipitation and MS identification of ubiquitinated
CNP. Immunoblotting of fractions from detergent-insoluble myelin with
anti-ubiquitin antibody demonstrates majority of ubiquitinated proteins
localize to lipid raft Fractions (3 and 4) including an obvious band at
�50 kD (left panel, A). Long ECL exposure of CNP immunoblot of
density gradient fractions reveals high molecular weight CNP immunore-
active material (right panel, A). Immunoprecipitation (IP) using anti-
ubiquitin antibody from detergent-soluble (TXS) and detergent-insoluble
fractions (TXI; F3 and F8) reveals a majority of ubiquitinated CNP is
found in raft associated fraction F3, as a single CNP immunoreactive

band (arrow, B), migrating just below IgG (arrowhead, B). A significant
amount of CNP remains in the post-IP supernatant (S1) including higher
molecular weight polyubiquitinated species of CNP. IP using anti-phos-
phoserine antibody from TXS, F3, and F8 demonstrates pull-down is a
function of antigen-antibody interaction rather than insolubility as only
minimal CNP is detected (asterisk, C; arrows 5 IgG). For MS identifica-
tion, identical IPs were performed using monoclonal (Lanes 1–3) and pol-
yclonal (Lanes 4–5) anti-ubiquitin antibodies from two different young
and old animals with similar results (D), though the previously men-
tioned CNP fragments appear uniquely in old monkeys.
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tive controls for anti-ubiquitin IPs used the monoclonal
antiubiquitin antibody (Ubi-1) for immunoblot follow-
ing IP with the polyclonal antiubiquitin antibody. Both
8-kD ubiquitin monomers and higher molecular weight
ubiquitinimmunoreactive material were isolated (data
not shown).

Immunoprecipitation was repeated in duplicate and
the Colloidal coomassie-stained bands were correlated
to the CNP-immunoreactive band(s) appearing on
immunoblot (Fig. 6D). These stained band(s) were
excised, subjected to tryptic digestion and analyzed
using mass spectrometry. Mass spectroscopy analysis
demonstrated both CNP and ubiquitin peptides (Table
2) and confirmed the presence of ubiquitinated CNP
within the raft-associated detergent insoluble fractions
of myelin from aged rhesus monkeys. Limitations in
yield prevented a precise identification of the exact ly-
sine residue in CNP that is ubiquitinated, however,
mass spectrometry analysis can be used to identify
ubiquitinated lysines (Flick et al., 2004; Kaiser and
Wohlschlegel, 2005; Peng et al., 2003) and a prelimi-
nary analysis suggested two candidate peptides that
may include the ubiquitinated lysine. Both reside at
the relative C-terminus of CNP (K366 and K391 in
CNP1, see Table 2).

UbFC Confirms CNP Ubiquitination Within
Oligodendrocyte Lipid Rafts

Fang and Kerppola developed an approach for the vis-
ualization of specific ubiquitinated proteins in living

cells by taking advantage of the ability of fragments of
GFP variants to form a fluorescent complex when
brought together by the association of proteins fused to
the fragments, named ubiquitin-mediated fluorescence
complementation (UbFC) (Fang and Kerppola, 2004; Hu
et al., 2002; Hu and Kerppola, 2003). We confirmed this
technique in COS and MO3.13 cells (Supplemental Fig. 1).

To demonstrate CNP ubiquitination and examine the
subcellular localization of ubiquitinated-CNP in living
cells in culture, we constructed GC-CNP encoding 155–
238 aa of GFP fused to the N-terminus of CNP. When
expressed alone, neither GC-CNP nor YN-Ub shows a
fluorescent signal (Figs. 7A,B). Using indirect immuno-
fluorescence staining with antiubiquitin and anti-CNP
monoclonal antibodies, we can detect ubiquitin and
CNP, suggesting YN-Ub and GC-CNP were expressed in
the cells (Figs. 7C,D). The UbFC signal of CNP ubiquiti-
nation is distributed in the cytosol in a localized fashion
and appears to highlight the cell membrane in both
COS (Fig. 7E) and MO3.13 cells (Fig. 7F).

Given that ubiquitinated CNP is detected by IP and
immunoblot in lipid raft fractions in the monkey, we
speculated whether ubiquitinated CNP localizes to lipid
rafts in vitro and used microscopy to identify the subcel-
lular locations of fluorescence complementation and
areas stained by the raft marker, caveolin-1. The UbFC
signal of CNP appears to co-localize with caveolin-1 at
the cell membrane surface (yellow, Figs. 8C,F), sugges-
tive that ubiquitinated CNP localizes, at least in part, to
lipid rafts. In some areas of staining with caveolin-1, we
did not find ubiquitinated CNP (Fig. 8, arrowheads).
Also detected were aggregates of ubiquitinated CNP or
subcellular vesicles containing ubiquitinated CNP, pre-
sumably in the compartments where CNP is targeted for
degradation (Fig. 8, arrows).

This analysis is incomplete however, as the lipid raft
is defined by strict biochemical criteria (Kim and
Pfeiffer, 1999). To address whether the UbFC complex
(of GC-CNP and YN-Ub) could be found within lipid
rafts, we co-transfected MO3.13 cells with both con-
structs, isolated both the TX-100 soluble and insoluble
fractions and performed immunoblot analysis. In Fig.
9A, total cell lysates isolated from GC-CNP transfected
MO3.13 cells and immunoblotted for CNP demonstrate a
band (Lane 2 and 4, arrowhead) in the region of 50–60
kD identifiable as GC-CNP (predicted MW 5 58 kD),
while endogenous CNP is identified in all conditions at
46–48 kD (asterisk). A higher molecular weight band
(arrow, 150–250 kD) is identifiable only in the co-trans-
fected cells (Lane 4) and likely represents a polyubiquiti-
nated form of GC-CNP/YN-Ub complex.

With expression of GC-CNP, at least 50% can be found
in the TX-100 insoluble fraction (arrowhead, lanes 3 and
7, Fig. 9B) and greater amounts of endogenous CNP
localize in the TX-insoluble fraction, as compared with
minimal amounts of endogenous CNP in mock or YN-Ub
transfected cells (lanes 1 and 5). In addition, expression
of GC-CNP results in detection of high molecular weight
material in detergent-insoluble fractions (bracket). Com-
pared with GC-CNP alone, co-transfected cells show a

TABLE 2. CNP and Ubiquitin Peptides Identified by MS

Mass Peptide sequence Range

666.30 <MSSSGAK>DK CNP1: 1–7
761.48 CK<TLFILR>GL CNP1: 31–36
546.31 GK<STLAR>VI CNP1: 44–48
572.35 AR<VIVDK>YR CNP1: 49–53

1,524.76 YK<ITPGARGAFSEEYK>RL CNP1: 68–81
1,323.62 YK<RLDEDLAAYCR>RR CNP1: 82–92
1,323.68 IR<ILVLDDTNHER>ER CNP1: 98–108
2,210.21 EK<NQWQLSADDLKKLKPGLEK>DF CNP1: 145–163
1,773.95 EK<DFLPLYFGWFLTKK>SS CNP1: 164–177
2,716.47 TK<KSSETLRKAGQVFL

EELGNHKAFK>KE
CNP1: 177–200

2,173.16 HK<AFKKELRQFVPGDEPREK>MD CNP1: 198–215
1,329.66 PR<EKMDLVTYFGK>RP CNP1: 214–224
1,207.65 GK<RPPGVLHCTTK>FC CNP1: 225–235
731.29 TK<FCDYGK>AP CNP1: 236–241

1,011.53 DK<LSPTDNLP>GS CNP1: 297–305
974.47 SR<GEEVGELSR>GK CNP1: 341–349

1,018.51 VR<AIFTGYYGK>GK CNP1: 372–380
1,089.59 SR<KGGALQSCTII> CNP1: 391–401
1,264.72 <MQIFVKTLTGK>TI Ubiq: 1–11
4,818.54 GK<TITLEVEPSDTIENVKAKIQ. . .

GIPPDQQRLIFAGKQLEDGR>TL
Ubiq: 12–54

701.41 VK<AKIQDK>EG Ubiq: 28–33
1,345.74 QR<LIFAGKQLEDGR>TL Ubiq: 43–54
2,398.33 GR<TLSDYNIQKESTLHLVLRLR>GG Ubiq: 55–74

*1,490.77 GR<WMLTLAKNMEVR>AI CNP1: 360–371
*2,097.14 GK<GKPVPTQGSRKGGALQSCTII> CNP1: 381–401

Peptides identified by LC/MS of immunoprecipitate from TX-100 insoluble myelin
using anti-ubiquitin antibody; mass in Daltons and range indicates region of CNP
or ubiquitin consistent with identified mass; ‘‘*’’- indicates peptide mass consistent
with K-GG modification representing conjugated lysine (K) with terminal diglycine
residue of ubiquitin.

126 HINMAN ET AL.

GLIA DOI 10.1002/glia



Fig. 8. UbFC complex identification within lipid rafts. MO3.13 and
COS-7 cells transfected with YN-Ub and GC-CNP for 48 h were labeled
with anti-caveolin polyclonal antibody. Co-localization of UbFC signal
(A and D) and caveolin antibody (B and E) is shown in merged images

(C and F, yellow color). Arrows indicate UbFC signals co-localizing with
the lipid raft marker. Arrowheads indicate areas of lipid rafts without
UbFC signal.

Fig. 7. UbFC analysis of controls and ubiquitination of GC-CNP in
living cells. Fluorescent signal is absent when GC-CNP or YN-Ub are
expressed alone (A and B). Indirect immunofluorescence using antibod-
ies to ubiquitin (C) and CNP (D) exhibited distribution patterns of

ubiquitin and CNP. The UbFC imaging of co-transfection of GC-CNP
and YN-Ub in MO3.13 and COS-7 cells are shown in E and F,
respectively. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 9.
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greater amount of high molecular weight material, likely
representing enhanced ubiquitination of endogenous
CNP and GC-CNP/YN-Ub complex formation. Our CNP
antibody recognizes several species of CNP in this prep-
aration: endogenous, GC-CNP, GC-CNP/YN-Ub, and var-
ious combinations of the three and ubiquitin, leading to
a higher molecular weight immunoblot smear.

Finally, we assessed the localization of GC-CNP and
the GC-CNP/YN-Ub complex to TX-insoluble lipid raft-
associated fractions. There is no prior reported isolation
of lipid raft fractions in MO3.13 cells, though they do
express flotillin-1, which we used as a lipid raft marker.
We expected to find lipid rafts isolating in low density
fractions (i.e. Fractions 3–5 as in the monkey, Fig. 4). In
two separate experiments, endogenous CNP in the TX-
insoluble fraction from mock transfected cells (upper
panel, Fig. 9C), migrates in the higher density fractions
(Fractions 8 and 9) along with the majority of flotillin-1
(lower panel, Fig. 9C). In GC-CNP expressing cells,
again both endogenous CNP and GC-CNP isolate to the
higher density fraction 10 (upper panel, Fig. 9D) as does
the majority of flotillin-1 (lower panel, Fig. 9D). In addi-
tion, some CNP-immunoreactive higher molecular
weight material co-migrates with the other CNP species
(bracket). In co-transfected cells, both endogenous and
GC-CNP isolate in the high density Fractions 9 and 10
(upper panel, Fig. 9E), again with flotillin-1 (lower
panel, Fig. 9E). Co-transfection results in enhanced
detection of the high molecular weight CNP-immunore-
active material (bracket) reflecting GC-CNP/YN-Ub com-
plex formation and polyubiquitinated species incorporat-
ing both CNP and GC-CNP. Co-transfected cells incu-
bated with 10 lM of the proteasomes inhibitor MG132
for 3 h prior to cell lysate preparation, leads to enhanced
amounts of CNP, GC-CNP, and the CNP-immunoreactive
high molecular weight material in the high density
Fractions 8–10 (upper panel, Fig. 9F), while the flotillin-
1 pattern is unchanged. With the addition of MG132,
there is detection of endogenous CNP, GC-CNP, and flo-
tillin-1 in the typical lipid raft Fractions 4–5 along with
evidence of CNP fragmentation (fraction 9, upper panel,
Fig. 9F). Though semi-quantitative at best, the relative
total amounts of flotillin-1 in all fractions can be used as
a measure of equal amounts of protein loaded on the
gradient (300 lg in this case) and appears comparable.

Together with the fluorescent imaging data from liv-
ing MO3.13 cells, these data indicate that CNP is, as in
the monkey, ubiquitinated and that this ubiquitination

can be found (at least in part) in detergent insoluble
membrane microdomains.

DISCUSSION
Age-Dependent Accumulation and

Fragmentation of CNP

The phenotypic changes of both the L191 CNP overex-
pressing transgenic mouse and the Cnp1-null mouse
highlight the important role CNP plays in myelin forma-
tion and axonal integrity. Mice with a six-fold increase in
CNP target MBP incorrectly preventing major dense line
(MDL) formation (Yin et al., 1997). Thus, one can expect
the age-related accumulation of CNP seen throughout the
monkey brain has functional consequences on the struc-
ture and maintenance of the myelin membrane. In fact,
similarities exist between the structural myelin abnor-
malities in the CNP overexpressing transgenic mouse
and those of the aged monkey (Peters, 2002a), particu-
larly the formation of myelin balloons or vacuoles and the
presence of redundant myelin (Gravel et al., 1996). Simi-
larly, Cnp1-null mice show age-related neurodegeneration
and paranodal abnormalities (Lappe-Siefke et al., 2003;
Rasband et al., 2005) similar to those observed in aged
monkeys (Hinman et al., 2006) indicating that in the
aged monkey despite accumulating and perhaps the
result of alternative proteolysis, CNP is dysfunctional.

Mice lacking CNP demonstrate structurally normal
myelin but experience a delayed onset neurodegenera-
tive disease featuring axonal degeneration and reactive
gliosis (Lappe-Siefke et al., 2003), indicating the impor-
tance of CNP to the maintenance of myelin and axonal
integrity. In addition to an age-dependent accumulation
of CNP in the white matter of aged monkeys, CNP pro-
teolysis is also significantly increased and may be a pri-
mary event in CNS aging as axonal loss and reactive
gliosis are both features observed in the aged monkey
(Sandell and Peters, 2003; Sloane et al., 2000). CNP pro-
teolysis is evidenced by increased detection of a number
of lower molecular weight CNP-immunoreactive bands
by immunoblot, the most abundant of which migrates at
�40 kD and correlates with age (Hinman and Abraham,
2007). CNP fragmentation is also detected in the raft-
associated Fraction 3 and, by 2D blot, these fragments
exist in several species with varying pIs perhaps reflect-
ing phosphorylation. While impairment of the ubiquitin-
proteasomal system may explain the accumulation of

Fig. 9. Immunoblot analysis for UbFC complex formation. Total pro-
tein lysates from transfected MO3.13 cells were immunoblotted with
anti-CNP or anti-flotillin-1 monoclonal antibody. GC-CNP (�58 kD,
arrowhead) is visualized in the single (Lane 2) and co-transfection con-
ditions (Lane 4) while endogenous CNP is in all lanes (asterisk). A
band at �200 kD (arrow) can be visualized in the co-transfection condi-
tion only, suggesting a polyubiquitinated UbFC complex (A). After
TX-100 extraction, roughly 50% of GC-CNP localizes to the TX-100
insoluble fraction in both single (Lane 3) and co-transfected (Lane 7)
conditions (arrowhead), while endogenous CNP is largely confined to
the TX-100 soluble fraction in all conditions. In both GC-CNP and co-
transfected cells, there is CNP-immunoreactive material (bracket) con-
sistent with ubiquitinated species in the TX-100 insoluble fraction,

which is increased in co-transfected cells (B). Ultracentrifugation of
TX-100 insoluble fractions from mock (C) and GC-CNP (D) transfected
cells show endogenous CNP (*, upper panel, C and D) in high density
Fractions 8–10 along with lipid raft marker flotillin-1 (#, lower panel, C
and D) and GC-CNP (arrowhead, upper panel, D). Co-transfection
results in increased detection of GC-CNP (arrowhead, upper panel, E)
and high molecular weight CNP-immunoreactive material (bracket,
upper panel, E) in Fractions 8–10 with flotillin-1 (#, lower panel, E)
and this phenomenon is increased by incubation with 10 lM MG-132
for 3 h (arrowhead and braclet, upper panel, F). Fraction 9 shows
evidence of CNP proteolysis (upper panel, F). In Fractions 4–5, both en-
dogenous (*) and GC-CNP (arrowhead) can only be detected with
proteasome inhibition.
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CNP in the aging brain, other proteolytic enzyme(s)
appear to operate in the limited proteolysis of CNP. We
previously reported the neutral cysteine protease, cal-
pain-1 was a candidate enzyme responsible for this lim-
ited, age-related proteolysis of CNP as increases in acti-
vated calpain-1 parallel the appearance of CNP frag-
ments (Hinman et al., 2004; Sloane et al., 2003). Thus,
while there is age-related accumulation of CNP, there is
also an increased level of its limited proteolysis, likely
resulting in dysfunctional CNP. Our system employing
post-mortem analysis of aged rhesus monkeys makes it
challenging to differentiate the role of calpain-1 versus
calpain-2 activation in CNP proteolysis given their simi-
lar activation and inhibition profiles. Our hypothesized
CNP degradation occurs largely in situ at myelin mem-
brane microdomains, in the presence of micromolar cal-
cium levels, making calpain-1 activation most relevant
to the age-related limited proteolysis of CNP.

CNP levels in detergent soluble white matter and
purified myelin are increased 2- to 3-fold in aged ani-
mals. This increase in CNP protein appears to be inde-
pendent of increases in CNP expression at the mRNA
level as no such change is detected by RPA or by whole-
genome microarray using cDNA from the corpus cal-
losum of young and aged monkeys from this same cohort
(Duce and Abraham, unpublished observations). A more
qualititative difference in detergent insoluble CNP is
also noted with age and likely represents post-transla-
tional changes. We propose the increase in detergent
soluble CNP with age reflects CNP that has been deubi-
quitinated and migrated from the raft microdomain.

Ubiquitination of CNP Within Lipid Rafts

Our identification of CNP as a substrate for ubiquiti-
nation may contribute to the often-observed increase in
ubiquitin staining seen in myelin in aged subjects
(Dickson et al., 1990; Ferrer et al., 1993; Migheli et al.,
1992), though CNP is probably not the only ubiquiti-
nated myelin protein, just the first to be reported in the
CNS. It should be noted that MBP can serve as an
in vitro substrate for the 26S proteasome purified from
rat brain (Akaishi et al., 1996). In addition, gene dupli-
cation of peripheral myelin protein-22 (PMP22), a mouse
model of Charcot-Marie Tooth disease Type 1A leads to
protein aggregation with decreased proteasome activity
and accumulation of detergent-insoluble ubiquitinated
substrates (Fortun et al., 2006). That CNP is ubiquiti-
nated is not necessarily surprising, however the implica-
tion that the ubiquitination of CNP occurs within the
lipid raft is intriguing. In addition, the apparent co-
localization of the UbFC CNP signal and lipid raft
markers with identification of the UbFC complex in de-
tergent insoluble fractions of MO3.13 cells strongly sup-
ports the hypothesis that CNP ubiquitination occurs in
raft microdomains under normal physiologic conditions
and is perturbed with age.

There is precedent for ubiquitination occurring within
lipid rafts. The tumor-necrosis factor receptor 1

(TNFR1), which localizes to rafts upon activation, is also
ubiquitinated there and disrupting raft organization
changes the function of TNFR1 from NF-jB activation
to apoptosis (Legler et al., 2003). Members of the ubiqui-
tin system, such as the ubiquitin-protein ligases Cbl-b
and Nedd4, can translocate to rafts and lead to ubiquiti-
nation of the Fc-epsilon receptor after its activation
(Lafont and Simons, 2001). In the nervous system, the
de-ubiquitinating enzyme, ubiquitin-specific protease
(USP) can be found in rafts within the post-synaptic
density and in dendrites (Tian et al., 2003). And in a
recent, thorough exploration of the mouse myelin pro-
teome by 2D PAGE and mass spectrometry, two ubiqui-
tin ligases were detected: ubiquitin thiolesterase L1 and
ubiquitin-activating enzyme E1 (Taylor et al., 2004b).

We anticipated that the heavier nonraft associated
fractions, with increased CNP in aged monkeys, would
be essential to understanding CNP physiology with age.
However, with our 2D approach, the raft-associated frac-
tions appear to provide more clues to the fate of CNP
with age. While there is minimal high molecular weight
CNP-immunoreactive material seen in YF3, the immu-
noblot smear characteristic of ubiquitination is not pres-
ent. This high molecular weight material in the young
raft fraction may represent CNP multimers of unknown
significance. In the aged raft-associated fraction 3, mul-
tiple species of CNP with a consistent pI but varying
molecular weight are most suggestive of ubiquitinated
species. By IP, the majority of ubiquitinated CNP can be
found in detergent-insoluble Fractions 3 and 4, which
also contain the lipid raft marker, flotillin-1. Ubiquiti-
nated CNP can be immunoprecipitated from raft fraction
3 in the young and in our analysis there was no differ-
ence in the amount of CNP immunoprecipitated between
young and old from this fraction. However, we also pro-
vide evidence that our IP technique was supersaturated
with sample, such that the polyclonal antiubiquitin anti-
body used for IP was unable to precipitate all of the
available CNP (seen clearly in Fig. 6B, lane S1), sug-
gesting that this particular analysis method is not ideal
for quantification of the age-related differences in ubiq-
uitinated CNP. The identification of ubiquitinated CNP
in raft fractions of both young and old monkeys suggests
proteasomal degradation is a normal turnover pathway
for CNP, which likely fails with age (Ward, 2002). This
concept is supported by data from the MO3.13 cells, in
which expression of GC-CNP and YN-Ub directs both
endogenous and GC-CNP into the detergent insoluble
fraction and produces increased amounts of high molec-
ular weight CNP-immunoreactive material, representing
polyubiquitinated CNP species and the UbFC complex.
This detection of polyubiquitinated CNP is augmented
by proteasome inhibition and there is increased detec-
tion of proteolytic fragments not seen in other condi-
tions. This suggests when the proteasome is inhibited
other proteolytic mechanisms such as calpain kick in to
degrade CNP. It is this concept that most closely corre-
sponds to what we believe to be happening in the aged
monkey: age-related proteasomal dysfunction followed
by recruitment of alternative proteolytic mechanisms
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resulting in non-functional, yet undisposed CNP and
CNP fragments.

Why, in MO3.13 cells, the detergent insoluble CNP
and GC-CNP are found with nonraft fractions rather
than with rafts is unclear. The MO3.13 cells are an
incomplete model of oligodendrocytes, expressing
immature oligodendrocyte markers, but only rarely
elaborating extensive membrane expansions similar to
primary oligodendrocytes in culture (Buntinx et al.,
2003). Thus, we believe that in MO3.13 cells, detergent
insoluble CNP is more closely associated with the cyto-
skeleton and migrates with higher density fractions
than would be expected. Immunoblots for flotillin-1 also
indicate the typical organization of lipid rafts is skewed
in MO3.13 cells. Nonetheless, our MO3.13 results do
support our data from the monkeys that CNP ubiquiti-
nation most likely occurs within the detergent insoluble
fraction.

Effects of CNP Disruption on the Myelin
Cytoskeleton

Comparatively little is known about the characteris-
tics of the heavier fractions isolated on sucrose gra-
dients, though considerable levels of actin and tubulin
cytoskeletal components can be found there (Marta et
al., 2003). Studies of CNP overexpression and deficiency
in mice indicate that CNP directs myelination and pro-
cess outgrowth in oligodendrocytes by inducing microtu-
bule (MT) and F-actin reorganization (Lee et al., 2005)
by acting as a MAP, able to bind tubulin and induce MT
polymerization, similar to MBP (Hill et al., 2005). The
MAP activity of CNP is dependent on isoprenylation of
the C-terminus and its phosphorylation state (Bifulco et
al., 2002) and the blocking of isoprenylation by statins
can prevent CNP anchoring of MTs to membranes
(Bifulco et al., 1993; Endres and Laufs, 2004). The detec-
tion of CNP in the raft fraction suggests that CNP is iso-
prenylated normally in aged monkeys but shows age-
related differences in localization. Given that CNP can
function as a MAP, and localizes largely to regions of
noncompact myelin (Braun et al., 1988; Trapp et al.,
1988), it seems plausible that CNP might function to
maintain MTs in a region of the membrane, i.e. rafts,
where they are susceptible to changes in signaling
events. Thus, a change in the partitioning of CNP
within the membrane over time and the effect of ubiqui-
tination may be directly relevant to the ability of CNP-
containing rafts to execute their function, thereby com-
promising myelin membrane integrity. Furthermore, the
observation that MBP is not targeted properly within
compact myelin in the overexpressing CNP transgenic
mouse (Yin et al., 1997) suggests under normal condi-
tions myelin compaction requires MBP to replace CNP
as a MAP. Thus, increased levels of CNP with age could
lead to a failure of myelin compaction that may result in
the altered myelin ultrastructure seen in both the CNP
transgenic mouse and the aged monkey, i.e. splitting at

the MDL as well as abnormal paranodal loops (Hinman
et al., 2006; Peters, 2002b).

SUMMARY

There are several examples of accumulation and ubiq-
uitination of proteins that are detrimental to nervous
system function, such as tau in Alzheimer’s disease, a-
synuclein in Parkinson’s disease and PMP22 in CMT1A;
all leading to significant dysfunction. We propose that
an age-related impairment in proteasomal proteolysis
and subsequent accumulation of ubiquitinated CNP acti-
vates alternative proteolytic mechanisms leading to
CNP fragmentation. In myelin lipid rafts of aged mon-
keys, these changes likely alter the function of CNP in
rafts and ultimately affect a reorganization of MTs with
consequent disruption of raft integrity and cytoskeleton
function. Though the precise role of CNP in myelin for-
mation and axonal maintenance remains unclear, under-
standing what age-related modifications occur to key mye-
lin proteins will prove central to discovering additional
molecular mechanisms of age-related cognitive decline.
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